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ABSTRACT

ShrinkageBehaviourof One and Two Paklkali-ActivatedMortars Factors and Mitigation
Techniques

Alkali-Activated Binders (AABs) argpromotedas sustainable alternativesdalinary Portland
cement(OPC) due to theipromising characteristics and ability to reduce the global greenhouse
emissions of construction materialBespite many years of research, volumetric stability (i.e.
shrinkage) of AABs, which has bescarcelynvestigated, is hinderinyeir wider implementation
in the construction sector. Hence, the initial attempt of the current study is to fully characterize
and understand the shrinkage behaviour of AABs considering different factors. These factors
included precursor materials, actiova types and concentrations, and curing temperatures.
Moreover, the effectiveness of shrinkage reducing admixtures (SRA) as a shrinkage mitigation
technique and its interaction withABs were evaluated. Two preparation methods for AABS,
namely onepart (ie. powder bindepowder activator) and twpart (i.e. powder binddiquid
activator), were also tested for comparison. Fresh properties including workability, setting
behaviour, and heat evolution along with hardened properties (i.e. compressive stnamngth
explored. Results revealéuht shrinkage for fly ashased alkalactivated mortars was the lowest
followed by blended fly ash/ slag, while alkalitivated slagpased mortars exhibited the highest
values. Regardless of the preparation methodyititeer the activator concentration, the higher the
shrinkage. There is a strong |link between AABG¢
preparation method§RA was more effective in reducing shrinkage strains forlsésgd alkali
activated rortars at different temperatures. Similar to OBRA addition had induced a reduction
in the compressive strength for all tested ABBs mixtures. However, the reduction in AABs

mixtures strength was significantly lower than that for OPC mixtures.
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CHAPTER

Introduction

1.1 Background

Global concrete production has grown widely over the recent decades parallel with the population
growth and the need for more infrastructure. The high demand for concrete in the construction
industry increaseordinary Portland cement (OPC) production. The depletion of natural resources
and the significant environmental pollution associated with carbon dioxide) (€@issions
generated durinthe cement manufacturing process aresigihificantconcern AABs hawe been
gaining popularity as promising alternative to OPi@ndersin many construction applications
(Yanget al, 2013).

AABs rely on aluminasilicate precursorgound naturally occurringe(g.,metakaolin) or
formed as industrial bproducts €.g.,fly ash, slag)leading to asignificant redution in carbon
dioxide emissios. AAB production requirean alkaline mediumé.g.,sodium silicate N£5iOs)
and water tochemically activae the precursor forming the cementitious material (Khale and
Chaudhary, 2007). Th process (so¢ a | Igeomblynfierisation )nitiates with the dissolution of
silicon and aluminum ions from the precursors into the alkaline medium. The dissolved ions react
with sufficient alkalinity to produce silicate and aluminate compounds which are converted to a

poly (aluminasilicate) structure with interconnectsdicate oxide §$iOs) and aluminate oxide



(AlO,) tetrahedral Thereafter, thénardeningstage is achieved throlaghe polycondensation of
those hydrolyzed species (Provis and Bernal, 20143.pFbcess requires cations like Na+, or K+
to reduce the charge variation which may be due to the coordination of alumirthewhole
structure (Duxsoet al, 2007).

Despte various advantages of utilizindABs in the construction industry, their
widespreaduse has been hindered due to several challen@e® of the main challenges is
shrinkage. Brinkage mechanism &fABs is still notwell understoodShrinkagecan significantly
affect AABO performanceby inducing cracks under restraimg conditions. Previous stuies
showed that the drying shrinkage of heatedalkali-activated fly as{AAF) mortar was much
lower thanthat of OPC mortar, while under ambient ealitions it was significantlyhigher
(Fernandezlimenezet al, 2006) Other studies showed thalkali-activatedground blast furnace
slag (AAS) products undergo significant higher autogenous and drying shrinkage than OPC
products (Collins and Sanjayad@@; Netoet al, 2008).0n the other hand, activator species and
dosage lng with particle size of slag (Pachedworgal et al, 2008) and curing conditions
(Bakharevet al, 1999)had great influence othe shrinkageof AAS products.These findings
indicate that the shrinkageehaviourof AABS is sensitive tanany factors

For cemenbased materials, shrinkage is closely related to the chemical resackth
desiccation, loss of capillary water, microstructure development, and moisture conditions of the
material. Given theitterly different reaction mechanism and microstructure betwe®Rs and
OPChbinders the shrinkagenechanisnof AABs is expected tbe very different fronthat of OPC
binders(Duxsonet al, 2007) These uncertainties about the shrinkaig®AB hamper the broader

acceptance and application of this material in the construction industry.



Moreover,in the two-part AABs, which isthe caventionalproduction procesdiquid
activatorsareused,and elevated curing temperatusgsapplied This production methodimits
AAB producton to precast applicationglowever,in onepart AABs, the use of dry ingredients
and ambient curing makéise utilization ofthese bindersore convenient in field practices. The
activation ofAABs with the aid of solid activators under ambient curing conditions was found to
influence the properties of the resultibonder products (Van Deventest al, 2012 Nath and
Sarker, 2014).Moreover the shrinkage behaviour of onepart AABs has beenscarcely
investigated.

Nevertheless, suitable admixtures to control the shrinksgeviouy and early age
rheology inAABs has not been developed so far (Heidrethal, 2015). Several researchers
showed thathe use of shrinkage reducing admixt¢&RA), and water reducing admixture in
AABs showed only limited success (Palaciand Puertas, 20Q7Provis and Bernal, 2014)
Therefore, further investigations are requiredtieck the effectivenessd identify the limitof

those admixtures iAABS.

1.2 Objectives and Scope
To address the aforementioned research needs, the fundamental theme of this research is
improving the current level of knowledge on the shrinkagjeaviourof AABs and evaluating the
efficiency of shrinkage mitigation methods. The specific objectives of the research ar®idulti
| Introducing fundamental knowledge on the relationship between different types of
shrinkage o AABs under different exposure comions.
| Investigaing the effect of preparation method on the shrinkiagleaviourof AABs (i.e.,

onepart vs.two-par



| Evaluating the influence of exposure conditions on the efficiency and mechanisms of the

applied shrinkage mitigation techniques.
To adieve the above objectives, the scope of this research includes:

| Different types ofprecursorsncluding fly ash (FA) and groungranulatedblast furnace
slag GGBFS were used to prepare alkalctivatedmortas (AAM s). Mixtures were
divided into two levks: single (FA oiGGBFS and binary (FA an€&GBFSwith a ratioof
1:1).

| Liquid activators with different concentrations were prepared and used taviorpart
AABs. Sodium hydroxide solution with concentrati@i8M, 6M, and 12Mwascombined
with sodium silicateand used aaliquid activator.

| Three types of powder activators including sodium hydrofita€®OH), sodiumbicarbonate
(NaHCG), andcalcium hydroxid¢Ca(OH)) were usedo form onepart AABs The three
activatos were addedt threedifferent percentagd®, 10, and 15%)f precursa massto
form onepartAABSs.

| SRAwasadded at 0, ,land 2%of precursor mas® evaluate its efficiency in reducing
shrinkage of both onpart andwo-partAABs.

|  All samples were ced under the ambient conditig23 C) or inside an oven at 6C to

evaluate the effect of curing conditions on shrinkagjeaviourof AABs.

1.3 Structure of Thesis
This thesis has been prepared according to the guidelines of the Faculty of Graduate Studies at
Concordia University. It comprisdive chaptersorganized according to the followinGhapter 2

contains a statef-the-art review of the current most relative knowledge on AAM composition



and properties, their relationships, factors affecting their shgalbehaviour and influences of
shrinkage mitigation techniques.

Chapter 3was devoted to the introduction and experimental program of the three main
experimental phases. Staring by phase 1, which focusedh@amcing the fundamental knowledge
aboutshrinkage fothe conventionatwo-part AABs, moving tophase 2, where ormart AABs
are introduced andbllowed byp hase 3, where the wuse of SRAOG:
technique is proposed.

Chapter 4focused on the experimental results and evalnadiscussion of each phase
beginning with phase 1, where the mechanisms of different types of shrinkage experienced by two
part AABs exposed to different curing regimes are evaluated and discussed, moving to phase 2,
where the influence of different actieas on different types of shrinkage experienced bypare
AABs exposed to different curing regimes is discuss$eitbwed by phase 3, whethe role of
SRAs as a shrinkage mitigation technique and their performance under different curing regimes is
evalated andliscussed.

Finally, general and specific conclusions drawn from the research study along with

recommendations for future research are included in chapter

1.4 Original Contributions

This research introduces a series of fundamental investigaétated to the shrinkage 8{ABs

and the role o6RAsunder different curing conditions. It explores the influence of a wide range
of AAM compositions and the efficiency of the most common shrinkage mitigation strategy.
Moreover, ithighlightsthe effect ofAAM preparation method on achieving lower shrinkage and
risk of cracking, yet with amaller environmental impact. Specific original contributions of this

dissertation include:



Developing abroadand comprehensive database on the shrinkageAdfi exposed to
different curing conditions.

Identifying the mechanisms for different typesAAMs shrinkage exposed to different
curing conditionsExplicitly, it was revealed that: (ihe calcium content in the gmursars
has a significant effect on shriage, (ii) therapid development oAAMO microstructure
controk the amount of shrinkage.

Evaluating the performance and efficiency 8RA and their interaction with the
surrounding environmen&pecifically, it was found that: (i) the efficiency of SR
profoundlyaffected by the ambient relative humidity and temperatureTi{e) efficiency
of SRAsis strongly correlated to th®AM composition including gcursars and activator

types.



CHAPTER

Literature Review

This chapter presents a brief review of the terminology and the chemistry ofaalthadited (AA)
materials. It also illustrates the needs for AA materials to enhance sustainability in the construction

sector. The available published data on AAenats technology is also briefly reviewed.

2.1 Environmental Issues

Construction is one of the fagtowing industries worldwide. As the demand for concrete as a
construction material increageso also the demand for Portland cement (PC). According to the
2017 world statisticstheannual global production of Ordinary Portland Cement (OPC) is around
3.39billion metric tons(US Geological Survey, 2017)he quantity is forecasted to increase by
almost 20 % within the next ten years.
OPC production is gery energyintensive activity, and many production power plants rely upon
coal to provide this energyérris, 201Y. The manufacturing process of cement in d¢nahing
power stations generates large amounts of carbon dioxidg {@h significantly ircreases the
global warming and atmospheric landfill pollutiadglhotra, 2002

Global warming is caused by the emission of greenhouse gases, such,as @@
atmosphere by human activities. The cement industry is hence held responsible for ardignifica

portion of the carbon dioxide (GPemissions. The production of one ton of PC releases



approximately one ton of Ganto the atmospheréValhotra, 2002 Moreover, the disposal of
coal burningby-product materialgproduced during cement production iscaincreasing the
landfill pollution. Consequently, there is an urgent need for further investigation to find alternative
cementitious products with lower environmental impacts and higher economic benefits.

Many studies have been conducted to find adtieve binder materials to replace cement;
particularly byproduct materials such as fly ash, and granulated blast furnac®sbegpfet al,
2007; Jianget al, 2005;Khale et al, 2007;Li et al, 2010; Pachecdorgal et al, 2008) Most
studiesestimate a reduction of 40% in @@®missions associated with OPC production by the
utilization of fly ash, and slag as a replacement of ORf&bértet al, 2011; Duxsoret al, 2007;
Van Deventeret al, 2012; Yanget al, 2013; Melladoet al, 2014; McLelan et al, 2011)
Furthermore, the gainful utilization of thesefwypduct materials as cement replacement materials
is increased and lower fproduct disposal related problems are pronounced. The impact of OPC
production on the environment should be ¢deed seriously hence, finding solutions to reduce
this impact is crucial. From this point of view, the utilization ofdsgduct materials shows
considerable promise for application in the construction industry as an alternative binder to the

Portland cenent Duxsonet al, 2007).

2.2 Alkali -Activated Binders

AABs are polymeric binding materials developed by Joseph Davidovits in the 1970s. Davidovits
proposed that an alkaline activating liquid could be used to react with the silicon (Si) and the
aluminate Al) content in precursor materials of earth origin such as metakaolin, orprodyct
materials such as fly ash and slag, to produce AABs (Geopolymer Institute, 2010). The chemical
reaction that takes place, in this case, is a polymerization process. #&ABnorganic polymers

produced from various alumirsalicate material reacted by alkaline solution (Davidovits, 1994).
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The chemical composition of AAMs is similar to natural zeolitic materials, but the microstructure
is indeterminate. The polymerizatioprocess involves a chemical reaction between solid
aluminosilicate oxides and alkali metal silicate solutions under a highly alkaline condition yielding
amorphous to senarystalline threedimensional polymeric structures, which consist 6OSAl -

O bonds(Davidovits, 1994). The schematic formation of AAB is showrEgs. 2.1and 2.2
(Davidovits, 1994). These formations indicate that all materials containing mostly Silicon (Si) and

Aluminium (Al) can be used to produce AABs.

n(Si,05,AL0,)+2nSi0,+4nH,0+NaOH or KOH = Na* K" + n(OH),-Si-0-Al'-O-Si-(OH);

{S1-Al materials) J Eq 2.1
(OH),
(Geopolymer precursor)
o
n(OH);-8i-0-Al"-0-58i-(OH)3 + NaOH or KOH = (Na+,K+)-(-8i-0-Al"-0-5i-0-) + 4nH:0
Eq. 2.2

(OH)s O 0O O

From Eq. 2.2 it can be noticed that the last term represents the released free water during the
chemical reaction that occurs in AABs. The single key to activating these materials is the use of
alkaline solutions; hence, this expelled water seems to playenmrine chemical reaction taking
place. It merely provides the workability to the mixture during handling.

AABs have a wide range of applications in the field of industries such as in the automobile
and aerospace, civil engineering and plastic indss{Bavidovits, 1994). The suitable material
for the specific application is determined by the Sit@a&lumina (Si: Al) atomic ratio of that
material. Table 2.1shows the classification of the application based on the Si: Al atomic ratio
(Davidovits, 1994 Typically, binders with low Si: Al atomic ratio ot3 create a highly ridge-3

D network matrix. On the other hand, binders with Si: Al atomic ratio higher than 15, provide a
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polymeric character to the AA material (Davidovits, 1994). Accordinbatale 2.1, binders with
low Si: Al atomic ratio of 13 are suitable for many applications in civil engineering.

Table 2.1 Alkali-activated material applications (Davidovits, 1994).

Si: Al ratio Applications
1

Bricks
Ceramics
Fire protection

Low CO; cements and concretes

Radioactive and toxic waste encapsulation

Fire protection fiberglass composite

N
> > > > » > »

Foundry equipment Heat resistant composite
200°C to 1000°C

Tooling for aeronautics titanium process

>\

>3 A Sealants for construction industry, 200°C
600°C
A Tooling for aeronautics SPF aluminum

20-35 A Fireresistant and heat resistant fiber compos

2.3 Precursor Materials

The main constituents of AABs are the precursor material and alkaline actisatigton.
Generally, any material rich in Silicon (Si) and Aluminum (Al) is a possible precursor material for
the production of AABs. Precursor materials could be materials of earth origin such as metakaolin,
kaolinite, etc. or byproduct materials such #lg ash, slag, etc. The choice of precursor materials

for making AA products depends on many factors such as availability, cost, and type of
application. In this study, bgroduct materials (fly ash, and slag) were used as precursor materials.

The following sections provide more information about those two precursor materials.

10



2.3.1Fly ash

Fly ash is a byproduct of the combustion of ground coal used as fuel in electric power generation.

Fly ash is collected using an electrostatic precipitator system or aallettion system from

boiler chimneys. The process involves removing fly ash as a fine particulate residue from

combustion gases before they are discharged into the atmospbarelants in the United States

create around 130 million tons of fly ash aaly (Farris,2017). Consequently, this vast amount

of fly ash generated is creating several disposal related problgpisally, disposal of fly ash at

power plants is accomplished by dumping in nearby surface impoundments and landfills. This

means thathe many toxic heavy metals present in fly ash have the potential to seep into

groundwater hence, introducing health effects for humans and wilMéfeJaarsveldt al,, 1999)

Despite initiatives taken by the governmental,-gomernmental, andesearch organizations, only

25% of the total produced fly ash is utilized globalalris,2017. Various technologies have

been developed for the safer management of fly ash, but the gainful utilization should be enhanced.
Fly ash is classified in rdian to its calcium content. Bituminous coals produce low

calcium fly ash which in turn introduces pozzolanic properties due to its high silica content. Lignite

or subbituminous coals produce high calcium fly ash which is both, a cementitious and pmzzolan

material (it has lower silica and alumina content but higher CaO coiatixley, 2003)Two

classes of fly ash are defined A TM C61817a, Standard specificain for coal fly ash and raw

or calcined natural pozzolan for use in concre®ass F fly ash, and Class C fly ash. The main

difference between these classes is the amount of calcium, silica, alumina, and iron content in the

ash.Fly ash class F deriveddom bituminous coals has a low calcium oxide (CaO) content (less

than 10%), while fly ash class C derived from-ilominous or lignite coals has higher (CaO)

content (more than 10%) (Davidovits, 2008). The standard specifies typical fly ash class F and

class C to have 4.3%, and 27.4% CaO content, respectively. The color of fly ash is in the range
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light to dark grey, depending on its mineral and chemical composititaif¢tra, 2002 Fly ash
particles aresphericalwith a diameter range of Olm to 300um; they aretypically finer than
OPC particles. The chemical composition of class F and C fly ash is shdahblen2.2

Fly ash has also been successfully used as a mineral admixture component of Portland
pozzolan blended cement for nearly 60 yé@murley, 2003). The use of fly ash as a partial cement
replacement in concreteasled to substantial cost savings. As a hrtement replacement, fly
ash acts as an artificial pozzolan. Silicon dioxide content in fly ash reacts with the e¢(@H)
the cement hydration process to form the binder calcium silicate hydr&dHjGel, therefore
enhancing the overall mechanigabperies and durability performance of concrete. Moreover,
the unique spherical shape and patrticle size distribution of fly ash makes it a good mineral filler in
asphalt applications. The high consistency of fly ash presents unique opportunities ifor use
structural fills and other highway applications.

