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Abstract

Flowable OnePart Alkali Activated Materials: Challenges and
Techniques

Nourhan Ali, Ph.D.
Concordia University, 2025

Canada has committed to achieving net zero greenhouse gas emissions by 2050, and the
construction sector plays a critical role in meeting this target. Cement production alone contributes
nearly 8% of global C&emissions, making it essential to explore alternatives to Ordinary Portland
Cement (OPC). One promising solution is the use of aliclvated materials (AAMs), which are
produced from industrial bproducts and can substantially reduce both carbon emgsind

energy consumption in concrete protilon. Among these, onpart alkaliactivated slag (AAS),
often referred to as #fjust add water AAM, o
application and ability to achieve high early strength without heat curingspite these
advantages, onpart AAS still faces significant challenges, including low workability, rapid slump
loss, and short setting times, which limit its practical use in reaidtyand onsite applications.

While some studies have examined chemagithixtures to enhance AAM performance, there
remains limited research on the specific behavior ofareé AAS systems. In particular, little
attention has been given to the effects of mixing protocols, retarders, and visgoditying
admixtures on botfresh and hardened properti@s. address these gaps, this research is divided
into four phases. The first phase evaluates the effect of changing ingredient addition sequences on
reaction kinetics. Based on these findings, the optimized sequence is carried into the following
phases.The second phase investigates the influence of mixing times, speeds, and styles
(continuous versus discrete) on the fresh and rheological behavior -@adnAAS. The third

phase examines the use of chemical retarders to rapvorkability and extend slump life without
compromising strength. Finally, the fourth phase explores the role of visoosdifying
admixtures (VMAS) in stabilizing the mix and enhancing flowability and setting behayor.
systematically studying these variables, this research advances understandingat 8 and
highlights pathways to improve its fresh properties. The outcomes are expected to support broader

adoption of sustainable binders in constructionandcontu t e t o -Zew andseragbads. n e t
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Chaptkemnt doducti on

1.Gener al background
Cement production contributes about 8% of total carbon emigdib8sand consumes about 40%

of global energyf4]. Hence, several researchers focused on finding an environmentally friendly
alternative to cement (e.g. sulphate@minate cemerb], high-calcium fly ashPortland cement

[6], and lime calcined clay cemefit]). Alkali Activated Materials (AAMs) are promising
alternatived8,9] as they are prepared by activating industriapbyducts (i.e. precursor) using
high-alkaline activatorg10i 14]. Solid precursors for alkali activation are typically amorphous
aluminosilicate materials such as growgrdnulated blasturnace slag (GGBFSJ15i 17],
metakaolin18,19], silica fume, rice husk agR0i 22], and fly ash (FA)23i 26]. Alkali activators
include compounds with hydroxide (i.e. KOH and NaOH) and silicate components £8E:K

and NaSiOs) [27]. Studies have employed various activators such as sodium hydroxide (NaOH)
[28], sodium silicate (N£5i0s) [291 31], sodium carbonate (NGOs) [32i 34], sodium aluminate
(NaAlOy), sodium sulfate (N&Qy), and potassium hydroxide (KOH) to raise the pH of mixtures

or agriculturalwaste materials such d@se straw asfi35] and rice husk asf86]. This increase in

pH facilitates the inclusion of alkali cations, thereby accelerating the dissolution of precursors and
enhancing the alkali activation procg28]. Generally, the efficiency of the binder activation
process depends on the type of precursor and activator and its pH value, which controls the degree
of hydration and product formatiq87].

AAMs can be categorized as "twart" or "onepart” based on the nature of the activator. In-two
part AAMs, a high alkalinity liquidbased activator is used to activate the precursor, while powder
activator is used in ongart AAMs [38i 40]. The easier and safer handling of powder activators
promoted ongart AAMs usage in various construction applications thanpgem AAMs [41i

44]. However, the rapid slumloss of AAMs (either twepart or onepart) is a major acceptance
barrier in the construction sectpt5]. Additionally, drying shrinkage is a significant concern,
particularly for alkakactivated slagpased materialgl6]. Many studies reported rapid setting time

and loss of workability of AAMs, especially for AAS systems activated by siligiti49]. This

was ascribed to the high dissolution rate of the silicate activator, which accelerates the formation

of primary G(A)-S-H gel, developing the microstructy&9,51] In addition, high heatis liberated



during slag particle dissolution because this dissolution increases the rate of hydration product
formation.

Over the past three decades, the RMC industry has grown significantly, prompting shifts in
customer expectations. Traditionally, suppliers focused on concrete's transfer and arrival at
construction sites as the primary performance metrics. However, tsjsgqoéve needs expansion.
Bickley et al. introduced the concept of End Result Specifications (ERS), emphasizing the
importance of evaluating concrete'ssitu performance through testij§2]. In practice, the
performance of RMC has largely been assessed using direct methods, particularly strength, which
aligns with the conventional understanding within the industry. Unfortunately, testing for rheology
and fresh properties has often been ovdwao To ensure a comprehensive evaluaidn
performancend widen the use of orgart AASon sitg, it is crucial to prioritize irsitu testing of
rheology andfresh properties and align these evaluations with specific criteria to meet ERS
requirements. This focus will be emphasized in the objectives of the thesis, as it addresses the

critical aspects of mixing time and methods, which are essémial RMC production

l1.2robl em statement

Most of the studies in the literature focused on utilizing various types and dosages of admixtures
particularly superplasticizery retard the hydration reaction and consequently extensluhgp

life, especially for twepart AAMs[45,53 56]. However, the stability and solubility of admixtures

in such a highly alkaline environmeffi7], along with their adsorption on precursor grains
resulted in poor performand®8,59] Hence, other studies investigated the impact of varying
admixtures' addition time on AAMs' fresh propert[89,60] It was reported that the delayed
addition of polycarboxylate ether (PCE) to AAMs reduced the static yield sigading to better
flowability [59]. Another approach focused on studying the effect of extending the mixing time on
two-part AAS propertie$61]. The findings confirmed the benefits of prolonging mixing time on
hardened properties; however, no attention was given to variations in fresh properties. This
highlighted a knowledge gap in the literature that, to the best of the authors' knowledge, no
previous work had tackledTherefore, investigating the effect of prolonging mixing time on-one
part AAS will increase its potential f®MC applicationsRMC mixtures are usually exposed to

long continuous mixing during delivef§2,63] The maximum allowed mixing time is 90 minutes

for RMC according to the ASTM C94 "Standard Specification for Relsliked Concrete™ [48].

Hence, to design an AAS system activated by rsdizate to produce higbtrength material, it is



essentiato understand the significance of extending mixing tene changing the ingredierits
adding sequence

On the othehand, esearch on incorporating retarders into-pagtAAS systems remains limited.

Most studies have focused on extending the setting times epam@&AMs by incorporating
various materialssuch as metakaolin, bentonite, natural pozzolan, red mud, and other mineral
additives. These materials reduce hagticium precursors by partially or fully replacing slag with
low-calcium alternative§64]. Another approach involves using inhibitors of calcium carbonate
precipitation, such as ardcaling agents, including the phosphonate molecule HEDP (tetrasodium
1-hydroxyethylidene)65]. This gap in research highlights the need to assess the efficiency of
different retarder types and their interactions with various ingredient proportions, such as water
content, activator dosage, and retarder dosage, ipanéAS systems. Additionallygdentifying
themost effectivefactorsthatsignificantly influencethe rheologicaproperties of AAS is crucial.
Finally, the interaction betwee®PC and viscositynodifying admixtures (VMAS) is well
understood66i 68], but the behavior of VMAs in AS systems remains largely unexplored.
Existing studies have demonstrated how increasing VMA dosages influence the hydration kinetics
of OPC; however, the effects of different mixing strategies and VMA addition timings on the
hydration kinetics of AAS mixtues have not been investigatddhis gaphighlights the needo
examine the influence afie VMA addition method( addingthe VMA separately (undissolved in
water) and dissolving the VMA in water before incorporatiddditionally,assessing th@mings

of VMA addition (early addition (1 minute after dry mixing the powder ingredients) and delayed

addition (25 minutes after dry mixing)

1l . Beseabg¢glrcti ves

Numerous tonnes of blairnace slag, a bproduct of raw iron manufacturing, and various other
industrial byproducts are annually generated, creating a significant environmental challenge if left
to be landfilled. Hence, utilizing these industriatfpducts is an urgent need. According to the
LCA study, AAS concrete is considered a promising alternative with the potential to reduce the
environmental impact of concrete products substantially. It achieves a remarkable 73% reduction
in GHGs and a 43% dezase in energy demand compared to OPC con¢6&e Beyond
environmental advantages, AAS concrete showed exceptional mechanical properties (i.e. a notably
high compressive strength of up to 130 MPa). Furthermore, AAS exhibits superior durability

present acid, sulfate, and fire attack resistance. Howekalenges in applying AAS concrete



have been identified, such as poor workability, rapid slump loss, and short setting time. These
challenges present difficulties casting concrete elements and limiting AAS's broad applicability

on construction sites. These challenges highlight the need for further research and development to
enhance AAS systems' workability and handling characteristics. This makes it a moreeversatil
and widely adopted alternative to reaayx OPC concrete. Accordingly, the objectives of this

study and the scope of work are as follaws

1- Clarifying the effect of changing the sequence of ingredient addition in AAS paste (slag, water,
and metasilicate activator) on initiating the reaction for synthesizing AAS paste. This is a
preliminary step to confirm the suitability of the sequence efrttain ingredients used without

adding any external additives.

2- Investigating the effect of applying various mixing regimes in terms of mixing time and mixing
type (discrete or continuous) on fresh and hardened properties of AAS paste activated by various
dosages of metsilicate. This is the first step in gainingeeliminary understanding of the impact

of extending mixing time and changing mixing type on fresh properties, including rheological
properties and hardened properties of AAS paste. Variance analysis (ANOVA) will also be applied

to evaluate the significaze of each parameter.