It has beerstated that low calcium fly ash (class F) is preferred over high calcium fly ash
(class C), as precursor materi@ourley, 2003). High calcium content in source materials may
interfere withthe polymerization process. The utilization of waste materials such as fly ash
contributes to the immobilization of toxic metals into the environrf\ésm Jaarsveldt al, 1999).
Barbosaet al. (2000) reported that higher compressive strength valuesagéieved in AMs
produced with calcined source materials such as fly ash compared to the ones produced with non

calcined as instance kaolin clay, and other naturally occurring minerals.
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Table 2.2 Chemical composition of class F, and C fly ash (Christy and Tensing, 2011).

Chemical composition (wt.%) Class F fly ash Class C fly ash

SIO, 20-60 1545
Al203 5-35 20-25
FexOs 6-24 4-15
CaO 1-12 1540
MgO 0-5 3-10
K20 0-3 0-4
NaeO 0-4 0-6
SG; 0-4 0-10
LOI 0-15 0-5
TiO2 1-2 <1

2.3.2Ground granulated blast furnace slag (GGBFS)
Ground granulated blast furnace slag (GGBFS) is another industgabdyct whichformsfrom

therapid water cooling of molten stdebpurities Slagis known to have advantageous properties

for the concrete industry as it is relatively cheap to obtain and achieves high compressive strengths
when alkali activated. Furthermore, slag is highly resistant to chemical attack and maintains
excellent thermal qpperties (Liet al, 2010). The main components of slag include>S{Ca0,

MgO, and AbOzas shown inrable 2.3 Its relative reactivity potential derives fraits chemical
composition, glass phase content, surface morphology, and particle size distrigatrtwright

et al, 2014).GGBFSis a glassy coarse material with a particle size greater than 4.5 netre(l.i
2010).Since it contains a significant amount of reactive aluminum, silica, and calcium, blending
slag with other alumina silicate precursor materials improves the reactivity within the alkali
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medium (Xieet al, 2009). As a result of higher reactivity, the seftiime of AAM is shortened,

but higher compressive strength is achieved (Kuetaal, 2010). Ohet al (2010)found that
calcium content in the slag is more reactive than calcium content in fly ash, in fact, calcium in slag
dissolves easier in the alkalctivator compared to that in fly ash.

Table 2.3 Chemical composition of GGES (Li et al., 2010).

Chemical composition (wt.%) GGBFS

SiO, 31-38
Al203 9-13
CaO 3844
MgO 7-12

Even though slag has high glass content, no direct correlation between glass content and
the reactivity of slag was found (&t al, 201Q. The addition of slag to alumirsilicate precursor
materials in an AA system results in calcium aluminate silibgitrate (CGA-S-H) and calcium
silicate hydrate (€5-H) phases apart from the geopolymer gel. Kuetaal (2010) reported the
production of CS-H as the dominant phase in the alkali activation of fly ash and slag blend under
ambient (25°C) curing temperaéu They also observed thatSH gel increased as the slag
content was increased. Conversely, no signs of eithet3EH or GS-H products where observed
in neat fly askbased mixtures. Furthermore, authors found that the activation of slag and fly ash
blend at 60°C curing temperature can produe®-&H when Si/Al atomic ratio is around 2 and
C-S-H when Si/Al, and Ca/Si ratios are 2.5, and 0.8, respectively. Coexistence of the products
mentioned above is essential in improving the compactness of AA ahatésrostructure (Kumar

et al, 2010). Puertast al. (2000) found that the S-H products formed in AABs have lower
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calcium content compared to that of forming in OPC binders. Li and Liu (2007) conducésd X
photoelectron spectroscopy (XPS) and fourat the binding energy is decreased in the presence
of slag. Authors stated that the new binding energy was more favorable to zeolite formation. This
implies that amorphous phases in AAMs can transfer into zeolite crystalline phases easier in the
presencef slag.

Heidrich (2002)stated that 3.1 million tons of slag were produced in 2001, of which 75%
was utilized in various applications. The corresponding figures for fly ash productions were 12
million tons/year, of which only 5.5 million tons were utdz The above numbers suggest that
fly ash is produced in far excess compared to slag hence, suggesting that fly ash would be a better
candidate for geopolymer utilization. However, adding slag as partial replacement of fly ash in
AA materials production auld contribute in enhancing several properties. In this stinige
precursor blends were utilized; single fly ash, and slag along with binary fly ash/slag with a ratio

of 1:1 to cover a wide range of precursor blends.

2.4 Alkaline Activators

Activation of the selected precursor materials is an essential parameter in producing a
mechanicallysound AA product. Alkali activators play a vital role in the initiation of the
geopolymerisation process. A robust alkaline medium is necessary to increase the surface
hydrolysis of the aluminosilicate particles present in precursor matedelsdrga<et al, 2011)

Alkali activators prompt the precipitation and crystallization of the siliceous and aluminous species
present in the solution. Hydroxide (Otcts as aatalyst for reactivity, and the metal cation serves

to form a structural element and balance the negative framework carried by the tetrahedral

aluminum (Rangan, 2008).
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On the other hand, the dissolution of Si and Al species during the synthesis of AABs is
very much dependent on activator concentration, where the amount of Si and Al leaching is mostly
controlled by the activator concentration and the leaching time (Pein&s 2007).Khale and
Chaudhary (20073tated that when precursor materials areechiwith alkaline solutions, their
glassy component is quickly dissolved, hence, no sufficient time or space is available for the
resulting gel to grow into a wetlrystallized structure. As a result, a microcrystalline, amorphous
or semiamorphous structaris formed. Sinduthat al (2006) reported that very high soluble
silicate content in precursor materials could reduce the reactivity of the AA mixtures as the
concentration of cyclic silicate species inhibits the further condensation of aluminum ions.

Common activators include sodium hydroxide (NaOH), sodium or potassium silicate
(waterglass), sodium sulfate (3s), sodium bicarbonate (NaHG)) potassium hydroxide
(KOH), potassium carbonate {80z3), potassium sulfate @&Qu), calcium hydroxideGa(OH)),
and cement clinkerGarciaLodeiroet al, 2015) The mixtures of NaOH and sodium silicate or
KOH and potassium silicates in liquid form, are the most commonly used activators in AA systems
(Ohetal, 2010). Since NaOH is cheaper than KOH, the utibreof NaOH andNaSiOs mixtures

as alkaliactivatorshas been favored in most studies.

2.4.1Sodium hydroxide (NaOH)

NaOH is one of the most commonly used alkaline activators in AA material production. Although
a Na+ ion does not maintain the high levehofivation as a K+ ion, it is smaller in size and can
move throughout the paste network with much less effort promoting better zeolitization (Duxson
et al, 2007). Moreover, Na+ ion bear a higher charge density which promotes additional zeolitic
formationenergy. The resulting paste properties are dependent on the molarity of the activating

solution.
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Mishraet al (2008) studied the effect of alkaline liquid concentration and curing time on
strength and water absorption of alkaditivated concrete (AACAuthors reported that higher
compressive strength values were achieved when NaOH concentration was increased from 8M to
16M. Moreover, they added that longer curing periods increased the compressive strength values
of AAC specimens. Khale ar@dhaudhary(2007) found thatwhile higher NaOH concentrations
tend to accelerate the chemical dissolution, they also retard the ettringite and CH-(carbon
hydrogen) formation during the binder formation. Moreover, authors stated that although higher
strength at early age achieved with higher NaOH concentrations, the strength of aged materials
might get compromised due to the excessive- @Hhe solution causing a namiform final
product structure.

GarciaLodeiroet al (2007)stated that AACs activated with sodidmdroxide develop
greater crystallinity thus improving stability in aggressive environments of sulfates and acids.
Nevertheless, Chareeret al (2006) stated that the use of NaOH buffers the pH level of pore
fluids and regulates the hydration activitynbe, directly affecting the formation of the mairSc

H product in AA pastes.

2.4.2Sodium silicate (NaSQs)

Sodium silicates are manufactured by fusing sand2fSith sodium carbonate (N@Qs) at
temperatures in excess of 1100 °C and dissolving the prodhdtigh-pressure steam into a semi
viscous liquid referred to as waterglaBsrhandeziménezt al, 2005) Sodium silicate solution
is commercially available in different grades depending on purity and silicate dioxidg (&iO
sodium oxide (N£0) ratio.Ferndndezliménezt al (2005) stated that mass ratidS¥©, to NaO

in sodium silicate solution is a critical parameter in the activation mechafesget al. (2004)
found that solublesilicates reduce alkali saturation in pore solution,ceempromoting greater

interparticle bonding. Authoéstests revealed that specimens activated with sodium silicate
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solution containing hidlg soluble silicates achieved much higher compressive strength than those
activated with a lower soluble silicatedigmn. However, neat sodium silicate is rarely used as an
activating agent, as it may not possess enough activation potential to initiate activation reaction
alone (Chindaprasist al, 2007).

Gebregziabiheet al (2016) found that the early strenglévelopment of ambiently cured
slag mortar specimens activated with neat sodium silicate was prolonged. Specimens could only
be demolded after 72 hours of casting due to the delayed setting and low early dttengtral
(2007) suggested that the usaeat NaOH in activating AAC resulted in a weaker bond structure
between the paste and aggregates. However, authors found that the addition of sodium silicate
(waterglass) combined with NaOH enhanced the bond structure significantly. Currently, a
common pactice in AAC research involves preparation of the activating solution by combining
appropriate amounts of the two activators (e.g., NaOH and waterglass) and allowing them to cool
and homogenize for a period before being used in alkali activation. Therenof NaOH with
waterglass enhances the alkalinity in the solution, hence, increasing the reaction rate and the
overall specimen strength.

Chindaprasiret al (2007) recommended the use of sodium silicate solution with &&iO
NaO mass ratio of 2.thixed with § 16M NaOH activator to achieve a mechanically sound AA
product. Brough and Atkinsori2002) tested AAS mortars activated with a mixture of sodium
silicate and sodium hydroxide or potassium hydroxide. Sodium siia@H activated mortars
exhilted a higher compressive strength and low porosity at the interface, compared to sodium

silicate KOH activatedones.

2.4.3Calcium hydroxide Ca(OH)) and Sodium bicarbonateNaHCGO:s)

The primary key in alkali activation is to provide the sufficient alkalinity to prompt the

precipitation and crystallization of the siliceous and aluminous species present in the source
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materials. Hence, any material that can provide alkali cations, tiaespbl of the reaction mixture,

and facilitates precursor dissolution can be used as an activator (raljs2014). Moreover,

the use of solid alkali activators in AA systems is less hazardous than using liquid activators and
| eads t-bi R tarenwere only water is needed to activate the hydration of the binder.
The use of AA products in field application require tisEmdly practices, and incorporation of

solid activator rather than premixed solutions would be much more advantageaesvéip
handling large amounts of corrosive and often viscous liquid activators is difficult for
commercialization and mass production of AA materials.

It is argued that using dry solid powders tend to retard the geopolymerisation reaction;
therefore, sength results may not be high as ligb@ased systems (Khale and Chaudhary, 2007).
Nematollahiet al (2015) tested onrpart, and twepart sodium hydroxide and sodium silicate
activated binders. Authors reported successful activation of low calcium Eglgsash with the
aid of powder activators. Sodium silicate activated binders achieved compressive strength values
ranging from 29837 MPa. However, the achieved compressive strength values were around 30%
less than the ones observed in the counterparpamt AAB. Kovtunet al. (2015) published
promising results with solid N&0Os and slaked lime as the activators for blast furnace slag
mortars.The aithorsobtained up to approximately 50 and 85 MPa compressive strength (28 d) at
25 and 85 °C curing tempaures, respectively. Kirat al. (2013) found that CaO powder is very
efficient in the activation of blast furnace slag although it generated very high heat of hydration.
On the other hand, Yang and Song (2008) achieved a maximum compressive strefsghhRd 3
in NaOH, and Ng5iOs powder activated fly ash mortars after 28 days of curing.

Other researchers attempted dissolving solid activators in water before being mixed with

the precursor materials. Ismatlal.(2013) used solid alkali activators in theesearch study, but
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the activator was first dissolved in distilled water before mixing it with fly ash and slag blends.
Guerrieriet al. (2010) also used solid sodium metasilicate as an activator in their study. Again,
authors also dissolved the actwato produce an alkaline solution as the activator was not added
to the mix in solid form.

The activation of AA products using only solid materials would eliminate most of the
practical difficulties associated with mass production. Howekercurrent level of knowledge in
onepart AA material behaviours, especially the volumetric stability, requires more att&udlamh.
dry calcium hydroxide (hydrated lime) and sodium bicarbonate were used as activator agents in

this study, in an attempb tverify their activation ability with different source materials.

2.5 Curing Regimes

2.5.1Ambient temperature curing

The use of AA products in the construction industry is linked with the practicality of its production
(cast insitu applications). Hence, the ligation of ambient curing regimes is the only feasible or
achievable option. One major challenge for successful AA material production is obtaining
adequate mechanical properties at the ambient temperature (i.e., 23 +3 °C). Studies had shown that
the synhesis of fly asthased AA materials at ambient temperatures is hard to achieve (Fermandez
Jimenez and Puertas, 2002). Shi and Day (1988gd that the activation reaction of fly ash at

room temperature was prolonged. The implementation of elevated stompecuring in precast

AA material production seems to be achievable. However, it capriyeexpensiver impossible

to achieve in cagh-situ production. Studies investigating an AA material mixture design that can
undergo proper activation using ambient curing regimes are on the run. Howevescklgge

ambient cured AA material production in constractindustries remains a matter of question.
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Rangan (2008) suggested that curing of AA material mixtures could be achieved with
temperatures as low as 30°C. Wallah and Ranjan (2006) performed compressive strength test on
AAF mortars cured at ambient temptmres ranging from-85 °C. Authors concluded that
compressive strength was increasing as temperatures increased reaching a maximum value of 35
MPaat 25°C. Although heat curing might be essential for the setting of pure altsiicate
(class F fly aslor metakaolin) based AA materials, studi@seshown that the curing of calcium
rich aluminasilicate (slag) based AA materials could be achieved under ambient curing
temperatureAl t an and E fouhd thaa AAS (marrs 2uyed at ambient tempeeatu
achieved comparable compressive strength values with AAF mortars cured at elevated
temperaturesthe aithorsreported slag mortar specimens achieving 28 days compressive strength
of around 55 MPa. However, similar compressive strength values coultibeegtmuch quicker

under elevated curing temperature of 80 °C.

2.5.2Elevated temperature curing

The alkali activation reactions in AA products might not proceed at a sufficient rate to produce
high strength binder under ambient temperatufeerefore, elevatd curing temperatures might

be necessary to achieve the proper geopolymerisation. Prompting the alkaline reactivity using an
external heat source would enhance the geopolymerisation reaction degree resulting in a more
mechanically sound AA product. Moresly elevated temperatures tend to catalyze the binder
product 6s f or mat i onDoclhetdps 2606)rPslomioen al {1998) sthdiegp a st e
the curing of AAF mortars at 65°C and 85°C. They indicated that the compressive strength of
mortars curea@t 85°C after 24 h was much higher than those cured at 65°C. Siretdalh006)

disclosed that elevated temperature curingd3%C) tend to expand the total pore volume and

surface area which in turn accelerates the dissolution of the precursoFiméwars. In addition,
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at low temperature (below 30°C), the binder formed contained precipitation of dissolved species
instead of polycondensation of silicate and aluminate.