3- Evaluating the efficiency of various retarders (typ@&sages)n enhancing AAS paste's

workability, slump life, and rheologicélehavior Besides, applying LCA on optimized mixtures.

4- Exploringthe rheological behavior of AAS pastes with VMA added at different times and using

various methods, either prissolved in water or added separately.

Additionally, the experimental plarior four phasesdesigned to achieve the main research

objectives is outlined ifig. 1.1, andthedetailed framework othe thesis is depicted Fig. 1.2.
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1. Bhesis Structure

This thesis is structured to providecamprehensivenvestigation of the proposed techniques
influencing the flowability of ongart AAS. It includes a series of experimental studies to evaluate
the fresh, rheological, and hardened propertiesnefpart AAS Additionally, statistical models

were developed to determine the optimal dosage of various ingredients for enhancing flowability.
The following chapters present the research methodology, key findings, and their implications for
the field

Chapter 2 provides a comprehensive review of the literature on previous and recent studies
concerningoroducingtwo-part and ongoart AAMs using various precursor types, activators, and
dosages. It examines the factors influencing the rheological behavior of AAMs and the strategies
employed to improve their flowability. Additionally, the chapter highlights thelehges and

limitations of existing studies, offering a critical analysis of the research gaps in the field.

Chapter 3 examines the effect of varying the sequence of ingredient addition (slag, water, and
metasilicate activator) on initiating the reaction for synthesizing AAS paste. This investigation
serves as a preliminary step to validate the appropriateness of ttehseqised for the main
ingredients without incorporating external additives. This phase is crucial for identifying the
optimal addition sequence based on the fresh properties of the paste. The mixtures for subsequent

phases will be selected based on themheined optimal sequence.

Chapter 4 offers a fundamental understanding of the effects of prolonged mixing time and mixing
type (continuous or discrete) on the development of AAS microstructure and its associated fresh
and hardened properties. The findings aim to assisitunengineers anRMC manufacturers in
planning tasks and scheduling AAS concrete delivery to ensure higher productivity and optimal
performance for cast elements. Additionally, variance analysis (ANOVA) was employed to assess
the significance of each parameter, while tleamBon correlation coefficient was calculated to

illustrate the correlation matrix.

Chapter 5investigates the effect of various retarders, including borax, calcium carbonate, maleic
acid, and nan@nO, on delaying the reacti@i onepart sodium silicatactivated slag. The study

explores key factors such as the wdtesolid ratio (w/s), activator dosage, and retarder dosage.



The Taguchi method is employed for single and maytimization to determine the optimal
proportions based on specific criteria, minimize the number of requiretinesx and assess the
efficiency trends of the retarders. Furthermore, an equation is developed to quantify the
significance of each factor on rheological behavior. This investigation also seeks to deepen
understanding of how these retarders influence thelaob&al properties of onpart AAS
systemsAdditionally, it provides a comparative LCstudy, offering valuable insights into the

environmental impact of these optimized tapes.

Chapter 6investigates the influence of both the timing (early or delayed addition) and the method
(separate addition, either dissolved in water or added directly without dissolution) of VMA
incorporation on the rheological properties of AAS. The study aims togwosaluable insights

into how VMA addition can optimize the mineral hydration process inpgare AAS systems,
addressing critical workability challenges and advancing the understanding offtbeliogical

performance.

Chapter 7 summarizes the main conclusions and key achievements of the thesis, highlighting the
impact of the proposed techniques on the flowability behavior of AAS. It also outlines
recommendations for future research based on the findings, providing a foundatfartHer

advancements in the field.
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2. Alntroducti on

The extreme emissions of greenhouse gases (i21€42 to significant environmental challenges

on a global scale. The construction industry plays a substantial role in this carbon footprint,
contributing around 8% of total emissions from cement produdioB]. Worldwide cement
production produced C@missions of 981 kg C{q per 1 kg of cement in 20180]. To address

this environmental concern, AAMs that are prepared from industrial or agricultural byproducts
(aluminosilicate materials) and alkaline activators, have great attention for their low energy
consumption and environmentally friendly attribut¢8,9]. Moreover, their promoting
characteristics such as high strength, high chemical resistance, and temperature resistance
compared to OP(71]. However, challenges such as rapid setting time, drying shrinkage,
workability, and issues with the use of high aqueous corrosive solutions in the preparation process
prevent the widespread adoption of traditional AAMs ({part AAMs by using solution activator)

[23]. To tackle these challenges, starting 2@ new production method known as queat

AAMs was developed bthe"just add water" approadii2]. The production process of oipart

AAMs is simpler due to using a powder activator and adding watesitensuch as the OPC
preparation procesg7]. Hence, this method enhances commercial value and feasibility for
construction applicationsuch asself-sensing materiaJavhich enable the rapid identification of
damage and corrosion in sifu3,74] Despite the advantages of goart AAMSs, technical
challenges exist, including rapid setting time, poor workability, and rapid slump loss, especially
for slagbased ongart AAMs activated by metsilicate. While recent studies emphasize the
positive aspects of orgart AAMs and address the workability of binary (fly ash/slag)-pas

AAMs [59,75], there is a growing interest in exploring alternative alkali activators. This shift is
driven by the high environmental footprint and costs associated with conventional chieasiedl|
activators, such as sodium hydroxide and sodium silig@8e79]. However, there is a lack of
scientometric analysis and performance evaluation, particularly regarding the mixing methods
used in producing onpart AAMs. Additionally, inconsistencies in conclusions across different
studies hinder the widespread promotznd application of onpart AAMSs.

This chapter presents a scientomednalysis of AAMs, focusing on orgart and twepart AAMSs,

with particular emphasis on the rheological behavior ofmemt AAMSs, as this is the central focus



of the thesis. The analysis was conducted using VOSviewer software to map and visualize research
trends and patterns. Following the scientometric analysis, a systematic literature review was
performed, specifically targeting the behavior of -aet AAMs. A key gap identified in the
literature is the lack of understanding regarding the impact of different mixing times and
procedures on the performance of guaat AAMs. Notably, existing studies vary significantly in

their approaches, employing different rimig times and speeds, which complicates the comparison

of results. Furthermore, there is limited research on the effect of different retarder types and the
compatibility of VMA s when incorporated intdAS systems activated by mesdicate. This

chapter highlights these gaps and underscores the need for further investigation to optimize the

performance of onpart AAS.

2. Rackground

The production of traditional AAMginorganic polymeric materidlcommenced in 194(564].
However, the practical development and advancement of AAMs were pioneered by Joseph
Davidovits in the 1970Q<Davidovits proposed that alkaline activating solutions could react with
silicon (Si) and aluminum (Al) in aluminosilicateeh materialgprecursorpf natural originsuch

as metakaolif80] and mineral wools[81], or industrial byproducts, such as fly asimdcalcium
silicateslag, to produce AMs[82], or solid waste such as red m[88] andwaste glas§84,85]

This process, known as polymerization, results in the formation of durable and sustainable binders.
AAMs are synthesized under highly alkaline conditions through a chemical reaction between solid
aluminosilicate oxides and alkali metal silicate solutions. This reaction forms amorphous-to semi
crystalline, threadlimensional polymeric structures comprisingCsAl-O bondsas shown irFig.
2.1[86].
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Fig. 2.1: Geopolymerization proce$36].

The polymerization mechanism enables the utilization of a wide range of aluminosilicate materials,
making it possible to produce As from various sources that contain Si andTis versatility

is further demonstrated by the schematic reaction pathways depicted in Egs. 2.1 [@B#],2.2
highlighting the transformative potential of these materials in sustainable construction practices.

3]
n(Si;05,Al,0,) +2nSiO, + 4nH,0 NaOHKOH n(0H)3—Si—O-AII-O-Si-(OH)3 Eq. 21

P Sy R
n(OH)3—8|—O—A|I—0—S|—(OH)3 NaOH,KOH (Na,K)—(—Sll—O—A||—O—SI—O—) + 4nH,0 Eq. 22
(OH), 0 ? (I)

Recent research indicates thAMs are frequently confused with geopolymers. However, as
illustrated inFig. 2.2, geopolymers can be considered a subset of AFGV§ as the primary gel
formation in geopolymers predominantly results from aluminosilicate sources. This broader
representation clarifies the relationship between the two categories, emphasizing that geopolymers
are a specific type of AANB8]. The hydration process of both tvpart and ongpart geopolymers

is presented ifrig. 2.3.
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AAMs can be classified based on the state of the activator useghash®AMs (also known as
"just add water" AAMSs), which are produced using a solid powder activator, arpaw@®AMs,
which are produced using an alkaline solutigfig. 2.4). The adoption of onpart AAMs

12



technology, characterized by the "just add water" approach, began in 2004. This method was
developed to mitigate the potential hazards associated with handling highly alkaline aqueous
solutions, which are commonly used in twart AAMs. The production process of opart AAMs

is simpler compared to twpart AAMs. In twopart AAMSs, activation requires the preparation of
concentrated aqueous alkali solutions, which are highly viscous and corrosive due to their high
alkalinity [90]. These properties make handling, transportation, ansituncasting more
challenging and pose safety riged]. In contrast, ongart AAMs eliminate these issues by using

solid activators, making them more practical for lasgale applications.

Aluminosilicate )
+ Activator
(precursor)

Two-part AAMs One-part AAMs

L0 e

Solid aluminosilicate

. Solid alkali activator
raw material

Solid aluminosilicate
raw material

Activator solution

. Water

Fig. 2.4: Typesof AAMs.

The frameworkof thischapterconsists oR stages:

(100l Il ect da$a@opws akfh @grwakredysAAMsparttwoAAMart one
AAMs , awmar kiahbef | -jomet &A&Ms hdwg.®R5i nDat at wktroeed
determine the number of publications associ a
each term. The analysis was conducted in Jant

performed to assess the vodsunree loaft eddo ctuomeenatcsh
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(2) Systematic review by analyzing data content and specifying research focus, gaps, trends, and
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research within a specific domgBR]. A keyword ceoccurrence network is a distanibbased map

where the distance between keywords indicates the strength of their relationship.

The distance is determindxy calculatinga strength link valuewhich represents the number of
publications in which two keywords appear togetAdarger distance between keywords signifies

a weaker relationship, while the size of each
use in publications

To enhance the clarity of clustering, a threshold (minimum number of keyword occurrences) was
set for each keyword after several trials. Normalization was applied usihgitheg/modularity

method[92]. A scientometric analysis was conducted for each keyword as follows:

2. 3Kelywor d AAMs
Theinquiry revealed significant advancements over the past 13 years, with approximately 4,402

studies published. The Scopus search was limited to specific criteria: subject areas (Materials
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Science, Engineering, and Chemical Engineering), document types (articles and reviews), source
type (journals), and language (English). To enhance the clarity of clustering, a threshold of 10
minimum occurrences was set for each keyword after multiple.tria

The visualization of the keyword network map is presentefign 2.6. A total of 1,199 keywords

were selected for the analysihe keyword cenccurrence network was divided into 5 clusters,
each represented by a distinct color and focusing on specific research themes. Cluster 1 (Red),
with 326 keywords, highlights research on the durability and mechanical properties of AAMs,
alongwith studies on life cycle assessment, sustainability, and environmental impacts, as indicated
by the large circle sizes. Cluster 2 (Green), with 268 keywords, focuses on the chemical activation
of geopolymers and the characterization of hydration prsdusingtestssuch asXRD, TGA,

SEM, and FTIR, with large circles reflecting a high volume of publications. Cluster 3 (Blue), with
265 keywordsfocuses on workability, though smaller circle sizes suggest fewer publications in
this area. Cluster 4 (Yellow), with 218 keywords, is dedicated to the microstructure analysis of
slag as a precursor in AAMs, with large circles indicating extensive researchy,Filaster 5
(Purple), with 122 keywords, represents emerging areas such as machine learning models,
rheology, forecastinggnd 3D printing of AAMs, wittiny circles highlighting limited studies and

pointing to potential future research directions.
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Fig. 2.6: Visualization of theAAMs network map

Additionally, a time zone map was generated to illustrate the evolution of research trends related

to AAMs over time, as shown ikig. 2.7. In this map, each node represents the average year in

which a keyword appeared in published studies. For example, around 2021, research focused on

slagbased AAMs activated by sodium hydroxide. More recently, the emphasis has shifted toward

producing hidp-performancealkali-activatedconcrete special types of concrete such as-self

consolidated concretand studying the durabilitgnd LCA of alkaliactivated concrete.
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Fig. 2.7: Time zone map of the keywords

2. 3Ke2yworgatr wo AAMs
The inquiry demonstratedhat research in this field began in 1995 and has seen significant

advancements over the past 6 years, with approximately 129 studies published. The Scopus search
was conducted without filters, focusing eearching bythe article title, abstract, and keywords.

To improve the clarity of clustering, a threshold of two (minimum number of keyword
occurrences) was set after multiple trials. This threshold ensures that only meaningful keywords
are included in the analysis.

The visualization of the resulting keyword network map is present&ay. 2.8. A total of 77
keywords were selected for the analysis, divided into 7 clusters, each represented by a distinct
color and focusing oa specific researcfocus Cluster 1 (Red), with 16 keywords, highliglas

large volume ofresearchon the hydration of precursors (slag, fly ash, metakaolin) and
sustainability, indicated by large circle sizes. Cluster 2 (Green), with 13 keywords, focuses on the
fresh and mechanical properties of graat AAMs, middlecircle sizesreflecting dimited number

of publications. Cluster 3 (Blue), with 12 keywortigghlights no-cement twepart AAMs using
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slag and fly ash. Cluster 4 (Yellow), with 10 keywords, explores thermal conductivity and chloride
diffusion in slagbased AAMs. Cluster 5 (Purple), with 10 keywords, addresses drying shrinkage
and strength of slag alkadictivated concrete. Cluster 6 (BaBlue), with 9 keywords, covers
fiber-reinforced binders, water glass activation, and setting time, with smaller circles indicating a
need for further research. Finally, Cluster 7 (Orange), with 7 keywords, focuses on recycled and
waste thermal treatmefdr producing activators and precursors, with tiny circles highlighting

significant research gaps.
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Fig. 2.8: Visualization of thewo-partAAMs network map

Additionally, a time zone map was generated to illustrate the evolution of research trends related
to two-part AAMs over time, as shown kig. 2.9. In this map, each node represents the average
year in which a keyword appeared in published studies. For instance, around 2022, research
primarily focused on setting time, shrinkage, and strength ofpsro AAMs. More recently, the
emphasis has shifteadward producing onpart AAMs, understanding the hydration process, and
exploring the use of different aluminum precursors and activators. This shift reflects the growing

interest in simplifying AAM productioy dry mixingand enhancing material performance.
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Fig. 2.9: Time zone map of thievo-part AAMs keyword.

2. 3Ke3ywor-gaoheAAMs
Theinquiry emphasizedhat research in this field began in 2016 and has seen significant progress
over the past 5 years, with approximately 291 studies published. The Scopus search was conducted
without any filters, encompassing all available data. To enhance the claritystératg, a
threshold of two (minimum number of keyword occurrences) was established after several trials.
The resulting keyword network map, which visualizes the relationships and trends, is presented in
Fig. 2.10.
A total of 179 keywords were selected for the analysis, divided into 9 clusters, each represented
by a distinct color and focusing @specific researcfocus The small circle sizes in most clusters
indicate a limited number of publications, highlighting the need for further research in these areas.
Cluster 1 (Red), with 32 keywords, emphasizes studies on the durability, workability, and
mechanical propertiesf onepart AAMs, particularly the use of different superplasticizers and
rheology. Cluster 2 (&en), with 26 keywords, focuses on inorganic polymers, various precursors,
and necement ongart AAMs. Cluster 3 (Blue), with 25 keywords, explores different activators
and repair materials. Cluster 4 (Yellow), with 24 keywords, is dedicated to fluiditysatting
time, particularly with the incorporation of admixturgsch agetarders. Cluster 5 (Purple), with

23 keywords, centers on sustainability, circular economy, and LCA. Cluster 6 (Baby Blue), with
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14 keywords, focuses on the strength and drying shrinkagkaif-activatedconcrete. Cluster 7
(Orange), with 14 keywords, highlights special typesali@li-activatedconcrete, such as 3D
printing. Cluster 8 (Brown), with 14 keywords, examines recycled waste, hydration, and the global
warming potential of ong@art AAMs. Finally, Cluster 9 (Pink), with 7 keywords, focuses on
hydration analysigests of ongart AAMs, including FTIR, XRD, SEMEDS, and isothermal

calorimetry.

microstructural analysis circular economy

. 1 -
PY life cycle assessment = @

Id-bonded®a t ; -
cold-bon ggregate . rice husk ash fiyash (i8)

soditim mgtasilicate” E'ESS powder
Jhydration SU St%h l 'ty

therma! canductivity i
I PP Y blast ﬂwce slag ot

nanossilica

sodium @luminate @ sifie

@ wastgigl

ted slag

lymer

W|e\d stress

alkah -a
am

aqure

calcium carhbid
xrd

isotherma
ftir

alkall*a ‘

ambient curingy &

alkali activated slag concrete - alkalifusicn

gy i
S dryrng shrinkage congerete Y.
one-part alkali- actlvaxed mate
fresh proﬁﬂles
3d printing
alkali-activatedihanocomposite

green chemlstry

brick aggregate

[@cb VOSviewer

Fig. 2.10: Visualization of theone-part AAMs network map

Furthermore atime zone mapvas created to track the evolution of research trendsépart
AAMs over time, as depicted HRig. 2.11. In this map, each node representsaherage yean
which a keyword appeared in published studies. For example, a202dd research primarily
focused orworkability and drying shrinkagef onepart AAMs. More recently, the focus has
shifted towardheology, circular economy,CA, and the incorporation dforax and nangilicain

onepart AAMs. This shift highlights the growing interestenhancing the performancéAAMs.
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Fig. 2.11: Time zone map of thene partAAMs keyword.

2. 3Kedy waviod k aloif | iptayet A A Ms
The inquirydepictedthat researclbn the workability issue of ongpart AAMs began in 2017 and
has made significant progress over the past 4 years, with approximately 39 studies published. The
Scopus search was conducted without filters, encompassing all available data. A threshold of two
(minimum number of author keyword occurresf was established after several trials, resulting
in 30 keywords. The resulting keyword network map, which visualizes relationships and trends, is
presented irfFig. 2.12.
The analysis of the keywords provides an overview of the research focus on addressing the
workability of onepart AAMs, while also highlighting several research limitationvarkability
Studies: Most research has focused on improving workability by applying different admixtures
and measuring initial workability. However, the small size of flbevability node indicates a
limited number of studies on slump retention, and there is no mention of the effect of mixing
procedures on workabilittfRheology and Retders: The small label sizes for keywords such as
rheology, retarder, and borax suggest a lack of studies exploring the potential of borax as an

additive or investigating the rheology of epart AAMs.The small label sizes across all 4 clusters
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underscore the potential for further research in these areas, which will be a key focus of this thesis.
The study aims to implement different techniques to address these gaps and advance the
understanding of onpart AAMs.
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Fig. 2.12: Visualization of theworkability of onepart AAMs network map.

A time zone map was generated to track the evolution of research trendworkability of one

part AAMs over time, as illustrated Fig. 2.13. The map confirms the growing need for research
on the microstructure and rheology of gmet AAMs, as the most recent publications have
predominantly focused on these topics. This trend highlights the importance of advancing

understanding in these ardasaddress current gaps and improve material performance.
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Fig. 2.13: Time zone map of thevorkability of onepart AAMs keyword.