Elevated temperature curing can be accomplished by the aid of dry or steam heat
techniques. Studies showed that steam heating methods tend to yield higher compressive strengths
compared to dry heating method3 @ | etdala 2006) The effect of dry and steam heat curing
techniques on AAF pastes was studied by Kovalatiuld (2007) Specimens were dry cured at
150°C or steam cured at 9&. At the age of 28 days, specimens dry cured achieved compressive
strength of 31.8 MPa, while specimens steam cured achieved 71 MPa. Research showed that
elevated heat curing at temperatures ardgnge of 5080 °C successfully enhances the strength
development of AA materials. However, a temperature threshold exists, beyond which the strength
gain rate is negligibl&hale and Chaudhary, 200Bumajouwet al (2007) stated that the effect
of elevated temperature curing on geopolymerisation is only an enhancement to mechanical
properties of AAMs at early ages. Authors noted that as reaction time increases with high curing
temperatures, the final compressive strength of AAMs deaseasd They expained this by
noting that at early age, the heavy initial formation of reaction products makes the higher alkalinity
offered by heat curing useful in the densification of these products. While at later age, the reaction
products become exponentially lessd increased temperatures only serve to degrade previously
created aluminosilicate gels within the matrbteah et al (2011) found that the curing of
metakaolinbased AAMs at elevated temperature (40, 60, and 80 °C) favored the strength gain
after I 3 days. However, authors noted that curing at a high temperature for a longer period of
time caused thermolysis 08ii Oi AlT Oi bond in specimens at later age.

Despite the previously mentioned studies, the optimum heat curing temperature and period

in AAM production is still not very clear. Generally, the use of heat curing in precast AA products
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prior to site delivery coultie an effective solution to overcome cassiial curing difficulties until

proper solutions are developed.

2.6 Fresh Properties of Alkali-activated Mortar

2.6.1Workability

Workability is one of the main parameters influencing the fresh properties of both AAR®@d O
products. AA materials produced witharious precursos, and activators can be very stiff.
Consequently, it will not possess adequate workability to facilitate its placement. Research studies
had shown that AA products tend to have lower flowability parad to that of OPC products
(Fernandezlimenezet al, 2006;Palacios and Puertas, 2005his was attributed to the different
rheological properties of AAB from those found in PC bindbtsonald and Thompson, 2006).
Pozzolarbased AA binder product®psess higher static and dynamic viscosities compared to PC
products, hence, can require additional vibration efforts to minimize entrained air pockets in the
fresh paste MicDonald and Thompson, 2006Moreover, the essential need for an alkaline
environmet in AA material activation contributes in affecting mixtures workability as most of the
liquid activators used tend to have high viscosities (Chindapeasitt 2007).

Generally, AA materials produced with fly ash are known to have better workability
compared to ones produced with other precursor materials. This is mainly due to the spherical
shape and large specific surface area of fly ash partiElesngndezlimenezet al, 2006.
Temuujinet al (2010) reported that AAF mortars prepared with dnfugecursor to sand weight
ratio (3 9) exhibited acceptable flow values, while mortars prepared with a low precursor to sand
ratio (I 1.5) were stiff and difficult to pack into the plastic molds. Authors considered a minimum
flow of 110 + 5% as an acceptalimit to have mortars easily placed into the motlsindaprasirt

et al (2007) studied the workability and strength of high calcium fly ash mortars activated with
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different dosages of NaOH and sodium silicate. The flowability of mortar mixde@eased with

the increase in NaOH concentration and sodium silicate solution amount. The higher the NaOH
concentrations, the higher the viscosity of the solution. Sodium silicate (waterglass) solution is
itself a solution of very high viscosity, hencayancrease in its amount would reduce the flow of
mortar mixtures. Higher w/b ratio or superplasticizers are required to achieve proper flow in
mixtures containing a high activator dosage.

Generally, superplasticizers are considered a viable soluticgtifiomixtures. However,
provisions to the mitxire design must be made accordingly to identify the optimum doJage.
overcome workability problems, number of superplasticizers, water reducers, and set retarders
have been tested with AA systems to s the flowability with varying extents of success
(Proviset al, 2015) Douglas and Brandstetr (1990) reported that the addition of a water reducers
such as sodium lignosulphonate araphthalene sulphonabasedsuperplasticizers to different
AAMs cau®d a reduction in compressive strength without any improvement in workability.
Do | ettph(2006) tested the addition of the same naphthalene sulpHmassd superplasticizer
for up to four percent of the fly ash by mass in mortar mixtures. Supec@astiosages up to 2%
had improved the workability of the fresh mortars without affecting strength. However, at higher
dosages (> 2%), a decrease in compressive strength of hardened products was observed.

Palacios and Puertas (2005) studied the adddfgpolycarboxylate, vinyl copolymers,
melamine, and naphthalebased superplasticizers in AAS mortars. Successful improvement in
the workability of NaOH activated slag mortar mixtures was achieved with the addition of the
proposed superplasticizers. Napdlenebased superplasticizer addition achieved the highest flow

rate in AAS mortars.
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2.6.2Setting time

Previous research studies had shown that AA products tend to show rapid setting compared to
ordinary Portland cement products (Palacios and Puertas;, R80%t al, 2013) AA products
shouldexhibit desirable rheology and setting behaviour in ordefltov their transportation and
casting. Irreversible mistakes might happen if setting time is very short. Conversely; if the setting
time is too long, it will not be economical.

According to the literature, the settibghaviour of AA productss dependenon various
parameters including precursor soluble silica and calcium content, activator type, and water
content (Nath and Sarker, 2014&eet al, 2013;Balczaret al, 2015). Nath and Sarker (2014)
studied the effect of slag addition to sodium hydrexahd sodium silicate activated fly ash
mortars. The setting time was reduced significantly when slag content was increased in AAF
mortar mixturesThey attributed that behaviour to the higher calcium oxide content in slag which
in turn implied a higher ggolymerisation reaction degree resulting in a rapidigetiepictthe
influence of slag content on setting time, tests were carried out at a controlled temperature of 21
23°C. Under this condition, AA mortars containing fly ash only as the precurseraiigrtake a
longer time to set due to their slow rate of chemical reacti@mbient temperaturdé.ee et al.

(2013) studied the setting behaviour of fly ash/slag pastes activated with alkali solutions made
with mixtures of different NaOH molarities asddium silicate to NaOH solution weight ratio.

The aithorsstated that activator concentration, and slag content and can highly affect the strength
development and reaction kinetics of AAF binders and may cause rapid setting. Their reported test
results showed reductions in both initial and final setting times with the increase in NaOH
concentration and sodium silicate to NaOH weight ratio. Moredheguthors added that rapid

set was more pronounced in paste mixtures containing higher slag content.
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Balczaret al (2015) tested metakaoliniteased mortars activated with different mix
solutions of NaOH and sodium silicaéne authorsreported reductions in setting behaviour with
the increase in the S0z ratio. They explained this by the fact that the increase in
SiO/Al 203 ratio will simultaneously lower the alkali content in the activating solution. Therefore,
slowing the geodgmerisation reaction and reducing the setting tifrfree authorsconcluded that
the alkali content, rather than the soluble silica content, has a crucial influence on the setting time.
Generally,the use of superplasticizers to control the setting bebha¥édBs can be an
ideal solution for a rapid selanget al (2014)studied the effect of polycarboxylab@ased, and
naphthalendased superplasticizers on setting behaviour of NaOH/sodium silicate activated fly
ash/slag blended pastes. The initial &ndl setting times were unaffected by the addition of the
naphthalendased superplasticizer. However, the setting was retarded by the addition of the
polycarboxylatebased superplasticizer. In the case of the polycarboxyteted superplasticizer
at 4% dosage, the initial and final setting times were retarded by around 50 anohut8s
respectively. Ravikumar arideithalath (2012)ised sodium hydroxide in powder and liquid form
to AAS mortarsTheauthorsobserved that fresh slag mixtures activatedh wdlid materials tend

to set quicker than mixtures activated with liquid solutions.

2.7Hardened Properties of Alkali-Activated Mortars

2.7.1Compressive strength

Previous research indicated that AA products could have comparable strength properties to those
acheved by OPC products (Khale, and Chaudhary, p@3@wever, the strength of AA products

is influenced by various factors including precursor chemical composition, alkali activator type
and content, liquid/binder ratio, and curing regimes. AA materialdyoexd with a higher alkali

content, a higher curing temperature, and a low water content can achieve very high strength values
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of 80 MPa or more (Khale and Chaudhary, 2007). However, the production of high strength AA
materials requires precursors that $foa high reactive potentiaChindaprasirtet al (2007)
reported that class C fly aftased AAMs achieved 28 day compressive strength of 52 MPa when
cured at 70 °C for three days and prepared with sand/binder ratio of 2.75. Authors stated that
elevated bat curing for three days was essential in achievingftirenentionedstrength.

De Vargaset al (2011) tested AAF mortars activated with sodium silicate solution
containing several molar ratios of X#SIC,. Theauthorsreportedthat specimens prepared with
low NaO/SiC; ratios (0.2) did not achieve satisfactory mechanical performance. The 28 day
compressive strength was aroundViRa. This was attributed to the inadequate fly ash
solubilization and the insufficient formation otiatinosilicate gel. These findings were supported
by scanning electron microscopy (SEM) analysis. The matrix of these specimens contained only
aggregated and practically intact fly ash particles after being in contact with the activator for more
than 180days. The highest 28 day compressive strength of 22 MPa was achieved in AAF mortars
activated with a highNa.O/SiO; ratio (0.4).

Temuujinet al (2010) studied the effect of sand/precursor ratio in AAF mortars activated
with high concentrations (14M) of N&Dand sodium silicate mixture solution and initially cured
at 70 °C for 24 hours, followed by ambient curing. The recorded highest 28 day compressive
strength value of 60 MPa was achieved in fly ash specimens prepared with sand/precursor ratio of
1.5. Thisimprovement was attributed to the increase in sand/binder ratio in mortar specimens.
Increasing the sand/binder ratio for up to 9.0 results in a reduction in the amount of
geopolymerisation but does not significantly impact the compressive strength.

GorhanandKurkli (2013) investigated the influence of the NaOH/sodium silicate solution

on the 7 days compressive strength of AAF mortars activated with three different NaOH
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concentrations (3, 6, and 9M). The precursor/sand ratio of (1:3) and NaOH/sodaate s#itio

of (1:2) were maintained constant. The 6M activated specimens achieved the highest 7 days
compressive strength of 22 MPa. They claimed that an ideal alkaline environment for proper
dissolution of fly ash particles was found in 6M NaOH solutibime low NaOH concentration

(3M) is not sufficient to stimulate a strong silica dissolution. While, using high NaOH
concentration (9M) caused premature coagulation of silica, resulting in a weaker mortar in both
cases.

On the other hand, sldzased AA mateals are well known to achieve higher strength
properties when compared to fly asased ones. This was previously attributed to the chemical
composition of the former precurs& ( t an and E Blahovasdence utliZed &3 a neat
precursor in slgcbased systems or as a replacement of fly ash in fly aslvategl systems. Yang
and Song (2009) investigated the strength behaviour of ambient cured AAF and AAS mortars
prepared with several sand/precursor ratios and activated with different conopsatcdtNaOH
and sodium silicateélhe authorsobserved that AAF mortars tend to develop insufficient 28 day
compressive strength (<3 MPa). However, they found that AAS mortars exhibited much higher 28
day compressive strength (40 MPa) under the same maandition. The authorsinvestigated
their findings using energgispersive Xray (EDX) analysis combined with scanning electron
microscopy (SEM) analysis. Very few hydration products were detected with the presence of
unreacted fly ash particles and many voids in AAF mortarss &kplains the weak strength
achieved by those specimens. The effects of activator concentration and sand/precursor ratio on
strength behaviour were not apparent in AAF mortars as the low compressive strength results
achieved were meaningless, while wferementionedeffects were evident in AAS mortars.

Increasing the N#SiO; ratio from 0.038 to 0.089 produced AAS mortar specimens with up to 2.2
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times higher compressive strengths. As the sand/precursor ratio increased up to 2.5, the
compressive strengtidso increased, after which it dropped significantly.

Brough and Atkinson (2002) prepared AAS mortars using slag, sand, and activator in a
ratio of 1:2.33:0.5. Sodium silicate or KOH were used as alkali activators in their report. AAS
mortar specimens aecated with sodium silicate gained 28 days compressive strength of 50 MPa,
while KOH activated slagpased mortars achieved lower compression strength values. SEM
analysis revealed that the porosity at the interfacial zone plays a significant role ihigvedc
strength, as low porous sodium silicate activated mortars achieved higher compressive strength

compared to the highly porous KOH activated ones.

2.7.21sothermal calorimetry
Understanding the kinetics of AA material formation is very important in tagahe material for
desired applications. The alkali activation reactions of fly ash andbslsed binders act
differently than the welknown hydration reaction in cement binders. Hence, utilizing different
investigation techniques such as calorimetrgtudy the reaction kinetics of alkali activation is
crucial Provis and Van Deventer, 2009 has been reported previously that AAF binders are
very sensitive to the reaction temperature, as they require higher curing temperature to initiate full
alkal activation (Shi and Day, 1999).

Chithiraputhiran and Neithalath (2013) studied the heat evolutiearmfus blends of slag,
and fly ash pastes activated with 6, 9, and 12 M NaOH solution at 20 °C for 48 h. An exothermic
peak was appearing immediatelizen the activator is mixed with the solid material; this peak was
designated as the wetting and dissolution of solid material. The observed peak was found similar
to the initial (preinduction) period found in cement hydration process. Moreover, the mdgnit

of the first heat peak was increased with increasing NaOH concentration. After the initial
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dissolution, the heat flow in AAF pastes was very weak, but not zero as the cumulative heat was
slowly increasing. The low activation reaction in AAF pastessponsible for the low heat flow
rates observed as mixtures did not harden even after 24 h at 20 °C. On the other hand, the heat
flow of AAS pastes was significantly higher compared to that of AAF pastes.

Shi and Day (1995) investigated the heat evolubbAAS pastes activated with various
activators. AAS paste activated with disodium phosphate experienced the highest heat flow rates,
followed by sodium hydroxide, sodium silicate, and finally, OPC pastes. It can be seen that the

total heat of hydrationepends on both precursor and activator type

2.7.3Shrinkage of alkaltactivated binders

The acceptance of AA products in the industry has been hindered by concerns related to their
shrinkage. Shrinkage is a critical parameter affecting the durability of the AA material and its
resistance to cracking. Shrinkage can be defined as a reducti@\iolume of the material due

to either drying or chemical reactions taking place in the system. These reductions in volume
induce stresses in the material matrix causing deformations. As deformations are restrained in the
hardened binder, cracking ocsuiThe formation of cracks allows the ingression of aggressive

chemicals into the concrete, therefore, significantly reducing its service life.

2.7.3.1Types of shrinkage

Shrinkage in concrete may occur due to carbonation, thermal effects, drying;-desset#@ion
(Thomaset al, 2017). The latter two are of main concern in the present work. Drying shrinkage
occurs due to the loss of internal water to the external environment through evaporation.
Autogenous shrinkage occurs due to -slel§iccation (i.e., wateconsumption with continued
hydration reactions). When specimens are firmly sealed to avoid any moisture loss or carbonation,

only autogenous shrinkage occur.
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2.7.3.1.1Autogenous shrinkage

Autogenous shrinkage can be defined as the macroscopic change in volume that occurs when
moisture loss and carbonation are nonexistent. It is a result of chemical shrinkage affiliated with
the hydration of cement particles (Japan, 1999). Holt (2001) Hedcithe autogenous shrinkage
occurring in three different stage: liquid, skeleton formation, and hardening stage. At the liquid
stage immediately after mixing components, chemical shrinkage occurs because the volume of
hydration products is smaller tharetiiolume of reactants. At this stage, autogenous shrinkage is
eqgual to the chemical shrinkage. The relation is shoviagin2.1

The next stage is the skeleton formation stage where the binder paste begins acquiring
strength to form its solid skeletont fis point, chemical shrinkage begins to get more and more
restrained and autogenous shrinkage begins diverging from chemical shrinkage. As the paste
continues to hydrate and consume water, tiny menisci begin appearing in the pores of the paste.
This ob®rvation is shown ifrig. 2.2. Furthermore, as water is lost from pores, the water meniscus
will continue to be pulled into the capillary of smaller pores and will generate more stresses on the
capillary pore walls. Consequently, the capillary pressuré start to develop and cause
autogenous shrinkage. This phenomenon can be described using the Laplace Equaian
Similarly, capillary pressures can then be converted to ultimate shrinkage of the paste using the
MackenzieBentz equatiofeq. 2.4(Benz et al, 1998; Mackenzie, 1950).

Eq. 2.3

T v

0 oor‘]Cr
O

whered o ¢xfMagnitude of capillary stresses= Surface tension of pore solution, r = Radius of
the largest pore emptied. The pores are assumed to be cylindrical with a contact angle of zero

degrees.
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Y., . P P Eq. 2.4

where. = Ultimate shrinkageS= Volumetric degreef saturation, K= Bulk elastic modulus of the
paste, Ks= Bulk modulus of the solid skeleton (e.¢S-& or unreacted solids).

. 0 o Wn Eq. 2.5

agE — ———
M 4

where—= relative humidity, M= the molecular weight of water (18 kg/kmma),the density of

water (998 kg/rf), R= gas constant (8,214 J/(kmol°K)), T= temperature in kelvin scale (°K).

Finally, at the hardened stage when the free water is gradually consumed, the binder in
search for extra water will attract it from the capillary pores first hed from the gel water for
the hydration to proceed. The consumption of capillary water and gel water decreases the relative
humidity in the pores. This phenomenon is called “defficcation” because of the decrease in the
internal humidity without any ater egress to the exterior. Seésiccation induces a negative
pressure in the meniscus formed, leading to further autogenous shrinkage. The Laplace and Kelvin
eguations can be combined to show the relation between relative humidity and negative, pressure

as given ireq. 2.5(Janz, 2000) and demonstratedrig. 2.3(Holt, 2001).
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Legend:
C = unhydrated cement
W = water

At Initial Set
H, = hydration products i

V = voids
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Chefnical Shrinkage

Figure 2.1 Chemical and autogenous shrinkage interaction in the horizontal direction (Japan,
1999).

Figure 2.2 Left: Early age binder undergoing hydration, Right: A more mature binder with
increased air void formation (Jensen and Hansen, 2001).
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Figure 2.3 Relation of relative humidity and negative suction pressure based on combination of
Laplace and Kelvin equations (Holt, 2001).

The study on autogenous shrinkage of ambient cured sodium silicate activated fly ash
pastes carried by Ma and Ye (2015) showet shrinkage strains were increasing with higher
NaO/SiO; ratios. Very high autogenous shrinkage values reaching arounce3800i n f 1l y a
mixtures activated with N®/SiC ratio of 1 were reported. However, this large strain did not
necessarily lead tan early age cracking of the samples. Moreover, AAS products autogenous
shrinkage strains have been reported to be up to seven times higher than the corresponding OPC
products (Bakhareet al, 1999; Cincotteet al, 2003; Cheret al, 2007; Collins and &jayan,

2000).

Figure. 2.4shows the autogenous shrinkage measurements of various ambient cured AAS
mortars activated with different concentrations of sodium silicate solution recorded bgtdéto
(2008). It can be clearly seen that autogenous shrenkagins were generally high approaching
more than 2500 eU i n JDiSitraiia. €he autgehols straimewetei g h e ¢
influenced by the activating solution as the shrinkage was increasing with higd S ratios.
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Figure 2.4 Autogenous shrinkage strains of AAS mortars activated with differex@/1S&0,
ratios (Neto et al., 2008).

2.7.3.1.2Drying shrinkage

Drying shrinkage is similar to the autogenous shrinkage where both occto wager loss. For

drying shrinkage, the water is transferred to the surrounding, whereas for autogenous shrinkage
the water is transferred within the pore structure. As the water begins escaping the binder matrix
to the exterior environment through evagtan, the binder material shrinks in return. Holt (2001)
explained the phenomenon by stating that initially, free water escapes to the binder surface as bleed
water. This bleed water can evaporate off the surface to the surrounding environment. Once the
bleed water is entirely evaporated, the free surface from which extra water is lost will then migrate
into the binder body as evaporation continddse dying mechanism will begin pulling interior

water from the binder mas3$he loss of internal water causes suction capillary pore stresses
(similar to the ones mentioned in autogenous drying). This suction pressure can also be represented

using the Laplace equatiqiq. 2.3) and capillary pressures can then be converted itoaié

35



shrinkage using the MackenZientz equatiortEq. 2.5) The water suction phenomenon for two

binder particles at the paste surface is demonstratéd.i2.5below.

Ws 7

Figure 2.5 Suction stresses pulg the water meniscus between two binder particles due to water
loss (Holt, 2001).

Figure 2.5shows that when the evaporated water (W) exceeds the bleeding water (Ws),
the meniscus | evel begins dropping, therefore
result in drying shrinkage. While, if the bleeding rate exceeds the evaporatitimsatxcess water
will act as a curing blanket. In this case, there will be no drying shrinkage since there is enough
water on the surface to allow for evaporation without drawing extra water from the internal
capillary pores. This shows that the drysiginkage is very dependent on the rate of evaporation
and the total amount of water lost.

Many authors have established investigations on the drying shrinkage of AAF mortars at
different curing regimes. Fernand&ménezt al.(2006) found that AAF mortars ambient cured
at 50% relative humidity experienced drying shrinkage strains larger than that found in OPC
mortars. While when steam curing at 85 °C for 20 h is adopted, shrinkage was significantly reduced

to values below thathe ones found in OPC mortars. This approach was also observed by Wallah
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and Rangan (2006), as AAF concrete specimens heat cured at 60 °C for 24 h experienced much
lower drying shrinkage compared to AAF concrete specimens ambient cured at 25 °C fimethe sa
period. Authors stated that heat curing time for 24 h before exposure to ambient conditions was
sufficient in dropping the drying shrinkage of AAF concrete.

Previous studies showed that AAS mortars undergo a drying shrinkabeiles
higherthan thatof OPC mortar and the shrinkage value can reach to abouts2800 et ¥ile
2017 At etwl, 2009;Palacios and Puerta®)07). Ye andR a d | i(2EKSkodserved that the
drying shrinkage of NaOH activated slag paste was 4 times higher than that oa&P@ffer 60
days. Moreover, the drying shrinkage of AAS concrete was found to be 3 times higher than that of
OPC concrete (Collins and Sanjayan, 2000). Compared to OPC, the more refined pores found in
AAS result in higher capillary stress which in tuancsignificantly increase the drying shrinkage
(Cartwrightet al, 2014;YeandR a d | | 26k a

In addition to the pore structure, the primary hydration product of AAS binders (calcium
alumina silicate hydrate gel-&-S-H) was found to have a significareffect on the measured
drying shrinkage (Yet al, 2017 Ye andR a d | | 2@$6)k Tehe structural incorporation of alkali
cations in GA-S-H reduces the stacking regularity ofACS-H layers. Therefore, making the C
A-S-H collapse and redistribute easilgon drying. On thetherhand, shrinkage performance of
alkali-activated fly ash/slag (AAFS) mortars remains poorly understood; with only a few studies
reporting the shrinkage of AAFS specimens cured at room temperaturet(akee2013; Gacet
al., 20%6; Yaoet al, 2016). For AAFS mortars, the drying shrinkage has also been found to be
larger than that of OPC mortars. It was reported that the drying shrinkage of the blended fly
ash/slag binders increased with higher aqueous silica contents in tladoadiidacet al, 2016).

There is a disagreement on the effect of slag versus fly ash proportions on shrinkage of the AAFS
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binders. Some studi¢seeet al, 2013; Gacet al, 2016)reported that drying shrinkage increased
with higher slag contents, anothstudy(Yao et al, 2016)showed that higher slag content led to
lower drying shrinkage. Leet al. (2013)showed that higher slag and soluble silica contents led
to larger chemical, autogenous, and drying shrinkage. They also highlighted the neetthdéor fur

research to characterize the shrinkage of these blended binders.

2.7.3.2Shrinkage mitigation technigues

Many researchers have attempted to mitigate shrinkage in AA products. However, it is still unclear

which method is effective, mainly due to the lackmbwledge of the actual mechanism governing

AA material shrinkage. Palacios and Puertas (2007) attempted to reduce the shrinkage in AAS
mortars using shrinkage reducing admixtures (SRAs). SRAs are beneficial because they tend to
reduce the surface tensioftloe pore solution (Radlinska al, 2007). Authors reported reductions

in autogenous and drying shrinkage strains, however, the drying shrinkage strains remained
significantly higher than those experienced by OPC mortars.

Similarly, Collins andSanjayan(2000) attempted to use internal curing as a shrinkage
mitigation strategy in AAS concreténternal curing is a method that counteracts autogenous
shrinkage by providing additional water, to reduce-deHiccation and relieve tensile stresses
inside pores within the hydrating cementitious paste (Bentz and Weiss, ROW&). autogenous
shrinkage strain in AAS systems was reported with internal curing. However, the porous system
eventually lost all its water content to the surrounding under dognditions. Therefore, the use
of porous coarse aggregates in internal curing reduces the autogenous shrinkage but only delays
the drying shrinkage (Radlinskea al, 2007).

Other researchers have recently attempted to eliminate autogenous shrinka@® in A
mortars activated with NaOBlodium silicate or sodium carbonate by the aid of internal curing

(Sakulich and Bentz, 2012A blend of four types of lightweight aggregate (LWA) designated
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sands were used in preparing mortar specinfepsoperly sized agggate is crucial to the success

of this mitigation strategy due to the low permeability of the AAS pastes (Berdlz 2011).

Authors reported that the chemical shrinkage associated with autogenous shrinkage was equal in
all specimens including the coeat OPC mortar. Furthermore, internal curing showed only minor
drying shrinkage reduction in AAS mortars regardless of activator type. Authors suggested further

investigation to clearly identify an effective shrinkage mitigation technique in AA materials.
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CHAPTER

Evaluating the Shrinkage Behaviourand Effects of the
Shrinkage Mitigation Technique of One andTwo Part
Alkali -Activated Mortars

3.1 Phase 1 Evaluation for Shrinkage Behaviourof Two-Part
Alkali -Activated Mortars

3.1.1Introduction

A review of fresh and hardened properties along with shrinkage behaviour of AA materials was
provided in the previous chapter (i.e., Chapter 2). According to the literature, shrofkage
materials is not yet fully understood. Many factors are affecting the shrinkage behaviour of these
materials. This included precursor type, activator type and concentrations, and curing conditions.
Even using the same ingredients, the shrinkagevimaivawill differ as the physical characteristics,

and chemical composition of the used materials will differ frame lab to another. Besides,
measuring methods and procedures will have significant effects on the measured shrinkage. For
instance, variatios in the time for the initial reading will directly affect the total amount of
measured shrinkage at early age. As a result, effects of thregmttgoned factors on shrinkage
behaviour of AA materials still needs to be examined. Therefore, in this cheptanprehensive

data based on shrinkage behaviour of AAMs is generated. This will assist in understanding the

effect of each parameter while controlling others.
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3.1.2Experimental program

The experimental work in thghasewill be divided into twagparts Thefirst partwill be conducted

at ambient temperature without any heat curing. The sgmanaill focus on heat cured AAMs.

For eachpart different types of shrinkage will be monitored along with evaluating fresh and
hardened properties for different mixes. The focus of thishasewill be devotedto two-part

AAMs chemically activated by sodium hydroxide and water glass. FAGGBBFSwere used
separately and combined as the precursor. The selection of these two binders and alkali activator

wasbased orthe literature as these materials are commonly used to produce AA materials.

3.1.2.1Raw materials

Low-Calcium FA andSGBFSwere used as cementing components. The chemical compositions
and physical properties of both precursors are listd@inle 3.1 In thisphasethe activator used

was waterglass with #dNa® bymass)ot2eSodiuomdcydioxide with Ms =
purity level of 98% and sodium silicate (Si(30%), NaO (20%), BO (50%), specific gravity

1.38 g/mL) were used to prepatestalkali activators. The alkali activator was prepared as the
following: distilled water was used to dissolve the NaOH solid at 3M, 6M, and 12M. Sodium
silicate solution was then mixed with the NaOH solution to form the alkali activator solution (mass

of sodium silicate solution/ NaOH solution = 2). The hot liquid was then left overnight to cool to
ambient temperature while covered to prevent carbonation. The fine aggregate used was ASTM
C109river sand with oven dry, saturated surface dry specific graaiy absorption of 2.54 g/mL,

2.55 g/mL, and, 0.08 %, respectively.

3.1.2.2Mixture proportions

Single and binary binder levels were tested inghesse For single binder mixtures, FA @GBFS
was used as a sole cementitious material. For binary mixtures, F&@BFSwere blended at

1:1 ratio (FS). The mixture proportions of the AA fly ash, slag, and fly ash/slag mortars are shown
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in Table 3.2 The activator was prepared using a fixed ratio of sodium silicate and a varying molar
concentration of NaOHE-or eachprecursor, three AAM mixtures were designed using a three
differentNaOH concentrations namely (3, 6, and 12M). The mass ratios of sand to precursor and
activator solution to precursor were fixed at 2, and 0.4, respectively for all mixtures. Two curing
regmes where adopted in the whole study. Samples were cured at 23°C with relative humidity of
60 + 5% to simulate ambient curing conditions. Other samples were cured at 60°C inside the oven
to simulated heat curing procedureTkble 3.2 the first letter bany mixture label represents the
precursor type; (i.e., fly ash (F), slag (S), and fly ash/slag 1:1 (FS)) and the number refers to the
molarity of the NaOH solution.

Table 3.1 Properties of precursors used.

Chemical composition (%) Fly ash (FA) (Gglggs)
CaO 2.60 56.10
SiO; 46.00 21.00
Al203 33.00 17.00
FeOs 10.50 0.62
SG : 0.77

Physical properties
Specific gravity (S.S.D) 2.38 2.90
Surface area (ffkg) 290 (Blaine) 485 (Blaine)

3.1.2.3Specimenpreparation

Initially, precursors were dry mixed with sand in an electric mixer at a slow speed of (140 £ 5
revs/min) and medium speed (285 % 5 revs/min) for 2uiesito ensure homogeneity of the
mixture. The prepared alkali activator solution is then added to the mixture and mixed for an

additional 2 min. Immediately after mixing, 50 mm cubic molds for compressive strength
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evaluation according to ASTM C109 (Standasttmethod for compressive strength of hydraulic
cement mortars), and 25 mm x 25 mm x 285 mm prismatic molds for shrinkage measurements
according to ASTM C596 (Standard test method for drying shrinkage of mortar containing
hydraulic cement) were cast. Albecimens were cured at room temperature of 23 °C and a relative
humidity of 60%t 5%inside the molds for 2hours.After which, specimens were demolded and
moved to the corresponding pmeentioned curing conditions untihe testing age. All reported

reailts represent the average of three replicates.

Table 3.2 Mix proportion of 1 ni AAM mixtures.

Mixture FA  GGBFS NaOH §o|ution NgOH NagSios Sand
(kg) (kg) molarity (M)  solution (kg) _solution (kg)  (kg)

F3 655 0 3 87.33 174.67 1,310
F6 655 0 6 87.33 174.67 1,310
F12 655 0 12 87.33 174.67 1,310
S3 0 627 3 83.6 167.2 1,254
S6 0 627 6 83.6 167.2 1,254
S12 0 627 12 83.6 167.2 1,254
FS3 320.5 320.5 3 85.46 170.94 1,282
FS6 320.5 320.5 6 85.46 170.94 1,282
FS12 320.5 320.5 12 85.46 170.94 1,282

3.1.2.4Testing program

The workability and flow of mortar mixtures was evaluated following the procedure of ASTM
C143*%15 (Standard test method for flow of hydraulic cement mortar). After mixing, fresh mortar
mixtures were placed in a flow mold on a drop table and stroked ton25 as shown iRig. 3.1

The diameter of the new shape of the mortar after testing was measured at four locations using a
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caliper The flow was calculated by taking teemmatiorof four reading. Initial and final setting
times were measured using &t needle as described in ASTM C8¥ (Standard Test Method
for Time of Setting of Hydraulic Cement Mortar by Modified Vicat Needle).

Compressive strength development was evaluated at ages of 1, 7, 14, and 28 days using a
300 kN universal testing macl@r{UTM) in accordance with ASTM C109 (Standard test method
for compressive strength of hydraulic cement mortars). Cubic specimens (50 x 50 x 50 mm) were
prepared for compressive strength measurements. The mortar cubes were compacted using a
vibrating tableand a tamping rod. All mortar specimens were moist cured (100% RH, 23+ 0.5°C)
until the time of testing. For each mortar and at each age, 3 cubes were tested, and the results were
averagedThe hydrationprogress was investigated by monitoring the hedtydfation reaction
using Isothermal Conduction Calorimetry. Bryxed binder (fly ash and/or slag), sand, and the
premixed alkali activator, prepared earlier, was mixed in the calorimetry cup apparatus at room
temperature (23°C) before placing them itite calorimetry device.

The autogenous, and drying shrinkage strains were measured using prism samples (25 x 25x
280 mm) in accordance with ASTM C490 (Standard practice for use of apparatus for the
determination of length change of hardened cement pastéar, and concrete) as shownHig
3.2 Change in length was monitored using a length comparator with dial gauge accuracy of 0.001
mm as shown irFig. 3.3 Fresh mortars were cast into prism molds and consolidated using a
vibrating table and tamping ro@rismatic bars were moist cured (95% RH, 23+ 0.5°C) for 24
hours before demolding. Immediately after demolding, autogenous shrinkage specimens were
wrapped with a first layer of polyethylene film and a second layer of aluminum foil to prevent any
moistuee loss. Autogenous and drying specimens where then placed in either ambient (60% RH,

23+ 0.5°C) or oven (60°C) curing conditions. Autogenous and drying shrinkage measurements
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began directly after demolding at agel®urs Measurements were taken initially 15minutes
intervals for the first hour, after that ah8urs, 7 hours, 12hours, 1 day and daily for up to 8
days, after which readings were taken on day 14, and 28. The mass change was also monitored

simultaneously under the same conditiontheftested shrinkage specimens.
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Figure 3.2 AAM shrinkage prismatic mortar bars (autogenous (upper 3) and drying (lower 3)).