2. 83ystematic review

The chemical composition of both the precursor and the alkali activator plays a crucial role in
determining the material properties of A& [93]. Besides an excessively high or low
concentration of the alkali activator negatively impacts the workability and mechanical properties
of AAMs [94]. The influence of various factors on the behavioAAM s, including the type and
dosage of activators, mixing water temperature, added admixtures, and mixing procedures, will be

thoroughlydiscussedn the following sections.

2. 4Eflf.ect s of acti vatoreathyPpMss paenrdf odronsaangcees o0 n
The type and dosage of the used activators have vital effects on AAMs' fresh and hardened

properties[95]. Hence, many studies investigated the impact of activators. For instance,
Almakhadmeh et a[96] reported a 68% decrease in AAS paste slump life when increasing the
NaSiOs activator dosage from 6% to 10% thie binder (slag) weight. It was reported that the

spread diameter decreased from 190 mm to 100 mm in 70 min and 25 min at activator dosages of
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6% and 10% at O °C water temperature, respectively. This could be attributed to the high alkalinity
of NaSiOs (pH=13.4 at saturation), which resulted in the rapid dissolution of the precursor and
fast setting97]. Shi and Day demonstrated two primary causes for the rapid setting of AAS for
different activators. The first was due to slag dissolution, and the second was the formation of a
primary GS-H gel due to the presence of (&]* ions in the solutiofi98].

Cong Ma et al[99] found that the replacement of }0s by N&COs slightly affected the fluidity

of all mixtures but extended the FT. This was attributed to the low amounts' @n@a5iQ +

leading to a lower pH solution and consequently delaying the geopolymerization process. Hence,
the early strength of ongart AAMs mixtures will decrease, and the late strength will not change.
On the other hand, ofmart AAMs activated by N&iOz-anhydrous and N&Os showed low
potential environmental impact while maintaining the performance.

In another study held by Luukkonen et[8l1], onepart blast furnace slag mortars activated by
three different solid silica and alkali sources: anhydrous sodium-siliet@e, MS with NaOH,

RHA with NaOH, and NaOH were studied. A slight difference in solubility was observed between
MS and RHA. For the setting time test, the trend observed for setting times was MS + NaOH >
RHA + NaOH > sodium silicate. The compressitresgth of NaSiOz-activated mortar was high
(around 98 MPa) compared to MS or RHA with NaOH, resulting in significantly lower
compresive strength regardless of the mixture composition.

Several studies have identified limitations associated with AA¥hich include the following:

1- Instability in the supply of raw materials, such as industrial byproducts and calcine@-clay
Co; emissions generated during the production of alkaline activéofShallenges in handling

due to the corrosive and hazardous nature of alkali activatbrdssues related to the
standardization and largecale industrialization of the materiahd5- Negative useacceptance

of AAMs [100]. Hence, manytudies have focused on developing alternative activators derived
from waste materials to address these limitatiGosinstance Beomjoo et al. investigated the use

of calcined oyster shalli.e. waste product from the fisheries industry composed of over 90%
calciumcarbonateps an activator foAAS pasteg[101]. The activator was used at percentages of
5%, 10%, 15%, and 20% of the slag weidgtesults revealed that @ days, specimens containing

5%, 10%, 15%, and 20% calcined oyster shell powder exhibited similar compressive strengths
(12.9'13.9 MPa). By 28 days, the mix with 5% calcined oyster shell powder achieved the highest
compressive strength (35 MPa), whilegher dosages (10%, 15%, and 20%) resulted in
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progressively lower strengths of 33.4 MPa, 27.2 MPa, and 21.7 MPa, respedihesdg. results
indicate that increasing the calcined oyster shell content beyond 5% leads to a decline in
compressive strength. This reduction is attributedriceacted calcined oyster shell powder and
excess CaO, which hinder portlandite consumption and linfStHCformation, essential for later

age strengthAdditionally, a high concentration of hydroxide ions can induce gel precipitation,
hindering alkali activation and further reducing strer{d?].

During hydration, the dissolution €@=0 significantly increased the heat of hydration at early ages,
particularly in mixes with 15% and 20% calcined oyster shell powder. However, a low dosage
(5%) contributed to porsize refinement, leading to improved compressive strength. These
findings higHight the potential of using calcined oyster shell powder as an activator for AAS,
particularly at low dosage(5%)

In another studyAdriano et al. [103] investigated the effect of calcined materials, specifically
ceramic waste and commercial kaolin, on fly-hstsed AAMspasteactivated with a combination

of NaOH and NgSiOs. The paste produced using a mixture of fly ash and calcined ceramic residue
(FACCW) hadaw/sratio of 0.6, while the paste made with fly ash and calcined commercial kaolin
(FACCK) had a highew/s ratio of 0.9.Results revealed ththe compressivestrength of AAMs
increased with the addition of calcined ceramic waBtly strength development was also
notable, with 20 wt% CCW yielding 15.3 MPa at 7 day1% higher than those with calcined
commercial kaolin (CCK). Increasing CCW to 30 wt% further enhanced strength, reaching 28
MPa at 7 days, a 59% improvement over CRased sample3he superior performance of CCW

was attributed to its contribution of Ma and SiQ, which enhanced M-S-H gel formation and
densified the microstructure. In contrast, CCK required enoater, reducing gel formation
efficiency and leaving unreacted particles embedded in the matrix, potentially causing defects and
lower strength. SEM analysis confirmed the presence of alkali carbonation reaction products,
indicating stable structureQverall, the study demonstrated the potential of ceramic industry
residues and fly ash as sustainable precursors for AAM production, as they enhance alkalinity and
improve mechanical and physical properties.

Lilan et al.[104], Investigated the behavior of ompart NaCOs-activated slagpastesmodified

with Ca(OH) and Mg(OH» as coeactivators.The NaCOs; dosage was set at 10% of the slag
weight, while Ca(OH)and Mg©O H) were added at a combined dos
ratios (1:4, 2:3, 3:2, and 4:bj slag Results showed that both theandFT shortenedinearly as
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the Ca(OHYMg(OH). ratio increased, indicating that Ca(Qkjas more effective in accelerating
reaction Kkineti cs atrihuted tothédighetsplubility ofF Ga(GH) wiiehs
released more OH i ons, t[hOB]rSedeifcally ashthe Ca(@®k) g s | a
content increased from a ratio of 1 to 4, thavasshortenedrom 70 to 45 minutes, while tHeT
wasshortenedrom 125 to 75 minutes. The pastes hardened within two hours, highlighting the
role of Carich activators in promoting the formation ofAGS-H. In contrast, the N&Oz-only
activated binder (CO) exhibitethe setting after more than 24 hours ashelayed strength
development, with negligible compressive strength at 1 day and only 4.5 MPa at 3 days. However,
binders modified withCa(OH)}Mg(OH). activators achieved -lay compressive strengths
ranging from 6.5 MPa to 12.8 MPa, confirming their effectiveness in accelerating reaction kinetics.
By 7 days, compressive strengths ranged from 30.6 MPa to 37.5 MPa, approachinglélye 28
strengths of 39.MPa to 45.5 MPa. This rapid eatge strength gaiconfirmedthe effectiveness

of Ca(OH}» in enhancing mechanical performandéence, ncreasingthe Ca(OH) content
improved compressive strength but significantly reduced setting time, making it a nemteveff
accelerator than Mg(OH)n NaxCCOs-activated slag.

Chen et al[106], investigatedthe activation of AAS using solid waste salt sludge (CSS) from
sodium hydroxide production and soda residue (SR) from sodium carbonate production. The
activator dosage varied, with S&aginitially set at 30:70, then SR was progressively replaced by

51 30% CSS. Thev/b ratio was 0.5Results revealed thdté optimal mix ratio (CSSSR:slag=
15:15:70) resulted in a of 3.0 hours andT of 7.75 hours. Mortar fluidity was 141 mm with
manufactured sand and 158 mm with river sand. Compressive streftigtly imcreased with

CSS addition, peaking at 15% CSS (S15R15) with 14.3/33.3/53.7/59.1 MPa at 3, 7, 28, and 56
days, before declining at higher CSS levels:d@iR activation (SOR30) had the lowest strength
(1.3/2.6/7.5/16.8 MPa), confirming its weakliaation effect.The strongest activation was at CSS.:
SR=1, achieving11.0/12.8/7.2/3.5 times higher strengths than-d®R activation and
1.7/2.5/2.6/2.5 times higher than GB86ly activation, demonstrating the superior synergistic
effect of CSS and SR on AAS.

Thus, among all solid alkali activators studied, sodium silicate has the highest potential to enhance

properties due to its high reactivity. However, its major drawback is the short setting time
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2. 4Ef2f,ect s of mixingowpaAAMsEempeflfat maa@acen
The effect of mixing water temperature on the behaviohA$ has been explored in only one

prior study, as no research has yet addressed the influemeeaisingredient temperatures on

the properties and performance/AAMs. Almakhadmeh et a[96] reported that the higher the
mixing water temperature, the faster the slump loss rate of AAS paste mixtures such as traditional
concretef107]. High water temperature leads to fast precursor dissolution due to the activator's
rapid increase in pH. The elapsed time between the IT and FT remained almost constant for the
same activator dosage, irrespective of the mixing water temperature. Thigyfindicates that

the hydration progress of the mixture after the initial setting is more dependent on the reaction of
the mixture components rather than the mixing water temperature. Furthermore, the temperature
in the alkaline activation was reflectedthe activation energy obtain¢tD8]. Mixtures prepared

by 0°C and 30 °C water, the initial temperatures were 12.4 °C and 20.2 °C for 6% activator and
33.2 °C and 43.3 °C for 10% activator, respectively. Moreover, the lower the mixing water
temperature, the longer the dormant period ind&catdd water's retarder effect. The mixing water
temperature had a higher effect on eadye strength as the increase-daly strength for mixtures
prepared by 0 °C water was higher than that prepared by 30 °C water at activator 10%. Similar
results wereobserved for all activator dosages (6% and 8%), where increasing the dosage from
8% to 10% resulted in a strength change of 112% in mixtures prepared with 30°C water, compared
to 200% (double increase) in those mixed with 0°C water. Furthermore, miyxtaesred with

colder mixing water exhibited lower shrinkage than those prepared with warmer water. Thus,
reducing mixing water temperature is an effective mechanism that is used in retarding the alkali
reactions, enhancing the workability, improving eacympressive strength, and reducing the

shrinkage of AAS paste while maintaining almost the samealgéecompressive strength.