&

Figure 3.3 Length comparaouse to determine shrinkage of mortar bars.
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3.2 Phase 2:Evaluation for Shrinkage Behaviourof One-Part
Alkali -Activated Mortars

3.2.1Introduction

The Alkali activation process involves the utilization of concentrated aqueous alkali solutions,
which are viscous, corrosivandnot usetfriendly. Consequently, the development ofcatied
onepart or Ajust add wat er 0 AlAhamietcanventiankho- ma y
partAA ones, especially in cast-situ applications. Onpart AA material production involves a

dry mixture that consists of a solid aluminosilicate precursor, a solid alkali source, and possible
admixtures to which water islded, similar to the preparation of OPC. Several studies pointed out
the high autogenous and drying shrinkage strain experienced by the conventiopalttté
materials compared to OPC mortars (Cincettal, 2003, Bakhareet al, 1999). However, less
attention has been given to the shrinkage behaviour epanéAA materials. Thiphaseaims to
investigate the shrinkage behaviour of FA @@BFSbased mortars activated with said(OH)

and NaHCG and cured under both ambient and elevated tempesatéiresh and hardened

properties of ongart AAMs were also addressed in thisgase

3.2.2Experimental program

3.2.2.1Raw materials

In the preserphaseClassF FA andGGBFSwere used as precursaimilar to phase.lChemical

and physical properties of the FA afGBFSwere listed previously iphasel (Table 31).
Activators were certified grade calcium hydroxide and sodium bicarbonate with a density of 2.240
g/cm?3 and 2.159 g/cms3, respectively. The edenspecific gravity, saturated surface dry specific
gravity, and absorption of the standard sand used were 2.54 g/cms3, 2.55 g/cms3, and 0.08%,

respectively.
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3.2.2.2Mixture proportions

Mixtures proportions of the AAF, AAS, and AAFS mortars are showifable 3.3 Three
precursor blends were utilized in this phase accorttirthe following: single Fly ash (F), Slag

(S), and binary fly ash and slag at 1:1 ratio (FS). The ratio of sand to precursor was fixed at 2:1 for
all AAM mixtures. Calcium hydroxide and sodium bicarbonate, both in the powder form, were
used as activators

Table 3.3 Mixture proportions of ong@art AAMs mixtures.

Mixture  FA (Kg) GGBFS Ca(OH) NaHCQG Activator Sand (kg Water (kg)

(kg) (kg) (kg) dose (%)

FL5 655 0 32.75 0 5 1,310 262
FL10 655 0 65.5 0 10 1,310 262
FL15 655 0 98.25 0 15 1,310 262

SL5 0 627 31.35 0 5 1,254  250.8
SL10 0 627 62.7 0 10 1,254  250.8
SL15 0 627 94.05 0 15 1,254  250.8
FSL5 3205 3205  32.05 0 5 1,282  256.4
FSL10 3205 3205  64.1 0 10 1,282  256.4
FSL15 3205 3205  96.15 0 15 1,282  256.4

FN5 655 0 0 32.75 5 1,310 262
FN10 655 0 0 65.5 10 1,310 262
FN15 655 0 0 98.25 15 1,310 262
SN5 0 627 0 31.35 5 1,254  250.8
SN10 0 627 0 62.7 10 1,254  250.8
SN15 0 627 0 94.05 15 1,254  250.8
FSN5 3205 3205 0 32.05 5 1,282  256.4
FSN10 3205 3205 0 64.1 10 1,282  256.4
FSN15 3205 3205 0 96.15 15 1,282  256.4

Three different dosages of calcium hydroxide and sodium bicarbonate (5, 10, and 15%) by mass

of binder were chosen to cover a wide activator dosage range. The water to precursor ratio was
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fixed at 0.4 for all AAM mixtures. Mixtures were cured under two temperatures, at 23°C with
relative humidity of 60 + 5% (ambient) and at 60°C (oven). It should be mentioned that the first
letter of any mixture label represents the binder type; (i.easfiyF) GGBFS(S), and FAGGBFS

50% (FS)) and the second letter represents the activator (i.e., calcium hydroxide (L) and sodium
bicarbonate (N)). While, the number refers to the percentage of the activator usedGBES

activated with 5% lime (SL5))

3.2.2.3Specimen preparation

Initially, precursors and powder activators were dry mixed with sand in an electric mixer at a slow
speed of (140 = 5 revs/min) and medium speed (285 + 5 revs/min) fon@esto ensure
homogeneity of the mixture. Tap water is tla@lded to the mixture and mixed for an additional 2
min. Immediately after mixing, 50 mm cubic molds for compressive strength evaluation according
to ASTM C109 (Standard test method for compressive strength of hydraulic cement mortars), and
25 mm x 25 mm X85 mm prismatic molds for shrinkage measurements according to ASTM
C596 (Standard test method for drying shrinkage of mortar containing hydraulic cement) were
cast. All specimens were cured inside the molds at room temperature of 23 °C and relative
humidty of 60% + 5% for 24hours.After which, all specimens were demolded and stored in
ambient room conditions or in the oven at 60°C until testing age. All reported results represent the

average of three replicates.

3.2.2.4Testing program

The detailed testing program was similar to the one utilizgzhase Isection (3.25). It should
be mentioned that all shrinkage specimens for fly ash activated mortars were very weak and could
not be tested. Hence, the shrinkage discussion will onlysfoa slag and fly ash/slag activated

mixtures.
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3.3Phase 3:Effects of Shrinkage Reducing Admixture on Shrinkage

Behaviour of One and Two Part Alkali -Activated Mortars

3.3.1Introduction

Alkali activated materialdhave received much attention from the acadefigltl owing to
significant advantages such as the lower energy demands areh@3ions in comparison with
the manufacturing of common PC produ@sveral studies indicated that AA materials present
high mechanical strength and good performancehamical attack, froghaw cycles and high
temperaturesHernandezliménez and Puertas, 20@akharevet al, 1999) However, other
studies had shown that AA materials are subject to substantial autogenous and drying shrinkage
(volumetric instabilities)this being one of the main drawbacks to their definitive use as an
alternative to traditional PC binderGifcottoet al, 2003;Bakharewet al., 1999)

The criteria behind this shrinkage have not yet been fully understood. Authors suggested
that the chaacteristics of the binder product gel and the pore size distribbiae, a direct effect
on drying shrinkage (Collins and Sanjayan, 200€toet al, 2009. Few authors, however, have
studied the possible ways to reduce the shrinkage experienced byafediats Palacios and
Puertas, 2007; Bakharet al.,, 2000).The effect of SRA has been well documented in PC systems
(Berkeet al, 2003). Howeverthe effect of SRA on shrinkage behavior of -quagt and twepart
AAMs cured under both ambient and elevated temperabagaot been determined to date to the
best of the authords knowl ed gpleaseMoreover, thenddct | t ut e s

of SRA addition on the fresh and hardened properties of AAMs was also addressed.
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3.3.2Experimental Program

3.3.2.1Raw materials

In the presenphase classF FA andGGBFSwere used as precursanilar to phase 1 and 2
Chemical and physical properties of the FA @@BFSwere listed previously iphase {Table

3.1). Activators used in onpart AAM were Certified Gradecalcium hydroxide and sodium
bicarbonatewith a density of 2.240, and 2.159 g/mL, respectively. Wliile,activator used in
two-part AAMs was a liquid solution made asdium hydroxide with a purity level of 98% and
sodium silicate (Si® (30%), NaO (20%), RO (50%), specific gravity 1.38 g/mLASTM
standard river sand was utilized as the fine aggregaterial. The oveqlry, saturated surface dry
specific gravity, and absorption of the standard sand used werg/tnh42.55g/mL, 0.08%,
respectively. Sika® Contral5 shrinkage reducing admixture was used in this study. Sika®
Control75 conforms to theequirements of ASTM C494 (Standard Specification for Chemical

Admixtures for Concrete), Type S.

3.3.2.2Mix proportions

Mixtures proportions of onpart and twepart AAF, AAS, and AAFS mortars are showiables

3.4 and 3.5, respectively. Three precursor blengsre utilized in thisphaseaccording to the
following: single Fly ash (F), Slag (S), and binary fly ash and slag at 1:1 ratio (FS). The ratio of
sand to binder was 2:1 for all mixtures. Three different dosages of powder calcium hydroxide and
sodium bicarbnate (5, 10, and 15%) by mass of binder were chosen to cover a wide activator
dosage range in ofmart AAMs. While, three NaOH concentrations (3, 6, and 12M) mixed with
constant sodium silicate content were utilized in-paot AAMs. The liquid to precucs ratio was

fixed at 0.4 for all mixtures. Mixtures were cured under two temperatures, at 23°C (ambient) with

relative humidity of 60 £ 5% and at 60°C (oven).
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Table 3.4 Mix proportions of 1 onepart AAM mixtures containing SRA.

vixure FA  GGBFS Ca(OHp NaHCQy  Activator isspé sand vzlg)er
(k) (k) (k) (kg)  dose (%) (%) (kg)
SL5R1 0 627  31.35 0 5 1 1,254 2508
SLIORL 0 627  62.7 0 10 1 1254 2508
SLI5R1 0 627  94.05 0 15 1 1,254 2508
SL5R2 0 627  31.35 0 5 2 1254 2508
SLIOR2 0 627 627 0 10 2 1254 2508
SLI5R2 0 627  94.05 0 15 2 1254 2508
FSL5R1 3205 3205 32.05 0 5 1 1282 2564
FSLIORL 3205 3205  64.1 0 10 1 1282 2564
FSL15R1 3205 3205  96.15 0 15 1 1282 2564
FSL5R2 3205 3205  32.05 0 5 2 1,282 256.4
FSLIOR2 3205 3205  64.1 0 10 2 1282 256.4
FSLI5R2 3205 3205  96.15 0 15 2 1282 256.4
SN5R1 0 627 0 31.35 5 1 1,254 2508
SNIORL 0 627 0 62.7 10 1 1254 2508
SNI5R1 0 627 0 94.05 15 1 1254 2508
SN5R2 0 627 0 31.35 5 2 1254 2508
SNIOR2 0 627 0 62.7 10 2 1,254 250.8
SNI5R2 0 627 0 94.05 15 2 1,254 250.8
FSNSRL 3205 320.5 0 32.05 5 1 1,282 2564
FSNIOR1 3205 320.5 0 64.1 10 1 1,282 2564
FSN15R1 3205 320.5 0 96.15 15 1 1282 2564
FSNSR2 3205 320.5 0 32.05 5 2 1282 256.4
FSNIOR2 3205 320.5 0 64.1 10 2 1282 256.4
FSN15R2 3205 320.5 0 96.15 15 2 1,282 256.4
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Table 3.5 Mix proportion of 1 ni two-part AAM mixtures containing SRA.

Mixture FA GGBF NaOH _solution NaOH Na;SiOe, 35:(; Sand

(k) S(kg) molarity (M) solution (kg) solution (kg) (%) (kg)
F3 655 0 87.33 174.67 0 1,310
F6 655 0 87.33 174.67 0 1,310
F12 655 0 12 87.33 174.67 0 1,310
F3R1 655 0 3 87.33 174.67 1 1,310
F6R1 655 0 87.33 174.67 1 1,310
F12R1 655 0 12 87.33 174.67 1 1,310
F3R2 655 0 3 87.33 174.67 2 1,310
F6R2 655 0 87.33 174.67 2 1,310
F12R2 655 0 12 87.33 174.67 2 1,310
S3 0 627 3 83.6 167.2 0 1,254
S6 0 627 6 83.6 167.2 0 1,254
S12 0 627 12 83.6 167.2 0 1,254
S3R1 0 627 3 83.6 167.2 1 1,254
S6R1 0 627 6 83.6 167.2 1 1,254
S12R1 0 627 12 83.6 167.2 1 1,254
S3R2 0 627 3 83.6 167.2 2 1,254
S6R2 0 627 6 83.6 167.2 2 1,254
S12R2 0 627 12 83.6 167.2 2 1,254
FS3 320.5 3205 3 85.46 170.94 0 1,282
FS6 320.5 3205 6 85.46 170.94 0 1,282
FS12 320.5 3205 12 85.46 170.94 0 1,282
FS3R1 320.5 3205 3 85.46 170.94 1 1,282
FS6R1 320.5 3205 6 85.46 170.94 1 1,282
FS12R1 320.5 320.5 12 85.46 170.94 1 1,282
FS3R2 320.5 3205 3 85.46 170.94 2 1,282
FS6R2 320.5 3205 6 85.46 170.94 2 1,282
FS12R2 320.5 320.5 12 85.46 170.94 2 1,282
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3.3.2.3Specimen preparation

The specimen preparations of egpeart and twepart AA mortar mixtures were similar to the ones
utilized inphase 2section 3.34), andphase 1section(3.24), respectively. However, it should
be noted that SRA dosage was mixed with tap water irparteAA mortar mixtures and mixed

with activator solution in twgpart AA mortar mixtures.

3.3.2.4Testing program

The testing program was similar to the one utilizephase kection (3.25).
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CHAPTER
Experimental Results

4.1 Phase 1: Eraluation for Shrinkage Behaviourof Two Part
Alkali -Activated Mortar s

4.1.1 Flowability

Variations in workability for different AAM mixtures with respect to NaOH concentrations are
shown inTable 4.1 In general, the flow of AAMs decreased as the molar concentration of NaOH
in the activating solution increasedorfnstance, reddions in theflow of AAF mortars when
NaOH concentrations increased from 3M to 6M and 12M were 5.56%, and 14.81%, respectively.
Liquid (waterglassN&aSiOs) is known to have a high viscosity itself. Hence, blending waterglass
and NaOH solutiongends tancrease the viscosity of the activating solution and thus reduces the
flow of AAM (Chindaprasirtet al, 2007).

The flowability of AAS mortars was lower than that of the AAF, and AAFS mortars at a
similar NaOH concentration. For example, the flowability3® NaOH AAS mortar was around
11% and 7% lower than that of 3M NaOH AAF and AAFS mortars, respectively. FA is known to
improve the workability of fresh mortar due to its globular shape and large specific area
(Fernandeglimenezt al, 200§. On the othehand, the flowability of AAS mortars éominantly

affected by the rapid reaction betwggGBFSand the alkalactivator (Jangt al, 2014)
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Binary mortar mixtures incorporating FA a@iGBFSwith 1:1 ratio (AAFS) exhibited
flow values that were in beten those reported for AAS and AAF mortars. For instance, the
flowability of 3M NaOH AAFS mortars was 8% less than that of AAF mortars and 6.5% more
than that of AAS mortars activated with similar NaOH concentration. It should be noted that the
effect of ativator concentrations on the workability of AAMs was similar regardless of the
precursor type. Results clearly showed that activator concentration and precursor type are of main

influence on the workability of AAM.

4.1.2 Setting time

Setting time tests were performed in order to ascertain the effects of precursor type and NaOH
solution molarity orthe stiffing of AAMs. Initial and final setting time results of different AAM

are shown iMable 4.1 Generally, increasing NaOH concentpas accelerated both the initial

and final setting of AAM mixtures. For instance, reductions in the initial setting time of AAF
mortars when NaOH concentrations increased from 3M to 6M and 12M were 12.5%, and 38.2%,
respectively. The corresponding reduntoin final setting times were 11.2% and 35%,
respectively.

Table 4.1 Setting time and flow values of AAM mixtures.

Setting time (min)

Mixture nital Final Flow (cm)
F3 144 286 108
F6 126 254 102

F12 89 186 100

S3 108 171 94

S6 72 114 87
S12 47 76 76
FS3 120 202 100
FS6 104 184 92
FS12 72 112 84
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Increasing activator concentrations tends to accelerate the rate of the hydration reaction.
This directly influences the stiffness development of AAMs. AAS mortar mixtures exhibited a
faster setting time compared to that of AAF and AAFS mortar mixtureseXample, the initial
setting in 3M NaOH AAS mortars was achieved 36 anthitfitesearlier than that in 3M NaOH
AAF and AAFS mortars, respectively. Moreover, the corresponding final setting was achieved
115 and 8@minutesearlier in AAS mortars comparéd AAF and AAFS mortars. The shorter
setting behaviour observed in AAS mortars can be ascribed to the higher calcium (CaO) content
of GGBFS Increasing CaO content was found to accelerate the hydration reactions, and hardening
process of AAS mortarsY(p, 2004).Generallythe use of superplasticizers to control the setting
behaviour can be a solution to this rapid setting of AAS mortars.

The initial and final setting times of AAFS mortars was in between those values exhibited
by AAF and AAS mortars. Fonstance, 3M NaOH AAFS mortars achieved the initial setting 24
minutesearlier than AAF mortars and hinuteslater than AAS mortars activated with a similar
NaOH concentration. The corresponding final setting of AAFS mortars occurneth8eesearlier
than AAF mortars and 3ghinuteslater than AAS mortars. The replacement of FA VGBFS
shortened the setting of AAFS mortars compared to that of AAF mortars. The effect of activator
concentrations on the setting behaviour of AAMs was found to be simgardiess of the

precursor type.

4.1.3 Compressive strength

4.1.3.1Effect of activator concentrations

The compressive strength development of AAM specimens activated with different concentrations
of NaOH was studiedrigure 4.1shows the compressive strength of AAF mort&enerally, the
compressive strength of AAF mortars increased with higher activator concentrations under both
curing conditions. For instanceghen NaOH concentration increased from 3M to 6M and 12M,
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the 28 dagxompressive strength of ambienired AAF mortars increaség 46.2%, and 117.26%,
respectively. The increase in the 28 day compressive strength of oven cured AAF mortars due to
higher NaOH concentrations was almost equal to the one found in ambienbicaesddgure 4.2

shows the compressive strength of AAS mortarsimilar compressive strength increase trend

with higher NaOH concentrations was found in AAS mort&ist example,when NaOH
concentration increased from 3M to 6M and 12hg 28 day compssive strength of ambient

cured AAS mortars increasdry 32.3%, and 66%, respectively. The corresponding increase in
oven cured AAS mortars was 11.3%, and 18.2%, respectively. The increase in compressive
strength of AAS mortars due to higher activator @miations was less pronounced in oven cured

specimens compared to ambient cured ones.
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Figure 4.1 Compressive Strength of AAF mortar specimens (ambient (A) and oven (O) cured).
Figure 4.3shows the compressive strength of AAFS mortars. The compressive strength of
AAFS mortars also increased as NaOH concentration increesedxamplejncreasing NaOH
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concentration from 3M to 6M and 12NMcreased the 28 day compressive strength of ambient
cured AAFS mortarby 17.5%, and 60%, respectively. The corresponding increase in oven cured
AAFS mortars was 17%, and 20%, respectively. The increase in compressive strength of AAFS
mortars due to higher activator concentrations was significantly dedreas2M NaOH activated

oven cured specimens compared to ambient cured ones.
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Figure 4.2 Compressive Strength of AAS mortar specimens (ambient and oven cured).

In the alkali activation polymerizatigorocess, strong alkalis are required to activate the
silicon and aluminum present in precursors to allow the glassy structure to partially or entirely
dissolve and then transform into a very compacted compdsiie €t al, 2010). High NaOH
concentrationricreases the solubility of amorphous silica and alumina present in prec@sors (
et al, 2010). Therefore, the leaching out of*ind AF* ions from FA, andGGBFSparticles is

expected to increase at higher NaOH concentration. As a result, an inorédaseompressive
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strength is achieved due to the subsequent formatisaddfim aluminosilicate hydra{®-A-S-

H) and calcium aluminosilicate hydrate-fGS-H) binder gels Choet al, 2017) However, the
amounts of dissolved silica and alumina from preors begin to get limited due to the
precipitations of binder gels around the surface of FA@@&BFSparticles Choet al, 2017)
Hence, excessive NaOH concentrations may generate argaosftect on the acceleration of
AAM polymerization Fernandezliménez and Palomo, 2005)hich leads to a slower strength

development rate.
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Figure 4.3 Compressive Strength of AAFS mortar specimens (ambient and oven cured).
From the above argument, it could be concluded that the concentration of NaOH activator
is a crucial parameter affecting the compressive strength of AAMs. This is in agreement with the
previous st udpgtald?209%. Suzoessfy Alkali activatiorequires a highly

concentrated NaOH solution (12M) to achieve better silica and alumina dissolution and therefore
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better strength properties. Nevertheless, (Wared, 1994) showed that the more@aused, the

higher the achieved strength. However, wiNe:O% reaches a particular value (depending on
activator type and curing condition), there is no further significant increase in strength and
detrimental properties such as efflorescence and brittleness are increased because of the effect of
more free &tali in the product. In this case, trying to increase the strength by increasing the alkali

dosage is not accomplishable.

4.1.3.2Effect of precursor type

Compressive strength results for all mortar specimens activated with 3M, 6M, and 12M NaOH
concentrations and cured at both ambient and oven conditions are plottégs.ir%.4-4.6.
Generally, AAM specimens exhibited steady strength development betweet 38atays. AAS

mortar specimens achieved the highest 28 day compressive strength followed by AAFS, and
finally, AAF mortars under both curing conditions. For instance, at low activator molarity (3M
NaOH), the 28 day compressive strength of ambient curefl f&artars was 15%, and 160%
higher than that of AAFS and AAF mortars, respectively. The corresponding compressive strength
of oven cured AAS mortars was 59%, and 263% higher than that of AAFS and AAF mortars,

respectively.
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Figure 4.4 Compressive strength of AAMs activated with 3M NaOH (ambient and oven cured).
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Figure 4.6 Compressive strength of AAMs activated with 12M NaOH (ambient and oven cured).
On the other hand, at a high activator concentration (12M NaOH), the 28 day compressive

strength of ambient cured AAmortars was 19%, and 102% higher than those of AAFS and AAF

mortars, respectively. The corresponding compressive strength of oven cured AAS mortars was

33%, and 84% higher than those of AAFS and AAF mortars, respectResylts suggest clearly

that compressive strength is favorable wksBBFScontent is higher. It is well known that the

main component ofGBFSis calcium oxide. The increase in calcium content significantly

accelerated the hardening and development of AAhtrostructure (Pangdaeagal, 2014). It

was also reported by (Leet al, 2002) that the additional calcium content increases the

solidification rate and causes rapid hardening. This is in agreement with previous setting results.

Two different typeof binder gel structures form in activat€s5BFSand FA: GA-S-H,

which is mainly formed in the AAS products, andANS-H, which is mainly formed in AAF
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products (Van Jaarsveldt al, 2003); CGA-S-H gel (calcium aluminosilicate hydrate gel)
associated wit GGBFSis known to give better binding properties compared to ti#e $H gel
(sodium aluminosilicate hydrate gel) associated with FA (eeeal, 2002). Therefore, the
improvement in strength of AAS mortars compared to AAF and AAFS mortars was due to the
increase in the reaction products with the contribution 0AIGIH gel (Luga et al, 2017)
Moreover, the higher the degree of dissolutio®G&BFScompared to FA led to the precipitation

of higher amount of reaction products than expected under theadtkaéne condition$ong and
Jennings, 1999)These results indicate th&GBFSis a higher reactive material than FA and

contributes significantly to the final strengths.

On the other hand, the contribution of FA to the compressive strengths of AAMkhro
the produced NATSiH gel is influenced by the curing temperatuteiga et al, 2017) AAF
mortar results indicated a very low level of activation at ambient conditions as the obtained
compressive strength of those specimens was very little. Howewem,avien curing was adopted,
a higher level of activation was observed. This shows the dependency of AAF mortars on curing

temperatures to achieve sufficient levels of activation and therefore, compressive strength.

4.1.3.3Effect of curing temperature

Compressive strength results of AAF, AAS, and AAFS mortars activated with different
NaOH concentration and cured at ambient and oven conditions are BigsvA.1-4.3. Results
indicated that all specimens cured in the oven had acquired higher compressive strength than those
cured under ambience at the age of 28 days. For instance, the 28 days compressive strength values
of ambient cured AAF mortars activated with 3MJl,6and 12M NaOH concentrations was
increased by 36, 32, and 35%, respectively, when cured at the oven. Usually, the activation reaction

of FA at room temperature is slow (Shi and Day, 1999). Previous research shows similar results
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about AA fly ash class Bystems. The activation reactions do not proceed at the rate that is
sufficient to produce high strength paste under ambient temperature. Hence, elevated temperatures
are necessary to accelerate the reactions of AAF mortars (Xie and Xi, 2001).

On the othehand, previous research showed B&BFScould be activated efficiently at
room temperature (Shi and Day, 1999). Therefore, ambient cured AAS mortars activated with 3M,
6M, and 12M NaOH concentrations achieved 28 days compressive strength resu@s,&&l22,
and 74.11 MPa, respectively. These values were even increased by 73, 47, and 23%, respectively
when specimens were exposed to oven curing condition. Generally, increasing curing temperature
accelerates the rate of hydration reactions in AAMs.

The increase in compressive strength values in oven cured AAFS mortars activated with
3M, 6M, and 12M NaOH concentrations were 25, 26, and 10%, respectively compared to ambient
cured ones. The compressive strength increase rate due to oven curing wasni@sscpd in
AAFS mortars compared to AAF and AAS mortars. The combination of FA&GBFSIn AAFS
mortars seem to be affected by the high curing temperature. The above findings suggest that
precursor type and ratio accompanied with activator concentratemll critical values in the
strength improvements due to oven (heat) curing.

Van Jaarsvel@t al (2003) studied the correlation between the changes in the main oxide
percentages present GGBFSand FA activated mortar due to heat curing and the aetiie
compressive strength values. They suggested that the strength development for ambient cured
mortars is strongly correlated to the CaO, Si&hd AbOs contents. However, such a correlation

was not observed in heat cured mortars because of the temg@éaator.

4.1.4 Heat evolution tests

Precursor type and alkali activator concentration are well known to influence the hydration

reactions. Activator concentration is adjusted by varying the solution dosage of specific liquid to
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solid ratio. The effect of NaOKoncentrations on the cumulative heat of AAF, AAS, and AAFS
mortar mixtures was studied at 23°C as showhigs. 4.7 and 4.8. The test was carried for 26
hours however only the first 1@oursareshown on théieat flowplots as the rates were almost
congant after thatMoreover, the change in the heat flow rates as NaOH concentration increased
is illustrated inFigs.4.9-4.11

Generally, a high short exothermic peak appeared immediately after the activator is mixed
with the precursor in all AAMs. Thigiitial peak can be designated as the initial wegttand
dissolution of precursaolid materials Rrovis, 2017)In cement hydration, a very much similar
peak is found during the initial period of cement hydration process, although the chemical reactions
occurring in both may be very different (Yabal, 2009).

The beginning of solid material dissolution which resulted in the first high heat flow peak
seems to be affected by the activator (NaOH) concentration. As shéigsid.9-4.11, increasing
NaCH concentration broadens the heat rate evolutionipaakst cased-ollowing the dissolution
peak, the heat flow began to gradually decrease up to a relatively low value after and kept constant
until the end of the test period. No other remarkable feattan be seen from the heat flow curves.
Cumulative heat curves suggest that the heat evolution in all AAM mixtures is also affected by
NaOH concentration since the magnitude was increased by increasing the activator concentration.

It is well known thathe formation and polymerization of binder gels are responsible for
the induced cumulative heat (Yaa al, 2009; Chithiraputhiran and Neithalath, 2013). The
continuous dissolution and transformation of dissolved particles into gels which accounts for ove
98% of the reaction time measured but only 54% of the cumulative heat released, is responsible
for the slow cumulative heat increase in AAF mortars (Sun and Vollpracht, 2017). As shown in

Fig. 4.9, the heat flow curves for AAF mortars were relatively low did not stop completely.
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This can be seen in the corresponding cumulative heafFpt4.8) as the cumulative heat was
still gradually increasing.

Heat flow peak and rates were the highest in AAS mortars followed by AAFS, and finally
AAF mortars.In agreement with the compressive strength results, AAF mortars are well known
in exhibiting a low hydration reaction rate at room temperature. Conversely, AAS mortars showed
anaccelerated hydration reaction because of the higher CaO con@GBRScommred to FA.
Polymerization and condensation of binder gels are exothermic and make the main contribution to
heat flow and cumulative heat (Yab al, 2009).A higher reaction degree will release a high
exothermic heat, hence, higher heat flow rate and eventually higher cumulative heat. The heat flow
rate and cumulative heat released by AAFS mortars came in between the values achieved by AAS
and AAF mortars. Thaddition of 50%GBFSdid, in fact, contribute to both the higher heat rate
and cumulative heat released by AAFS. It can be concluded that the heat flow and cumulative heat

released were significant influenced by both activator concentration and pregpesor
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Figure 4.7 Cumulative heat of AAM activated with different NaOH concentrations.
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Figure 4.9 Heat flow of AAF mortars activated with different NaOH concentrations.
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Figure 4.10 Heat flow of AAS mortars activated with different NaOH concentrations.
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Figure 4.11 Heat flow of AAFS mortars activated with different NaOH concentrations.
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4.1.5 Drying Shrinkage

4.1.5.1Effect of activator concentrations

Shrinkage is a critical parameter for letggm serviceability of concrete structurd$e drying
shrinkage strains of AAM activated with different (NaOH) concentrations and cured at ambient
and oven temperatures atetped inFigs. 4.13-4.15. Typically, the magnitude and rate of drying
shrinkage in all AAM specimens increased as the NaOH concentrations increased. For instance,
the drying shrinkage strain experienced by 12M NaOH activated AAF mortars was 25%, and 34%
more than the one experienced by 6M, and 3M NaOH activated mortars, respectively under
ambient curing. The corresponding drying shrinkage strains under oven curing were also 18%, and
27% higher, respectively. Around -8& % of the total shrinkage was obast within the first 7

days depending on the activator concentration.

For AAS mortars, the increase in drying shrinkage induced by increasing the activator
concentrations was less than the one observed in AAF mortars under both curing conditions. For
instance, the magnitude of drying shrinkage was 33%, and 14.4% higher in AAF and AAS mortars,
respectively under ambient curing when activator concentration increased from 6M to 12M. The
corresponding drying shrinkage increase under oven curing was 21% anaespettively. It is
clear that the increase in drying shrinkage due to higher activator concentrations is less pronounced
under oven curing temperature. The increase in drying shrinkage strains of AAFS mortars with
higher activator concentrations caméatween both AAS and AAF mortars.

NaOH concentratiogreatly influences the porosity, and degree of hydration in AAMSs,
which are determining factors for the evolution of drying shrink&gtq et al, 2008) It was
reported that the totgborosity decreas as NaOH concentrations in the activator solution
increasedumarappeaet al,, 2017). Reduction in porosity would cause more shrinkage occurring
due to the extraapillary stress induced. Moreover, as the activator concentration increases, the
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degreeohydr at i on r e a cadtal,d®009)i Thechiglearateco$ reattidn densifies the
mixtures leading to finer pore structurenfimaset al, 2017)

Finer pore size distribution along with the higher surface tension of the pore solution
dominateshe capillary stress formatioMa and Ye (2015%howed thathe drying shrinkage of
AAF pastes was strongly affected by #hieca and sodium oxide content. Specimens with a higher
sodium and silicegontent exhibited a larger drying shrinkage. Hetloe,increased shrinkage in

AAMs with higher activator concentrations can be ascribed to the finer pore structure.
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Figure 4.12 Drying shrinkage of AAF mortar specimens (ambient and oven cured).
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Figure 4.13 Drying shrinkage of AAS mortar specimens (ambient and oven cured).
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4.1.5.2Effect of precursor type

The effect of precursor type on drying shrinkage of AAMs was investigated. Drying shrinkage
strains of different mortar specimens activated with 3M, 6M, and 12M (NaOH) concentrations and
cured at ambient temperature are plotte&igs. 4.16-4.18. Results indicated that AAS mortars
experienced the highest drying shrinkage values, followed by AAFS and finally, AAF mortars.
For instance, at low activator concentration (3M NaOH), the drying shrinkage of ambient cured
AAS mortars was 38.5%, and 142%glrer than that of AAFS, and AAF mortars, respectively.
The corresponding drying shrinkage strains for oven cured AAS was 25.2%, and 71.8% higher
than that of AAFS and AAF, respectively. These results are in agreement with the literature
(Fernandezlimenezet al, 2006;Chi and Huang, 2013)Around 8185 % of the total drying
shrinkage was observed in the first 7 days. Moreover, a high degree of dimensional stability was
achieved in all mortar specimens within around 28 days.

For AAMs activated with highdaivator concentrations (12M), the drying shrinkage strain
of AAS mortar was 61.6%, and 109.3% higher than that experienced by AAFS, and AAF mortars
under ambient curing, respectively. The corresponding drying shrinkage for oven cured AAS
mortars was 35.8%and 81.6% higher than that of AAFS and AAF mortars, respectiVebse
results give an idea of the better dimensional stability of AAF mortar compared to AAS and AAFS
mortars. This is due to the spherical shape of FA particles that acted as thagmiegate to fill
minor voids hence, increasing the volume stabiRgghad, 2013)

Sheret al.(2011) activated ne&GBFSblended with FA and activated by waterglass with
a SiIOQ/N&0O ratio of 2.4. The addition of FA in replacement ratio&&BFSlowered the drying
shrinkage of AAS paste. These results are in accordance with this study. Other studies had shown
the pore structure had a significant effect on the drying shrinkage experienced in AAS concrete

(Collins and Sanjayan, 2000).
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Moreover, AAS binders are known to have a high percentage of mesopores compared to
that of AAF and OPC (Chen and Brouwers, 20@C9nsequently, the more refined pores found in
AAS resulted in higher capillary stress which in turns significantly increased the dryinkpsje.
Moreover, studies had shown thatA\cS-H gel present in AAS binders tend to have a low layer
stacking capacity. Therefore, the bond eAGS-H can be easily damaged and redistributed upon
drying. Hence, the high drying shrinkage of AAS binders lmamttributed to the relatively low

creep modulus of AAS hydration products &teal, 2017;YeandR a d | | 2BESkK a
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Figure 4.15 Drying shrinkage strains of AAMs activated with 3M NaOH.
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Figure 4.16 Drying shrinkage strains of AAMs activated with 6M NaOH.
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Figure 4.17 Drying shrinkage strains of AAMs activated with 12M NaOH.
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4.1.5.3Effect of curing temperature

One of the major obstacles challenging the implementation of AAMs in the industry is the
requirement for a high curing temperature to obtain the expected superior properties over OPC
products. Effects of curing conditions on different AAMs etesal activator concentrations was
studied. Drying shrinkage strains of AAF, AAS, and AAFS mortars cured at both ambient and
oven conditions are shownhigs.4.134.15 Generally, the drying shrinkage strains were reduced
in all mortar specimens curealthe oven at 60 °C compared to ones cured at ambient temperature
(i.e., 23 °C). The amount of reduction in shrinkage had a correlation with both precursor type and
activator concentrations. In AAF mortars, the shrinkage of oven cured mortars activat8yvit
6M, and 12M NaOH concentrations had decreased by around 8.13, 9.10, and 16.83%, compared
to that of specimens cured at ambient temperature, respectively. For AAS mortars, the reduction
was more pronounced as the final shrinkage strains were redy@t82, 19.56, and 27.47%
activated with 3M, 6M, and 12M NaOH concentrations, respectively. AAFS reduction values were
in between AAF and AAS mortars achieving 27.93, 9.7, and 12.93% reductions, respectively.