To the best of the authors' knowledge, there is a lack of studies on the effects of water temperature
on admixtures' efficiency in AAMs, as the rapid increase in pH results in the quick dissolution of
precursors, which may affect the steric and electquisgon of admixture and adsorption of
admixtures on the precursor surface. Moreover, retempering by withholding mixing water,
changing the adding sequence of ingredients, and using a long mixing time will affect the fresh

and hardened properties of epat AAMSs.

27



2. 4Ef3f.ect s of c¢chemomrmdAtaMsni xd rufrersmamec e
Different types and dosages of SPs and retarder admixtures were used to enhance the workability

of AAMs based on precursor and activator types, as showabie 2.1. Alrefaei et al. reported

that using a PC as SP was the most efficient among other types. It resulted in the highest increase
in setting time, relative slump, and compressive strength values for fly ash&dad pastes
activated by Ca(OH)and NaSQs [75]. This can be attributed to the long lateral chain of PC
causing steric repulsiofi09i 111]. The retardation of setting time might be ascribed to the
adsorption characteristics of SPs on the aluminosilicate raw material particles (fly ash or slag).
This adsorption in higlalkaline environments causes a delay in the alkali activation of the
prearsor material$112]. In a different study by Alrefaei et 4B9], It was observed that adding

all SPs improved the relative slump of guert AAMs. The increase in the relative slump was
225%, 249%, and 262% for N, M, and PC admixtures compared to the control mixture without
admixtures, respectively. Various SPs' effeon the relative slump could be attributed to the
different stability behaviors of various SPs in the high alkali mgdi&]). For the compressive
strength, the reductions in the strengths were 12%, 5%, and 7% for N, M, and PC admixtures
compared to the control mixture, respectively. In mixtures containing PC SPs, the compressive
strength reductions were 7%, 3%, 3.5%, and 4{6fav/b ratios of 0.4, 0.38, 0.36, and 0.34,
respectively, compared to the control mixture. Conversely, using M admixture resulted in
compressive strength drops of 5%, 8.5%, and 12% for w/b ratios of 0.4, 0.38, and 0.36,

respectively.

Luukkonen et al.[56] reported that LS, M, and -Hased SPs are more effective than
polycarboxylate SPs for AAS mortar. However, the-lh&ed superplasticizer was the most
efficient as it improved the workability by increasing the spread by 41%, reducing the yield stress
by 51% and decreasing the viscosity by 27%. It also increased the setting time by 70% and the
compressive strength by 19% compared to the control mixture when used at a dosage of 0.5% of
binder weight. Oderji et al. reported that borax SPs increased the fliyvabd prolonged flow

loss in all binders (fly ash/ slag), regardless of slag content. It was observed that the mixtures
incorporating borax exhibited higher initial flow diameters and better retention of flowability over
time. Including borax decreasdite compressive strength of the alkadttivated binders at early

ages but improved strength at later ages. Furthermore, adding borax reduced crack width or greater

resistance to cracking compared to the control mixtures that did not contain borax. réleis ag
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with Oderji et al.[38], who reported that borax superplasticizer is the most effective
superplasticizer for fly ash/slag alkalctivated pastes due to its retarder effect compared to
Sodium Triphosphate, Polycarboxylate, Sodium Gluconate, Sodium Lignosulphonate, and
Calcium Lgnosulphonate.

Another critical factor is the time of PC addition. According to the previous study by Alrefaei et
al. [59], early adding reduced the compressive strength of thepamneAAMs. This agreed with
several previous studi¢s9,114] The delayed addition of a PC is more likely to achieve a better
compressive strength than the early addition. Besides, delayed addition caused a higher drop in
rheological properties (static yield stress, dynamic yield stress, and plastic viscositgjailihie

yield stress for delayed addition of PC was significantly reduced when increasing PC content from
0.5 % to 3% of binder weight. Thus, the effectiveness of SPs depends on the alkali activator's type
and concentration and the precursor's type. Tisane best performance and optimum admixture
dosage for all activators and precurddrkl,115] Moreover, most studies avoid using slaased

AAMs activated by metsilicate despite superior properties due to the rapid workability loss

challenge.

2. dEf4f,eaixinfg powmopddAAds perf or mance
Regarding the mixing time, most studies utilize mixing times ranging from 3 to 6 minutes at both

slow and high speeds. Longer mixing times (including resting time) and delayed addition of SPs
have demonstrated their efficiency in enhancing the behavianepart AAMs, as will be
discussed iMable 2.1. To the best of the authors' knowledge, no study has investigated the effect
of varying mixing times on the properties and performance ofpameAAMSs, particularly in the

RMC applications. This represents a significant gap in the literature, as understanding the influence
of mixing duration could provide critical insights into optimizing the processing, workability, and

performance of these materials for RMC applications
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Table 2.1: Onepart AAMs studies in the literature that used various chemical admixtures.

Ref. precursor Alkaline activator Mixing method w/b Admixtures Effect of admixtures on the Best
(binder wt%) properties of AAMs .
Admixture
Type Dosage Type Dosages Flow diameter | Compressive
. (mm) strength
(%) (binder wt%)
[116] GGBFS NaOH 10% Each TCTP was mixed with wate| 0.31 | (Nb-SP) | 0.75% -Increased -Decreased | PFSSP
and admixture. 0.34
035 | (PFSSP)| 0.25% -Increased -Decreased
(PFSSP) -Increased -Slight
decreased
[71] 0.85:0.7 NaSiOs 5% : Dry mixing for all solids Then | 0.3 borax 3%: 9% -Increased -Increased 7% borax
FA/ 11% water was addechnd the mixing 0.45
0.15:0.3 continued for 3 minutes.
GGBS
[56] GGBFS Microsilica | 2.0% Mortar was prepared by mixin 0.35 | PC 0.5% -Increased -Increased LS
+ NaOH 2.4% dry solids for 3 mintes; tap wate| 0.3
was added, and mixing wa M -Increased -Increased
continued for 3 minutes PNS -Increased -Increased
LS -Increased -Increased
[39] 0.5 FA/0.5 | NaSiO; 12% Dry mixed for 2 min onslow| 0.4 | PC 1% -Increased -Slight PC
GGBS speed. Then, 6@0% of water wag 0.38 decreased
added to the mix. The SP wj 0.36 | N -Increased 5 d
i ; . -Decrease
diluted in the remaining Wat_a!nd 034 | v -Increased
then added to thaix. The mixing Slight
required 56 min. decreased
[75] 0.5 FA/0.5 | Ca(OH) 12% Dry mixed for 2 min on slow 0.4 PC 1% -Increased -Increased PC
GGBS speed.60i 80% of the watewas| 0.27
IN&:SOy added while the remainingater N -Increased -Increased
diluted the SP. .The. whqle mixin M -Increased -Increased
procedure requiredi® min
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[38] 0.85 NaSiOs 8% Dry mixedfor 2 min. Then, wate| 0.28 | SG 2% -Increase -Decreased | Borax
FA/0.15 was added to the mixtureand| 0.3
GGBS mixing was continued for 3 mor| 0.32 | SL -Increase -Decreased
MinLtes CL -Decrease -Decreased
SPT -Increase -Increase
PC -Increase -Increase
Borax 2%,4%,6%,8%| -Decrease
[117] 0.5:0.7 FA | NaSiGQ; 8% All solid constituents (fly ash 0.3 Borax 3, 4 and 5% -Decreased -Decreased | 4% borax
/0.30.5 9% slag, sodium metailicate, borax|
GGBS 10% and sand) were mixed for
minutes. Water was then gradua|
added while continuously mixin
for an additional 3 minutes.
[118] | Waste red | calcium First, the superplasticizer wg 0.26 | PC 1,15 and 2% | -Increase -Decreased | 1.5% PC
brick carbide completely dissolved in tap watg 0.35 0
powder residue Next, the three precursor materiq 0.44 | M 2,2.5and3% | -Increase -Decreased
0.55:0.70 were thoroughly mixed. Finally N -Decrease -Increased
silica fume the liquid component was 2,2.5 and3%
0.15:.0.23¢ gradually added to the powd
calcium mixture and stirred until fully
carbide blended.
residue
0.15:0.20
[59] 0. 5 FA/0. | N&SiO; 8% Dry mixed. Two mixing methods| 0.42 | PCE 0.25% 0.5% Delay
5GGBS wereused(overall mixing time 30 1% 2% 3% 4% _ addition of
min). The early PCE additio Delay -Increase -Slight PCE (1%)
samples were prepared followir addition decrease
method 1: the total amount o iRt
S Earl -Slight increase
water was added at the beginni addy g -Decrease

of the mixing procedureand90%
of the mixing water was added
the dry ingredients, followed by
the remaining 10% of the wats
used to dilute the PCE, then mix

31




at a 720rpm speed fod minute.
After 19 mirutes of resting, the
slurry was remixed at high spe
for another 3 minutegest for six
minutes, and mixed for one
minute.Method2 was achievelly
delaying adding PCE and the
remaining 10% water till theend
of the 19minute resting period
and the remainingmethod2 was
similar tomethod 1
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In conclusion,mostexisting studies have focused on incorporating various admixtures, such as
superplasticizers or retarders, into binary AAMs composed of fly ash and slag. However, limited
research has explored slag as a sole binder activated solely by sodiwsilicegis, and only a

few studies have investigated slag activated\layDH or a combination of NaOH and sodium
metasilicate. The effectiveness of admixtures in AAMs is highly dependent on the reactivity and
chemical nature of the precursor and activator, as thgm@oization process in AAMs

fundamentally differs from the hydration reaction in@P

To address these gaps, this study focuses on a constant precursor (slag) and activator (sodium
metasilicate) system, employing various techniques to evaluate the behavior-bbslad AAMs
activated by sodium metsllicate in the presence ofriousretarders and viscosiyodifying
admixture. Additionally, the study investigates the influence of extended mixing times and
different mixing methods (resting versus continuous mixing) on the rheological properties of these
materials. This work aims to primle deeper insights into optimizing the performance of-$laged