Generally, curing at elevated temperaturecimatedhydration making AAMs matrix in
much denser and hence increase the rigidity of the solid netiarlaiid Ye, 2015)This denser
and more rigid matrix exhibits higher resistance to the drying shrinkage. Significant strength
development can be expected in AAMs even when-twwatd for shorter duration3tjomaset
al., 2017) Furthermore, Bakharest al. (2001) showed it the relatively localized hydration in
heatcured AAS binders resulted in a coarser porosity. Typically, as the porosity increases the
resultant capillary pore stresses are reduced. Authors attributed the reduction in drying shrinkage
to the change irhe pore structure of heat cured AAS binders.

Nevertheless, it is very important to mention that OPC binders are very stable in phase

composition and reach that stability fairly early in the curing period. On the other hand, AAMs are
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known to change in bottompositions and concentrations throughout their curing peftoahias
et al, 2017) These changes in phase compositions may also have a significant effect on the final
shrinkage. Hence, it is also important to consider the changes in product phassittonspibat

occur in AAMs with curing and age.

4.1.6 Mass loss

4.1.6.1Effect of mass loss on the drying shrinkage at ambient curing

The effect of mass loss on drying shrinkage is a critical parameter which investigates the reactivity
of length change with respect t@ass loss due to water loss at ambient cufiigure 4.19 shows
the mass loss with respect to age of different AAMs activated with 3M, 6M, and 12M NaOH under
ambient curingFigures 4.20-4.22 show the curves representing the relationship between drying
shiinkage and mass loss of AAF, AAS, and AAFS mortars, where the abscissa is mass loss and
the ordinate is drying shrinkage. The slope of the curves represents the length change per unit mass
loss. Evaluating the length change per unit mass loss providedtpsthe mechanism involved
in drying shrinkage changes. Capillary tensile stress and the magnitude of shrinkage resulting from
a unit mass loss are functions of pore sizes. Hence, a change in the curve slope suggests a change
in pore size. An increasa the slope indicates a finer porosity, while a decrease in slope suggests
a coarser porosity.

Figure 4.20 shows the relationship between drying shrinkage and mass loss for AAF
mortars activated with 3M, 6M, and 12M NaOH. Regardless of activator cormamgrdhe slope
was similar at earhage for all mixtures. This suggests that the porosity was not affected by the
activator concentration at the early age. At the later age, 3M and 6M specimens showed a similar
increase trend for up to 0.6% mass loserafthich the slope decreased significantly indicating an
increase in pore size, although the water loss was not affected. After 0.6% mass loss, the drying
shrinkage showed a prolonged increase rate with the increasing mass loss. For 12M AAF mortars,
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the shiinkage increase trend continued for up to 1.1% mass loss. This suggests that at later age, the
drying shrinkage is not affected by the increased mass loss. The very low reduction in mass loss
suggests only a minor decrease in porosity.d@¥lal. (2013) irdicated that the porosity of AAF
mortars is reduced with age and heat curing. Thaehad. (2017) found that the AAF mortars
showed surface microracking, especially when heat cured. Mass loss from roracking would

not generate enough capillary sgés increase drying shrinkage. Hence, the reduced slope in AAF
mortars at later age may be a result of surface ru@EOks.

Figure 4.21 shows the relationship between drying shrinkage and mass loss of AAS
mortars activated with 3M, 6M, and 12M NaOH. Retjess of activator content, the slope
changes were similar throughout the test period. At the early age, the shrinkage increase trend was
stable up to about 0.5% mass loss. After 0.5% mass loss, the slope increased significantly for up
to 1% mass loss ggesting a decrease in pore size. After 1% mass loss, the drying shrinkage
increase rate was reduced, hence, gradually reducing the slope. It is well known that the porosity
of AAS mortars is normally lower than that of AAF mortars (Thoetaal,, 2017). This might be
the reason for the observed increase of drying shrinkage per unit mass loss.

Figure 4.22 shows the relationship between drying shrinkage and mass loss for AAFS
mortars activated with 3M, 6M, and 12M NaOH. Regardless of activatdemprthe slope
changes were similar throughout the test period. At the early age, specimens showed a very high
shrinkage increase trend with a minimal mass loss. The slope was decreased significantly after that
indicating a coarser porosity, although thater loss was not affected. At the later age, the slope
slightly increased till the end of the test period. The drying shrinkage of AAFS mortars seems to

be more sensitive to mass loss than any of the other mortars.
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Figure 4.18 Mass loss with age of different AAMs at ambient curing.

--F3AD -6-F6AD -O-FI2AD

o

Drying Shrinkage (pe)
S o o
g 8 8

500

0 0.5 1 1.5 2

Mass Loss (%)
Figure 4.19 Mass loss vs. drying shrinkage of AAF mortars at ambient curing.
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Figure 4.20 Mass loss vs. drying shrinkage of AAS mortars at ambient curing.
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4.1.6.2Effect of mass loss on therging shrinkage at oven curing

The effect of mass loss on drying shrinkage of oven cured AAMs was studied. Mass loss occurs
more rapidly due tiow humidity (lower than 100%) and theyher curing temperatures compared

to normal curing temperatureSigure 4.23shows the mass loss with respect to age of different
AAMs activated with 3M, 6M, and 12M NaOH under oven curiRgure 4.24 represents the
relationship between drying shrinkage to mass loss AAF mortars oven cured and activated with
3M, 6M, and12M NaOH. Generally, the rate of shrinkage at the early age was very high in oven
cured specimens compared to ambient cured ones. AAF mortars activated with 6M induced a very
steep continuous slope at the early age, suggesting a very fine porositppEwas significantly
reduced afterward, decreasing the length change per unit mass loss up to the end of the test period.
On the other hand, AAF mortars activated with 3M NaOH showed a less steep curve slope
compared to 6M activated specimens. However, slope curve was still relatively high clearly
showing the finer porosity. The slope was reduced after around 2% mass loss suggesting an
increase in porosity with age and kept steady afterward for up to final test age. AAF mortars
activated with 12M showgkthe lowest slope gradient. The slope was approximately steady and
constant throughout the test period indicating minimal changes in porosity and mesoporous
volume with age and heat curing.

Figure 4.25represents the relationship between drying shrinkagmeass loss in AAS
mortars oven cured and activated with 3M, 6M, and 12M NaOH. It was observed that AAS mortars
followed a steady increase in length change per unit mass loss suggesting a uniform pore size that
was barely affected by activator concentmat heat curing, or curing age. The pore size
distribution in AAS mortars under oven curing shows that the fine pores were not affected by the

increased hydration reaction. This is in contrast with the reported results in AAS mortars ambient
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cured. Howeve 3M specimens showed a minimal slope gradient reduction after 4% mass loss,
suggesting a slight increase in porosity.

Figure 4.26represents the relation of drying shrinkage to mass loss in AAFS mortars oven cured
and activated with 3M, 6M, and 12M NaOBIrying shrinkage per unit mass loss seems to follow

a uniform slope similar to the one found in AAFS. The addition of &IBFSIn AAFS mortars

is clearly dominating the pore size distribution. However, a slight increase in slope gradient can
be seen iIlAAFS mortars activated with 3M NaOH after 1.2% mass loss. This increased slope
gradient kept constant up to 3% mass loss and was reduced back after that, suggesting minimal
changes in porosity with age and heat curing in 3M NaOH AAFS mortars. At finagesthe
shrinkage in all AAFS mortars had almost reached its ultimate values and was not affected by the

further minimal increase in mass loss.
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Figure 4.22 Mass loss with age of different AAMs at oven curing.
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Figure 4.24 Mass loss vs. drying shrinkage of AAS mortars at oven curing.
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Figure 4.25Mass loss vs. drying shrinkage of AAFS mortars at oven curing.

4.1.7 Autogenous Shrinkage

4.1.7.1Effect of activator concentration

Autogenous shrinkage is caused by -siel§iccation as explained previously. Tdgogenous
shrinkage strains of AAF, AAS, and AAFS mortars activated with different (NaOH)
concentrations and cured at ambient and oven temperatures are plogegs.id.27-4.29
Generally, autogenous shrinkage rates and strains of AAM specimens increased as activator
concentrations increased. For instance, the autogenous shrinkage strain experienced by 12M
NaOH activated AAF mortars was 9.3%, and 19.3% more than that cdirmadtivated by 6M,

and 3M NaOH under ambient curing, respectively. The corresponding autogenous shrinkage strain
under oven curing was also 28.5%, and 55.7% higher, respectively. Ab80t ®5of the total

shrinkage was observed in the first 7 days déimgnon the activator concentration.
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The increase in autogenous shrinkage due to higher activator concentrations was more
pronounced in AAS mortars compared to AAF mortars under both curing conditions. For instance,
the magnitude of autogenous shrinkages\@.1%, and 15.5% higher in AAF and AAS mortars
under ambient curing, respectively when activator concentration increased from 3M to 6M. At
oven curing condition, the increase in autogenous shrinkage strain under oven curing was 10.8%
and 21.6%, respecely. The increase in autogenous shrinkage due to higher activator
concentrations was relatively higher under oven curing temperature. Autogenous shrinkage strains
for AAFS mortars was in between those of AAF and AAS mortansinkage values of AAFS
mortas were theoretically fit because the addition of 50% FA as a replacen@GBHHSbinder
is expected to decrease the overall autogenous shrinkage of AAS mortars

Increasing NaOH concentration reduces the total porosity and increases mesoporous
volume, which is directly related to selésiccation. Moreover, a portion of autogenous shrinkage
is related to chemical shrinkage (Netal, 2008). Hence, the increasethe degree of hydration
due to higher NaOH concentrations also contribute to the total measured shrinkage. This was
confirmed by the thermogravimetric analysis performed by Metal. (2008). Considering the
aforementioned results, it can be conclutted the higher autogenous shrinkage found in AAMs
activated with high NaOH concentrations occurred mainly due to both the increased self
desiccation in the hardened state and the increased volume contractions by chemical shrinkage in

the fresh state.
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Figure 4.26 Autogenous shrinkage of AAF mortars (ambient and oven cured).
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Figure 4.27 Autogenous shrinkage of AAS mortars (ambient and oven cured).

86



Time (Days)
0 5 10 15 20 25 30

®-FS3AA  -0-FS6AA -O-FSI2AA

-500 & #FS30A {+FS60A +{FFS120A

-1000

-1500

"= -2000

-2500

-3000

-3500

Autogenous Shrinkage (pe)

-4000

-4500
Figure 4.28 Autogenous shrinkage of AAFS mortar specimens (ambient and oven cured).

4.1.7.2Effect of precursor type

Autogenous shrinkage strains for different mortar specimens activated with 3M, 6M, and 12M
(NaOH)concentrations and cured at ambient temperature are plofaysid.30-4.32 Generally,

AAS mortars experienced the highest autogenous shrinkage strains followed by AAFS, and finally,
AAF mortars. For example, the autogenous shrinkage strain of ambient cured AAS mortar was
56%, and 144% higher than those of AAFS, and AAF morats/ated with low activator
concentrations (3M NaOH), respectively. At oven curing condition, the increase in autogenous
shrinkage strains was 25.2%, and 71.8% higher, respectively. For AAMs activated with high
activator concentrations (12M), the dryirtgiekage strain of AAS mortar was 35.4%, and 217%
higher than those experienced by AAFS, and AAF mortars under ambient curing, respectively.

The corresponding drying shrinkage under oven curing was 63%, and 275% higher, respectively.
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These results give ddea of the much better dimensional stability of AAF mortar compared to
AAS and AAFS mortars.
In AAF and AAFS mortars, about 85% of the final shrinkage was experienced within 7 days
regardless of activator concentrations, achieving a high degree of comarstability afterward.
While, in AAS mortars only 60% of final shrinkage was experienced in 7 days, and a high degree
of dimensional stability was experienced in 14 days. Generally, AAF and AAS mortars
experienced higher autogenous shrinkage comparttt of the OPC mortar (Lext al, 2014).
The following will state some unique characteristics of FA @&@BFSthat could account for
these results. Fly ash particles have a unique spherical profile, which retains less water compared
to GGBFS particlesmeaning more free water for hydration, thus lower-defficcation and
consequently lower autogenous shrinkage (Tongaroonsri, 2009). ConveiGé&lfShas a strong
and rapid pozzolanic action that accelerates the hydration process leading to a densachiceos
and consequently a substantial autogenous shrinkage éZla02017). As the binder hydrates,
hydration products form around the binder particles and fill up the Jiibger spaces between
solid particles. The water in the small capillariegibe exerting hydrostatic tension. As a result,
this capillary pressure reduces the distance between the solid mortar particles, forcing mortar to
shrink (Chi and Huang, 2013). Hen€&&(GBFSincrease autogenous shrinkage more significantly
than FA in AAMs.

The mesoporous volume of AA pastes which is directly related talssi€cation was also
studied by (Leeet al, 2014). The highest mesoporous volume was found in stated that AAS
mixtures followed by AAF and finally OPC mixtures. The mixture of FA@@BFScompensates

certain disadvantages of each other: FA slows down the early strength development of AAM but
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adding activeGGBFS could solve this problem. The inclusion of FA is expected to reduce

autogenous shrinkage of AAS leading to a low early cradkskgZhaoet al, 2017).
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Figure 4.29 Autogenous shrinkage of AAMs activated with 3M NaOH.
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Figure 4.31 Autogenous shrinkage of AAMs activated with 12M NaOH.

4.1.7.3Effect of curing conditions

Autogenous shrinkage results of AAF, AAS, and AAFS mortars cured at both ambient and oven
conditions are shown iRigs.4.27-4.29, respectively. Generally, the autogenous shrinkage strains
were reduced in all AAM specimens cured in the oven at 60 °C gechfrathose cured at ambient
temperature. Reduction in autogenous shrinkage strains due to oven curing was slightly more
pronounced in AAF mortars and almost equal in AAS and AAFS mortars. For instance, the
autogenous shrinkage strains experienced by @W,and 12M NaOH activated AAF mortars

were reduced by around 46.4, 40.5, and 30% when oven curing is adopted, respectively. The
corresponding reductions in AAS mortars were 17.24, 20.58, and 30%, respectively and in AAFS
mortars 20.74, 24.8, and 30%, resjively compared to ambient cured specimens. Reductions had

increased as NaOH concentrations increased for both AAS and AAFS mortars.
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Generally, at higher temperatures curing conditions, the hydration rate and the refinement
of pore structure is acceléea. Hence, significant strength development is expected to rise in oven
cured specimens providing a much denser matrix and increasing the rigidity of the solid network
(Ma and Ye, 2015). Therefore, this higher strength development is expected to roitigatece
the maximum shrinkage observed in AAM cured at ambient temperature. All shrinkage results
were in accordance with the above argument. However, the influence of higher NaOH
concentrations on the shrinkage reductions due to oven curing is nale@ryThe autogenous
shrinkage of AAMs has been previously reported to be larger than the one found in OPC mortars
(Cartwrightet al, 2014). In this work, the autogenous shrinkage strains observed in AAMs were
significantly higher than the ones experieddy OPC mortars, especially in AAS mortars.

4.1.8 Conclusion

In this phase, different properties for tpart alkali activated mortars were investigated
including, fresh and hardened properties along with associated shrinkage. The following
conclusion can be drawn:

1- Activators with high concentrations possess higdtasity leading to a reduction in the

AAM flowability. Reduction in AAM flowability will depend on the physical properties

of the precursor. The higher the activator concentrations, the shorter the setting time as a

result of accelerating hydration andyuerization reactions.

2- Activator concentration and curing temperature have a significant effect on hydration
progress in AAMs regardless of the precursor tgteength of AAMs depends proportion

to added activator concentration at all ages regardlgegadrsor type.

3- Shrinkage behaviour of AAMs depends on pore size and the stiffness of the microstructure.