AAMs for practical applications.
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Chapt ebf f3ect of l ngr ed
seqguences on rheol ogi cz¢
activated sl ag paste

3.lntroduction

The world approach is to decrease the dependence Gna@Reh is considered harmful to the
environment with other sustainable green binders that have a less harmful impact on the
environmen{1,119 121]. Hence, AAMs are considered a sustainable alternative to OPC due to
their low energy consumption and low greenhouse emisgj8rfi®2 124]. Moreover, the
promoting characteristics of AAMs such as high strength, high chemical resistance, and
temperature resistand8]. AAMs can be classified based on the activator state (powder or
solution):onepart AAMs or fAjust add watero AAMs that
two-part AAMs that are produced by solutifif?5]. The production process of cpart AAMs is

simpler compared to twpart AAMs because twpart AAMs are activated by prepared
concentrated aqueous alkali soluti¢h®6]. These solutions are viscous and corrosive due to high
alkalinity resulting in difficulty in handling and casting-situ application$91].

The key barrier preventing AAMs' wider utilization is the gap in knowledge regarding their
interaction behavio65,127,128] Moreover, problems of flowability affect the placing of
concretg129,130] The main cause of rapid setting is the high hydration heat produced from the
interaction of ingredients that accelerates the formation of hydration prdd3dts So, many
studies were conducted to investigate the rheological behavior of AAMs and demonstrate
addressing ways of the poor workability of AANI24,132]

Other studies focused on the preproces@netreatmentdf precursors or activators to make them
ready to react and improve polymer reaction efficiefdd;133 138]. However, there is a gap in
determining the most convenient adding sequence for different ingredients to prolong setting time
and decrease the competitive adsorption phenomenon between precursor and activator on water
without declining compressive strehgdnd other mechanical properties. Hence, This study aims

to change the adding sequencetlod main ingredientgprecursor, activator, and wafeon
flowability, setting time, heat of hydration, and compressive strength. The sequences evaluated

include: () mixing slag and metailicate, followed byaddingwater; (2)mixing slag, followed by
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addingmetasilicate dissolved in water; and (8)ixing slag and water, followed yddingmeta

silicate

3.BExperi ment al wor k

3. 2Malt.er i al s
For all mixtures, granulated blast furnace s{@BS)with a specific gravity of 2920 kg/fn
Blaine fineness of 515 #kg, and an average diameter of around 14.5 um was used as the
precursorGGBSis one of the commonly used precursors due to its high reactivity, ambient curing,
and rapid strength developmefit3,14] Anhydrous sodium meitsilicate(Na:SiOz) was used as
a powder activatofl39i 141]. A constant activator dosage of 6% by weight of slag afixleal
waterto-solid ratio (w/s) of 0.40 werasedfor all mixtures[96]. Three mixtures with different
sequences of adding mixing ingredients, namely MikiQig slag, metasilicate then add water),
M2 (mixing slag then add metsilicate dissolved in water), and M3nixing slag, water then add
metasilicate) were mixed, placed, and tested. Most studies used the dngmwidprecursors and

activatorsbefore adding water for ongart AAMs[59,96,142]

3. 2Mi2x.tures preparation and testing procedure
All mixtures were prepared, cured, and tested under the laboratory ambient condition (i.e.

temperature (T) = 23 = 2 °C and relative humidity (RH) = 45 = 58)mixtures' ingredient
addingsequences are illustratedkiy. 3.1. The total mixing time was 4 min for all mixturdsor

M1, initially, slag and powder anhydrous sodium regtegate activator were dry mixed famin

then gradually added water while mixing continued for al®uotin [96]. This sequence of dry
mixing for approximately 5 minutes is the most commonly used method in the majority of studies
of onepart AAMs [143]. For M2, initially, slag was mixed for 1 min then gradually added meta
silicate dissolved in water while mixing continued for about 3 min. For M3, initially, slag and

water were mixed fot min then added metsilicate while mixing continued for abo8tmin.
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Fig. 3.1: Mixing adding sequences
Flowability was evaluated using the mslump cone test. After removing the filled mione,

the final spread diameter {Oof the sample was an average of tweasurements in perpendicular

directionsas shown irFig. 3.2.

Fig. 3.2: Flow diameter test method.
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For the setting time, samples were prepared and tested using a Vicat needle according to ASTM
Cl19:99 oO66Standard test method for ti meThetést sett i
setupis shown irFig. 3.3.

Fig. 3.3: Vicat apparatus

The heat flow at the wetting point (i.e. once the reaction started) was conducted following the
method using a custom seti@®]. The sample preparation and isolation prodaesreconnecting

with the thermocouple for temperature measurement, is illustratédyir3.4. Moreover, the
isothermal calorimetry test was conducted on specimens during the first 65 hrs. of hydration to
obtain the heat profilelhe calorimeter chamber used for testing is depictédgn3.5.

le cup

Fig. 3.4: Isolation of sampléor wetting point test.
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Fig. 3.5: Isothermal calorimetry tesetup.

According to hardened properti€3bic specimens 50 mm were used to measure the compressive
strengths at ages 1, 3, and 7 days according to the ASTM1IRID9 6 6 St andard Test
Compressive Strengt h o [l44HAfter 2dhodrsi toe sieeimeaswere Mo r t
de-moldedand stored in sealed plastic bags to prevent cracking caused by water evaporation. They
were kept at laboratory ambient temperature to avoid leaching of the activator intfo4hatdihe

test setups shown inFig. 3.6.
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Fig. 3.6: Compressive strengtiest setup.
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Ultra Pulse velocity (UPV) was also conducted to manifest the density variation and reveal any

internal defects at ages 1, 3, and 7 days. The test was conducted according to ASTM C597
(Standard Test Method for Pulse Velocity Through Concrig##3]. The test setup used was

as shown irFig. 3.7.

e

Fig. 3.7: Ultra pulse velocity test setup.

The formation of different hydration products was evaluated by conducting Differential Scanning
Calorimetry (DSC) using a TA instrument. The hydration product formation was evaluated at age
3 days to determine the early hydration products as hftiety the hydration process still occurs.
Samples weighing approximately 16 mg were heated from 23 °C to 650°C at a heating rate of 10
°C/min.

3.Besults and discussions

3. 3Eflf.echgoédi ent addirreg hs @q oeread | @rs
3. 3 .Ml .kElil.u mp
The effect of different adding sequences of the ingredient on the spread diameter was insignificant

as the spread diameters were 15, 15.5, and 15 cm for M1, M2, and M3, respectively. These findings
indicate that ggradual increase in pH when adding water to slag and-siletate causes almost
the same dissolution rate of slag under the effect ofddH the hydrolysis of silicate anions when

adding metssilicate to watef146]. This may be attributed to the release of hydroxide' |Gifter
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the contact between slag and water in the existence of the activator which causes an increase in

pH regardless of the time of adding wdtke47].

3.3Skt2.ing ti me
Fig. 3.8 illustrates the initial and final setting time for three tnmes with different adding

sequences of ingredients. Generally, regardless of the time of adding water or activator, the elapsed
time between the initial and final setting times did not change significantly as it was around 350
min. On the other hand, whedding a dissolved activator for the MRe initial and final setting

times slightly decrease to 260 and 620 min, respectively compared to M1 and M3. It can be
attributed to the relatively rapid dissolution of the precurstih@sctivator dissolved in water and
silicate species are ready for reacti@3]. The dissolution of the solid activator and slag are
exothermic reaction procesg6§]. Hence, adding metsilicate dissolved with water increases the
amount of released temperature due to the relatively high rate of slag dissolution. However, the
decrease in setting time is not significant here because 6% of the activator is usedit iHence,

be more noticeable when using high dosages of activators.

800

Initial = Final
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600 -
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400 A

Time (min)

300 A

200 -

100 H

0

M1 M2 M3
Mixtures

Fig. 3.8: Setting time results for AAS mixtures.

The final setting time for M1 and M3 was almost the same 660 and 670 min, respectively. Because
when slag is mixed with water (M3), it doesn't react due to the low pH of the medium. High pH is
essential to initiate the reaction. Similarly, when powderarsiicate is mixed with slag (M1),

the metasilicate activator requires water to dissolve and cradtigh pH. This is in agreement

with the resultreported in thditerature, the final setting time for AAS paste activated by 6% of

NaSiO;z is around 650 min when adding water to the ns#liaate activator and sld§6].
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3.3 Hea3. fl ow profile

3.3. Prweetatying for solids ingredients and di
Fig. 3.9 depicts the wetting point at which the reaction was initiated. M2 is the highetsire

that generates temperature because of adding dissolved activator in water on slag, leading to the
rapid dissolution of slag and the initiation of polymerization due to the high pH of adding solution
[148]. Then, the temperature decreased. For M1 after adding water to slag ansilicetta
powder, the gradual increase in pH delayed the dissolution rate of slag. Hence, the increase in
temperature when adding water was lower than ikdcatinga higher hydration rate. Similarly,

adding a powder activator to slag and water (M3), took some time to increase the pH to dissolve

the slag particles due to the absorption of water by slag paitldds

28
—M2
—M3

26 \\/*/\,___‘,\N\,—

24 A

Temperature ( AC)

Addition Point

0 1 2 3 4 5
Time (Min)
Fig. 3.9: Wetting point for heat generation.

3.3. Hedtb)iberation under ambient conditio
Fig. 3.10 shows the heat profile for the tested mixtures over 65 hours. The first peak for all
mixtures was almost the same and occurred immediately after mixing because of the dissolving of
slag under the influence of Okind the hydrolysis of silicate aniofigl9]. Then, the longlormant
period of all mixtures occurred before the second peak. The second peak existence differed as it
took place after around 40, 25, and 55 hours for M1, M2, and M3 respeclitielappearance of
this peak is dependent on the type of precursor used and has been observed specifically when slag
is utilized as the precurs§t50]. This complies with previous results of setting time since the

initial setting time for M2 was the shortest time (260 mins).
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Fig. 3.10: Heat evolution curves at @b early hydration age of ground AAS mixtures

3. 3Ef2f.ect

3.

the results of the heat of hydration test as the second peak occurred after around 25 hours for M2,
while it occurs after 40 hours and 55 hours for M1 and M3 respectively. The strength development
of all mixtures was almost the same whicldicates the slight effect of adding a sequence of

ingredients on strength development. On the other hand, there was a marginal increase in the

of

Power (mW/g)

M1 —M2 —M3

compressive strength of M2.

30

Compressive strength (MPa)

Fig. 3.11: Compressive strength results for AAS mixtures
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3.Ch.mpressive
All mixtures did not exhibit strength at age 1 day. For 3 and 7 days, M2 showed a slight increase

in strength values around 22.4 and 25.3 MPa, respectively as shdwg 8111. This confirms
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3.3 U2t2avpubsety
Fig. 3.12 presents the UPV results for three mixtures at different ages. In general, microstructure

development increased over time for all mixtures. At 1 day, only a slight change was observed
among the three mixtures. M2 exhibited a higher velocity compared neiM3, aligning with

the wetting point and compressive strength results. From 3 to 7 days, the microstructure
development was nearly identical across the mixtures, indicating that most of the reaction occurred

within the first 3 days
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Fig. 3.12: UPV results for AAS mixtures
3.3 D2f3erential scanning calorimetry

Fig. 3.13 illustrates the findings of the DSC test conducted on specimens at age 3 days since 1
day exhibited low strengttwhich indicated that the hydration process still occuresdd the
objectivewas to measurthie early hydration products as much as possible. Near 200 °C, the weight
loss is due to the dehydration of calcium aluminate silicate hydratg®)-S-H gel [14]. The

highest peak was obtained at M&nfirmingthepreviouslydiscussedetting time resultand heat
profiles. The second endothermic peak between 300 and 400 °C is because of the decomposition
of hydrotalcite[14].
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Fig. 3.13: DSCresultsfor AAS mixtures

3.@oncl usion
This study demonstrates that the order of adding water or activator on slag to produce AAS
mixtures is an important factor that changes various propeitssalldosage®f activator These
conclusions can bextractedrom this study:

1 The shortest initial setting time was achieved by adding-siktate dissolved with water to

slag(M2) due to the relatively rapid dissolution rate of slag.

1 The highest elaborated temperature of reaction occurs when adding dissolvedilioatéa
to slag(M2).

1 There is a slight change in flowabilisndcompressive strengtivhen changing the adding

sequence of water or slag.

1 The optimal mixture, M1 (prepared using the dry ingredients mixing), demonstrated an
acceptable setting time and heat profile. It successfully avaisezhort setting time and a
shortdormant period, making it suitable for use in thkowing chaptersimplementing this

adding sequence, alomgth different techniques, influenced its rheological behavior
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Chapténflduence of mi X I
fl ow reteparonabkabneac
Ssystems

Based on the investigation conducted in Chapter 3, which compared the adding sequences of the
main ingredients, the optimal sequence was identified as the dry mixing of the activator and
precursor before adding water. This sequence achieved reasonalabilityvand setting time.
Building on these findings, the current chapter employs this optimal mixing sequence to explore
the effects of varying mixing times and techniques (continuous and discrete). These variations are
comprehensively assessed for theipact on the fresh, rheological, and hardened properties of

AAS, providing a deeper understanding of their behavior.

4 . 1lntroducti on

Cement production is responsible for about 8% of the total carbon emifki& snd consumes
about 40% of global energyt]. This motivated researchers to explore more environmentally
friendly alternatives (such as sulfeaiminate cemerjb], high-calcium fly ashi Portland cement

[6], and limecalcined clay cemenf7]). Among these alternatives®\AMs are promising
alternatived8,9]. AAMs are prepared by activating aluminosilicate precursors (i.e. slag and fly
ash) using high alkalinity activatof$0i 14]. Generally, AAMs can be categorized as "tpart"

or "onepart" based on the nature of the activator used. A high alkalinity ligased activator is

used to activate the precursor in twart AAMs, while a powder activator is used in the -aet

AAMs [23,40] Onepart AAMs offer significant economic advantages over-pvaot AAMSs,
including simplified handling, reduced labor, and minimized safety concerns, as they combine all
components into a single dry mix that only requires the addition of water. Thisfasselowers
transportation, storage, and equipment costs, making them more accessible and practical for
various construction projecfd1,42]. Additionally, by mimicking traditional cement handling,
onepart AAMs promote broader adoption due to using powder actiya@jr These benefits,
combined with their potential for reduced carbon footprints and enhanced durability, make one
part AAMs a strong alternative for sustainable construction pradtes

The rapid flowability loss of AAMs is the main challenge hindering the wider acceptance (i.e.

short slumpglife) in the construction secto@7,48] This is usually attributed to their fast
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mi crostructure devel opment (eenGhlciumAldminaSilice n pr o c

Hydrates (G(A)-S-H) gel[51]. Hence, several studies have focused on utilizing various types and
dosages of admixtures to retard the hydration reaction and consequently extend thifeslump
[38,53 55]. However, these admixtures' stability and solubility issues in such a highly alkaline
environment [28,29] and their adsorption on precursor particles reduced their effic[68¢ct4

Other studies investigated the impact of varying admixtures' addition time on AAMs' fresh
propertied59,60]. The delayed addition of polycarboxylate ether reduced the static yield stress of
AAMs, leading to better workabilit{59]. Another approach focused on studying the effect of
extending the mixing duration (up to 30 min) on tpart AAS propertie§129]. A marginal
improvement in fresh and hardened properties was reported. However, due to the difference in the
activator natural between twiart and ongart systems, the applicability of these approaches is
still questionable. Addressing such a knowledgp will present a potential for wider acceptance

of AAS and applications such &MC, which often experiences long mixing during delivery
[62,63] According to the ASTM C94 "Standard Specification for Reltilyed Concrete”, the
mixing duration was limited to 90 minutfl29]. Continuous mixing for 90 minutes is an extensive
energy process and sometimes is impossible. Hence, it is essential to understand the potential and
effects of mixing pause on developing fresh properties.

Therefore, this study will investigate the applicability of extending the mixing time technique on
flow retention and highlight the impact of mixing interruption or pause. It will also emphasize the
correlation between the dissolution of the slag and powatdivator, the microstructure
development rate from one side, and the effect of breakage induced during remixing.

4. Resed&ngmi ficance

Extensive research has explored ways to overcome AAMS' poor flowability, such as changing
precursors, activators, mixture design, adding admixtures, and extending the mixing time.
However, the effects of extending the mixing time and changing the pretec®hot investigated

for onepart AAS. This study investigates, for the first time, the effect of extending mixing time
with and without interruptions on the rheological properties of AAS. The outcomes are anticipated
to facilitate the development of reathix onepart AAS, assisting readwixture concrete
manufacturers in planning and scheduling delivery to ensure higher productivity with optimum

performance for cast elements.

46



4 . Bxperi ment al Wo r k

4 . 3Malt.er i al s
For all mixtures GGBS with a specific gravity of 2920 kg#nBlaine fineness of 515 #kg, an
average diameter of around 14.5 um, and a basicity coefficient of 1.06 was used as precursor. The
chemical composition of th@ GBSis summarized imable 4.1. Mixture proportions were based
on previous studies for orart AAS: Anhydrous sodium mesilicate (NaSiOs) was used as a
powder activator and added at different dosages of 6%, 8%, and 10% by slag[#&ihi] For
all mixtures, a constant/s= 0.40 was usef33].

Table 4.1: The chemical composition of GGBS (wt.%).

SiO; | Al,O03 | CaO | FeEOs | SO; | NaO | MgO | TiO2 | MnO | Sum
36.20 | 1020 | 37.10 | 0.50 | 2.70 0.30 1160 | 0.92 | 0.25|99.77

4. 3Mi2xi ng techniques
Initially, GGBSand NaSiOs were dry mixed for Iminute, followed by gradually adding water

over 1 minutewhile mixing. Then, mixingcontinued for different durations according to the
applied mixing protoco$ [152]. A trial mixture following the 3mins mixing time procedure
suggested by previous studies was initially evalupd@{l After that, the 18minute mixing time
was found to be an optimum duration to achieve the same flowability as the 3 minutes while
maintaining the flowability lifg42]. On the other hand, the maximum allowed mixing time of 90
minutes was selected as the longest mixing time accordittietdASTM C94 recommendation
[153]. Six mixing protocols were applied: 1) Continuous mixing for 10 n@idf; 2) Continuous
mixing for 20 mins C20); 3) Continuous mixing for 30 MmingCE0); 4) Discrete mixing for 30
mins (10 mins mixing, then 10 mins relaxation ti(he. resting)and mixing again for 10 mins)
(D30); 5) Discretemixing for 60 mins (same mixing sequence for D30, repeated oD66);@@and

6) Discretemixing for 90 mins (same mixing sequence for D30, repeated twi&)) ( Different
mixing protocols are illustrated ifig. 4.1. All mixing was conducted at a constant mixing speed
of 139 rpm[39].
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Fig. 4.1: Applied mixingprotocok.

4. 3Mi3x.t ures preparation and testing procedure

All mixtures were prepared, cured, and tested under the laboratory ambient condititn 23.