Pore size distribution is highly affected by precursor type and activator concentration.
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4.2 Phase 2:Evaluation for Shrinkage Behaviourof One Part
Alkali -Activated Mortar s

4.2.1 Flowability

Variations in workability for different AAM mixtures with respect to activator type and dosage
are presented imable 4.2 Generally, the flow values of AAF mortar mixtures was the highest
followed by AAFS, and fially, AAS mortar mixtures regardless of the activator type. For instance,
the flowability of AAF mortars activated with 5%a(OH)was approximately 7.14%, and 12.2%
higher than that of the corresponding AAS and AAFA mortars, respectiv8ly.mortars flow
exceeded the flow table diameter indicating high flow values above 30 cm. These findings support
the previous argument regarding the effect of
mortars(Umniatiet al, 2017;Fernandezimenezt al., 200§. On the other hand, the flowability
of AAS mortars isdominantly affected by the rapid reaction betwe@®GBFS and the alkali
activator (Janget al, 2014) NaHCG activated mortarshowed a slightly higher flowability
compared to that of mixtures activateith Ca(OH). For instance, the flowability of NaHGO
AAS mortars was around 5% higher than that of Cag@€tt)vated ones at 5% activator dosage.

The flow of AAM mixtures slightly decreased as the activator dosage increased regardless
of activator typeFor example, the flowability of AAS mortars activated with 15% Nak@@s
3%, and 5% lower than that of AAS mortars activated with 10%, and 5% NgH&Xpectively.
This can be attributed to the increase in solid and fine materials leading to less é&ed hiatis
in agreement with the previous study done by (Nematodiahl, 2015) on sodium silicate one
part AAMSs.

It is clear that the effect of activator percentage on flow values at a specific binder type is

little. This is in converse to the previously reported results inpgard AAM mixtures, as the
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impact of alkaline activator concentration on the flowabilityttadse mixtures was much more
significant. Nevertheless, the recorded flow values ofpgare AAM mixtures were higher than
those previously reported for twaart AAMs mixtures. This behaviour can be attributed to the
much lower viscosity of the water coamed to the N&5iOs-NaOH solution used in twpart
AAMs. It was reported that fly ash and blast furnace slagpameAA materials tend to have a
thixotropic behaviour, that is, good workability during mixing and vibration (Nemataiaai,
2017). Authes observed that orgart AA pastes were still workable/flowable into molds for more

than an hour after the addition of water.

Table 4.2 Setting times and flow of AAM mixtures.

Setting time (min)

Mixture Initial Final Flow (cm)
FL5 292 462 >120
FL10 274 436 >120
FL15 255 409 >120
SL5 160 286 107
SL10 145 261 105
SL15 130 238 102
FSL5 230 362 112
FSL10 218 344 112
FSL15 205 317 110
FN5 282 452 >120
FN10 268 441 >120
FN15 260 420 >120
SN5 172 283 112
SN10 165 269 108
SN15 152 244 106
FSN5 231 365 120
FSN10 218 347 116
FSN15 202 318 114
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4.2.2 Setting time
The initial and final setting times of AAM mixtures activated vii#é(OH)» andNaHCG are given

in Table 4.2 In general, initial and final setting times of AAM mixtures were retarded with higher
activator dosage. For example, the initial setting time of FL15 mixture was retarded by 19, and 37
minutescompared to that of FL10 and FL5 mixtures, respectively. bae the corresponding
retardation in final setting times was 37, andriButes respectivelyCa(OH) activated mixtures
tend to set slightly faster thaaHCQ activatedbnes in both initial, and final setting phases. For
instance, SL5 mixtures apprdead the initial, and final setting phases 12, andiutesearlier
than SN5 mixtures, respectively. Generally, AAS mortars achieved the shortest initial and final
setting times followed by AAFS, and finally, AAF mortars. For example, the initial seti@sg w
achieved 59, and 11fiinutesearlier in SN5 compared to FSN5, and FN5 mixtures, respectively.
This faster setting behaviour @GBFSbased mixtures can be attributed to the high CaO content
in slag, which in turn increases the hydration reaction rateeheausing a rapid set as explained
in the previougphase

It is worth mentioning that the previously reported setting behaviour cpamoAAM
mixtures inphase 1sec4.1.2 was much quicker compared to gp@t AAMs mixtures studied
in this phase For instance, the initial setting times of FL5 and FN5 mixtures were retarded by
about 138, and 148 minutes compared to 3MSN2-NaOH activated ones, respectively.
Furthermore, the corresponding final setting times were retarded by around 176, andutés, mi
respectively. Generally, the retardation of setting time was the highest in AAS mortars followed
by AAFS, and finally, AAF mortar mixtures compared to the correspondingpasmoAAM
mixtures. These results clearly show that a much faster hydra@mtion occurs in N&iOz-
NaOH activated mixtures (twpart AAMs) compared to Ca(OkHand NaHCQactivated mixtures

(onepart AAM mixtures). AAS mortars hardened slower when solid activator is used compared
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to liquid activators (Yangt al, 2008). Nematddhi et al. (2015) reported that the setting time
extended when the GGBFS content in a-pag AAM mixture containing fly ash was decreased.
The previous arguments were in accordance with the reported setting timepimsednlike
two-part AAMs, it should be noted that, to the best of the author knowledge, there are no
publications available about the effect of retardants on the setting time-phdn®A materials.

This point can be investigated in the future to cortreketting time.

4.2.3 Compressive strength

4.2 .3.1Effect of activator type and dosage

The compressive strength development of AAM specimens activateCa{H)» and NaHCQ

at different dosages and cured at both ambient and oven conditions was investigated}.32
shows the compressive strength of AAF mortars activated with both activatGenerally,
NaHCQ activated fly ash mortars achievedignificantly higher 28 days compressive strength
compared tdCa(OH) activated ones. For instance, the 28 days compressive strenggis wdl

15% NaHCQ activated fly ash mortars were 80.7% and 18.5% higher than the 15% Ga(OH)
activated ones under ambient and oven conditions, respeciitelgompressive strength of AAF
mortars increased as the activator dosage increased under bothooumditions. For instancas
Ca(OH}dosage increased from 5% to 10% and 1#f# 28 days compressive strength of ambient
cured AAF mortars increaséy 39.8%, and 74.1%, respectively. The corresponcltimgpressive
strength valuesf oven cured AAF mortars were increased by 13.4%, and 35.2%, respectively.
Similar increase trend at higher activator dosages was obseraHGQ; activatedfly ash
mortars. The effect of activator type and dosage were more pronounced in ambient cured

specimens.
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However,a very low level of activation was observed in AAF mortar specimens as
compressive strength values achieved were relatively veryAldW.mortars specimens activated
with 5, 10, and 15%a(OH}) achieved 28 days compressive strength 61025 MPa when cured
under ambient condition. The corresponding achieved strength values under oven curing were in
the range of 1-2.3 MPa suggesting a slightly enhanced activation but were not promising either.
Moreover, AAF mortars activated withaHCOz achieved approximately similar strength results
compared to Ca(OHactivated onesalso suggesting a very low level of activation in AAF mortars
under both curing conditions. The activation of AAF mortars uSlia¢OH) or NaHCQ; at the
three proposedasages, was unsuccessful. Yat@l. (2008) reported similar results as epeat
sodium silicate activated FA mortars did not achigigaificant compressive strength at 28 days.
SEM analysis carried by authors revealed thaAF mor t ar 0 s s tporaust ur e
microcracks and amorphous microspheres surrounded by a crust of reaction products. These
imperfect microstructures of AAF mortars would be one of the main causes of the poor
compressive strength achieved.

Figure 4.33shows the compressive strength of AAS mortars activated with both activators
and cured under ambient and oven temperatures. In general, compressive strength values of AAS
mortars increased as activator dosages increased. For insken28,days comprese strength
of ambient cured AAS mortars increased21.6%, and 37.2%, wh&Pa(OH) dosage increased
from 5% to 10% and 15%espectivelyCa(OH) activated slag mortars achievedlightly higher
28 days compressive strength comparedNabiCG; activatedones. For instance, the 28 days
compressive strength values of 15% Ca(&dd}ivated slag mortars were 26.4%, and 28% higher
than that of 15% NaHCf{activated mortars under ambient and oven conditions, respectively.

Typically, higher activator dosages itapent an enhanced alkaline environment; hence, the
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hydration reaction is expedited and gwbsequent formation gbdium aluminosilicate hydrate
(N-A-S-H) and calcium aluminosilicate hydrate-fGS-H) binder gels is increase€lo et al,
2017) Therefore, mortar specimens gain stronger microstructure and higher loading resistance.
Figure 434 shows the compressive strength of AAFS mortars activated with both
activators and cured under ambient and oven temperatures. Similar strength increasghrend
higher activator dosages was observed in AAFS mortars. Furthe@aff@) activated FA/slag
mortars achievedlagher 28 days compressive strength compar&thtéCQ activated ones. The
activation reaction seems to be influenced by both activatocentration and type. The better
strength results observed in Ca(QHgtivated mortars comparedN@aHCQ; activated onesan
be attributed to the calcium content in the former which is well known to increase the hydration
products and therefore, the siggh properties of AAM specimens with the exception of AAF
mortars in this case, as the al kald@ activati
activators. The effect of activator concentration seems to be almost constant under both curing

conditions.
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Figure 4.32 Compressive Strength of AAF mortar specimens (ambient and oven cured).
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Figure 4.33 Compressive Strength of AAS mortar specimens (ambiettoven cured).
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Figure 4.34 Compressive Strength of AAFS mortar specimens (ambient and oven cured).

4.2.3.2Effect of precursor type and curing condition

The effect of precursor type on compressive strengthANé\ was investigated. Compressive

strength values achieved by AAM specimens activated with 5, 10, and 15% Ca(OHdHCQ

under both curing conditions are shownHFigs. 4354.37. AAM specimens exhibited steady
strength improvement between 3 andd2§s. Generally, AAS mortars achieved the highest
compressive strength values among all specimens for up to 28 days, followed by AAFS, and
finally, AAF mortars.For instance, the 28 day®mpressive strength of ambient cured AAS
mortars was 118%, and 1066% higher than those of AAFS and AAF mortars at low activator
dosage of 5% Ca(OH)respectively. The corresponding compressive strength of oven cured AAS
mortars was 105%, and 1574% highiean those of AAFS and AAF mortars, respectively. A
similar trend was observed in NaHg&ztivated mortars. The effect of precursor type was almost

similar under both curing conditions excluding AAF mortars. The very high difference between

99



AAF mortar stength and other AAMs specimens is due to the failure of fly ash activation with
both types of activators used.

Furthermore, at a high activator concentration dosage (15% Cg(Gh¢ 28 days
compressive strength of ambient cured AAS mortars was 78%,G88% higher than those of
AAFS and AAF mortars, respectively. The corresponding compressive strength of oven cured
AAS mortars was 63%, and 1624% higher than those of AAFS and AAF mortars, respectively. A
similar trend was observed in NaHg@ctivated maears. The effect of precursor type on the
compressive strength of AAM specimens was not significantly influenced by the activator
concentrations or the curing condition. Two different types of binder gel structures form in AAS
and AAF mortars: A-S-H (cakium silicate hydrate gel), which is formed mainly in the AAS,
and NA-SH (sodium aluminosilicate hydrate gel), which is formed mainly in AAF (Van
Jaarsvelcet al, 2003). The formation of the-&-S-H gel in AAS mortars seems to be efficiently
contributlg t o t he enhancement of mortar speci menoés
compression. On the other hand, the low level of activation found in Ca@@id) NaHCQ
activated fly ash mortars is not efficiently contributing in the formation-8f-8-H gels, therefore

directly affecting the compressive strength of AAF mortars.
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4.2.4 Heatevolution tests

4.2.4.1Effects of precursor type and activator dosage on heat evolution

The effect of precursor type on cumulative heat exhibited by AAF, AAS, and AAFS mortar
mixtures activated with 5, 10, and 13%&(OH) or NaHCQ were studied at 23 °C as shown in
Figs. 438-4.40 AAS mortars exhibited the largest cumulative heat magnitude followed by AAFS,
and finally, AAF mortars. For instance, the cumulative heat released byCh%@H) activated
slag mortar was 318, and 1060%one than the ones released by AAFS and AAF mortars,
respectively. Similar heat release trend was founNahlCQ; activated mortarsChe very low
released heat by AAF mortars supports our previous finding which stated that the activation of fly
ash mortarsising the propose@a(OH) or NaHCQ; was not successful.

Previous studies had shown that the formation and polymerization of binder gels are
responsible for the released heat (¥a@l, 2009 Chithiraputhiran and Neithalath, 2013). The
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vast difference &tween the released heat by AAS mortars compared to AAF mortars explains the
much higher compressive strength achieved by the former, as it seems that no sufficient binder
gels were produced in AAF mortars.

Figures. 4.41-4.43 show the corresponding he#dw of AAF, AAS, and AAFS mortar
specimens activated with Ca(QH)r NaHCQ at various dosages. Similar to tpart AAMs, a
high short exothermic peak appeared instantly after placing the AAMs in the calorimetry
apparatus. This initial peak was designaethe initial wetting and dissolution of precursors solid
materials Provis, 2017), as previously mentioned in {part AAM results The initial dissolution
heat flow peak in AAF and AAFS specimens was very low compared to AAS mortars. The
prolonged heatlow rate is a result of the relatively low level of activation in AAF and AAFS
mortars. Although the heat flow and cumulative heat exhibited in AAFS specimens were relatively
higher than the ones observed in AAF mortars, the difference is still signiéicmpared to AAS
mortars. The heat flow and eventually the cumulative heat released were increasing with higher
activator concentration. Increasing the activator dose broadened the heat rate evolution peak. This
is primarily due to the accompanied higbegree of hydration reaction with higher activator dose.
Higher reaction degree will release high exothermic heat, hence higher heat flow rate and

eventually higher cumulative heat.
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4.2.4.2Effect of activator type on heat evolution

The effect of activator type on cumulative heat exhibited by AAF, AAFS, and AAS mortars was
studied. The effect o€a(OH)» and NaHCQ on the heat flow and heat released during the
hydration process of AAM mixtures varieépending on the precursor type. In AAF mortars, the
cumulative released heat by 19%aHCQ; activated mixturesvas around 11.3% more than the

one released by 15%a(OH) activated one§ he heat flow was similarly slightly higher in the
former compared tthe later. Similar observations were found in mortars activated with lower
activator dosages. Generally, the larger heat release is a sign of a more intense hydration reaction.
These findings support the previously reported compressive strength resilii]@Q; fly ash
mortars achieved a slightly higher compressive strength compar@d(@H) activated ones.
Overall, heat evolution results indicate the same low degree of hydration in AAF mortars activated
with both activators, as the heat evolution grattwas similar.

On the other hand, AAS mortars activated w@h(OH) released slightly larger heat
compared toNaHCQ; activated ones. For instandbe cumulative released heat ©a(OH)
activated AAS mixturesvere 710% more than the one released\NaHCG activated oned his
minimal difference was reflected in compressive strength results as the achieved strength by
Ca(OH) activated slag mortars was higher than the one achievédab{C(; activated ones

Similar findings were observed in AAFS mortars

4.2.5 Drying Shrinkage

4.2.5.1Effect of activator type and concentration

Drying shrinkage experienced by AAS, and AAFS mortars activated with 5, 10, and&l(&%d »
or NaHCG and cured under both conditions are plottedrigs. 444 and 445, respectively.
Around 85% of the total drying shrinkage took place within the first 7 days depending on activator

concentrations. In general, the drying shrinkage strain€affOH) activated mortars were
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relatively higher than those of NaHGQ@ctivated ong. For example, the drying shrinkage
experienced by 15% Ca(Otfctivated slagnortar was 24.5%, and 16.8% more than the one
experienced byl5% NaHCQ activatedmortar under ambient and oven curing temperatures,
respectively. Similar higher shrinkage tremds also observed Ga(OH) activated fly ash/slag
mortars compared to NaHG@ctivatedones.

Typically, the magnitude and rate of drying shrinkage in AAM specimens increased as
activator dosages increasdebr instance, the drying shrinkage experienbgdl5% Ca(OH)
activated AAS mortar was 7.5%, and 17.6% more than the ones experienced by 10%, and 5%
Ca(OH) activated mortars under ambient curing, respectively. The corresponding drying
shrinkage under oven curing was 11.2%, and 28.2% higher, reghgclive degree of hydration
reaction was reported to i ncetala2608). Genseéqghently,i gher
the higher degree of reaction densifies the mixtures leading to finer pore structure which in turn
increase the capillary stressassociated with shrinkagenfimaset al, 2017)

The drying shrinkage strain experienced by ambient cured AAFS mortars activated with
15% Ca(OH)»was 17%, and 50% higher than the those experienced by 10%, and 5% £a(OH)
activated mortarsespectivelyThe corresponding drying shrinkage strain under oven curing was
30.3%, and 73.3% higher, respectively. Similar drying shrinkage increase trend for higher activator
dosages was found MaHCQ activated slag and fly ash/slag mortars.

Overall,mortars activated witNNaHCQ experienced lower shrinkage strains compared to
Ca(OH) activated ones but, on the other hand, achieved lower compressive strength as previously
reported. Nevertheless, the cumulative heat released by the hydration reacha@C:

activated specimens was also lower than the heat released@g(@H) activated ones.
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Figure 4.44 Drying shrinkage strains of different AAS mortars (ambient and oven cured).

Figure 4.45 Drying shrinkage strains of different AAFS mortars (ambient and oven cured).
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