+ 2 °C andRH =55 = 5%). Flowability was evaluated using the rsilnimp cone test immediately

after each mixing protoc§®6]. After removing the filled mini cone, the final spread diametey (D

was taken as an average of two measurements in two perpendicular directions. This was also
considered as the initial flow diameter for each applied mixing protocol. Theshamip was
repeated every 2mins for the first 10 mins, then atrBinuteintervals until there was no spread

(i.e. Dr = 100 mm), which is considered as the end of flowability[Bfg].

The initial and final setting times were determined according to ASTM @®89(Standard test
method for the time of setting of hydraulic cement by Vicat nedd®}]. The initial and final

setting times were measured from water addition to powder ingredients (i.e. wetting point) for all
mixing protocols[155]. The paste sample was placed in a cone covered by a plastic sheet and
stored in ambient condition.

Isothermal calorimetry was applied to evaluate the rate of early hydration for all tested mixtures
according to ASTM C 1679 (Standard Practice for Measuring Hydration Kinetics of Hydraulic
Cementitious Mixtures Using Isothermal Calorimetf$p6]. Approximately 70g of paste was
externally prepared for each mixture and then loaded into the isothermal calorimeter. The
estimated time between finishing mixing and loading the sample into the calorimeter was about 1
minute after applying different mixghprotocols. The heat evolution and cumulative heat released
were then recorded and normalized by the dry binder mass. The operating temperature of the

chamber was adjusted to 25°C, and the measurements were carried out for 48 hours.
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The thermogravimetric analyses were carried out to monitor the development of different
hydration products using a TA instrument. Small pieces were cut from selected specimens at age
3 days, ground to powder, and sieved on a No. 200 gExe 4.2). A sample weighing

approximately 16 mg was heated at 10 °C/min up to 850°C. Collected data and curves were

analyzed using TA Instruments thermal analysis soft\@6g

o

Fig. 4.2: The preparation steps folGA, XRD, and FTIR samples.

Cubic specimens 50 mm were used to evaluate the compressive strengths at ages 3, 7, and 28 days
following the ASTM C 10920 (Standard Test Method for Compressive Strength of Hydraulic
Cement Mortars]144]. All specimens were dmolded after one day and stored inside sealed
plastic bags in ambient laboratory conditions until testing[a§é|.

Moreover, prismatic specimens 25 x 25 x 285 mm were used to measure drying shrinkage
following ASTM C 157/C12717 (Standard Test Method for Length Change of Hardened
HydraulicCement Mortar and Concretg)58]. All specimens were dmolded after three days

(Fig. 4.3) and the initial readings were recorded before stotitegn underambient laboratory

conditions.

Fig. 4.3: Demoulded shrinkage specimens.
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The unrestrained or@imensional drying shrinkage was measured using a comparator provided
with a dial gauge with an accuracy of 10 um/m for ud taonth.The usedshrinkage test setup
was shown irFig. 4.4. Change in length was determined by usingftilewing equation Eqg.

41).

Fig. 4.4: Shrinkage gauge used.

Length Change(%)= % x 100 Eqg.4.1

Where:L is the Final length of the specimeh; is thelnitial length of the specimerG is the

nominal length of the comparator gauge used to measure the.length

A Brookfield R.S.T( Fig. 4.5). rheometer, with a fotlblade vane (length of 60 mm and diameter

of 30 mm), was used to determine rheology evolution with time for paste mixtures. Flow curve
tests were captured every 15 minutes during the first hour after mixing to evaluate changes in
dynamic yield stress and plastic viscosity with time, as showrign4.6. It should be mentioned

that loading the samples into the rheometer measuring cup took around 5 minutes, which was not

included in the dhour measuring duratidi59]. The pastes in the rheometer measuring cups were
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covered with a plastic sheet to prevent evaporation during measurement. For the shear protocol
applied, paste samples were initially subjected to a-bjged preshear to break down the
structure buildup. Then, the paste remained at relaxat@B0 seconds to dissipate the residual
stress due to prghealf160], followed by the ascending and descending shear rate steps as shown
in Fig. 4.7. Dynamic yield stress and plastic viscosity were determined by applying Bingham

fitting (EqQ. 4.2) in the downward part of each flow curfds0].

BROOKFIELD

AMETEK

Fig. 4.5: Rheometer setup.

5 mins after mixing
time regime

e
Precursor
Activator . . .
Water Mix Mix Mix Mix
0 min 15 min 15 min 15 min 30 min 15 min 45 min 15min 60 min
Dry mix Preparation
1min time , v v v
— —> Rheology test Rheology test Rheology test Rheology test Rheology test

Mixing time regime

Fig. 4.6: Testing protocol for rheology test
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Fig. 4.7: Shear protocol used in flow curve tes

U G+ ts Eqg.4.1
Where: U is ¢ihse tshhee adry nsatmiecssy;i el d stress in Pa
92 is the shear rate in 1/ s.

X-ray diffraction (XRD) and Fourietransform infrared spectroscopy (FTIR) were used to
examine the microstructure development and hydration products' formdRahwas conducted

according to ASTM C13648 (Standard Test Method for Determination of the Proportion of
Phases in Portland Cement and Porti@sinent Clinker Using »Ray Powder Diffraction
Analysiusi ng a Bruker D8 Advance diffractometer (
pl at e detector t o c ol | gFRgt 4.8d &durertransfoorminfrar€@dU < 2
spectroscopy (FTIR) spectraasobtained using a Nicolet 6700 spectrometer (TheBeientific).
Frequencies were scanned in the range of Ba50 cm!(Fig. 4.9).

Moreover,scanning electron microscopy (SEM) analysis was conducted on small chunks from
selected specimens using a Hitach34D0ON SEM at 15.0 kV accelerating voltage. This was
coupled withenergydispersiveX-ray analysis (EB) using a JEOL 3%&f spectrophotometer for

elemental mapping and spot analyj$i&1].
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Fig. 4.9: The equipment used f&TIR analysis.

4 Results and Discussi on

4. 4Frleesh properties
4. 4 Mi .pndl ump
Fig. 4.10 illustrates the impact of different mixing protocols on the initial flow diameter for

various AAS mixturesResults indicate that extending theontinuousmixing timehad a higher
effect on AAS mixtures witha lower activator dosage. For example, increasing the mixing time
from 10 to 30 mintes resulted in a 27% increasethe initial flowfor mixtures witha6% activator
and no change for those wietil0% activator. This effect can be attributed to the high free water
content ina low activator mixture due tits lower consumption in hydratiof160]. Moreover,

GGBS particles dissolved slower at low activator dosadesreasing thamountof C&* and
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Mg?* cations released hese cationseact withavailable silicate species, forming douolearged
cations around precursor particlesd facilitating agglomeration Hence, the low cation
concentrations in low activator mixtures slow agglomeration, leading to bétteatility
[42,162] Thisalso explainghe longer flow life for low activator mixturakustrated inFig. 4.11.

The lower the activator dosage, the lower the formed hydration products, extending the flow life
due to the lower degree of microstructure development. This can expliomwtrdlowability loss

rate for low activator mixtures (e.g.50mm/min for 6% activator) compared to high activator
mixtures (e.g. @2 mm/min for 8% activator) Additionally, a high activator dosage did not show

flowability life as the initial flow diameter was 100 mm, except for mixpngtocolsD30 and D60.
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Fig. 4.10: Initial flow diameter results for AA$nixturesprepared by different mixing protocols
and activator dosages
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Fig. 4.11: Flow results for AAS mixtures prepared by different mixing protocols and activator
dosages: a) 6%, b) 8%, and c) 10%.

For discrete mixing protocols, the initial flow diameter increased as the mixing duration increased
to 1 hour (D60) and decreased after that (D90), regardless of the activator dosage. For example,
for mixtures with activator dosages of 6% and 10%, theainfltow diameters under the D60
protocol increased by 16.9% and 13% compared to the D30 protocol. This phenomenon can be
attributed to the compensatory effects of mixing and relaxation processes on the mixture's
microstructure development. Mixing enhanc#se dissolution rate of different species
accelerating the hydratiomhile remixing after aelaxationperiodwill have the same effect as
mixing but alsdreak down formed hydration produd®onverselythe relaxation periodrovides

more time for hydration products to foymelping inthe microstructure anshterparticlelinksd
development§42]. The formed hydration products addveloped linksluring the relaxation time

will be broken down by remixing adlustrated schematically irFig. 4.12. Initially, GGBS
dissolution releasethe ions and earljormed hydration products are controlled by the activator
dosage Besides, extending the mixing time enhanc
formation rate (which will depend on the activator dosabDeying relaxation timgboth systems

(low and high dosages) experience increaseddton forhydration products. Once remixed, the
formed links are broken, facilitating flow. However, after a long mixing duration, most of the free
water is already consumed, and even the breakage of the formed hydration products will have a
minor effect on the mixire's ability to flow as the interparticle spacing becomes narrfh68ai.

This explains the variation in thehaviorbetween various protocolsofFprotocols D30 and D60,

the remixing effecwill have adominantimpact on the flow behavior, whiler protocol D90, it

had a minor impact.

55



Continuous mixing Resting Remixing

> > >

Slag particles Initial hydration More hydration More hydration Breaking down the
dissolution products pmducts products hydration products
e o /

. . /\ Vi /%( ZXT égv)«{; %'\- e
Activator

Dosage /l L § ) §

o =L DN
Al oo \ S = \/\EL PA S A S

e 30 o eSes KN ANLTS % ST
Activator @ c §
SEiel § Ny LR,

Dosage ©
@
Slag Particles C-A-S-H C-A-S-H break down

V’A‘\*}i
S
S/,A(\ek_;

s B
2
/

x

Fig. 4.12: Schematic diagram of the hydra_lti_on of AAS mixtures with continuous and discrete
mixing.
Another interesting finding is the varying impact of continuous and discrete mixing on the initial
flow for mixtures exposed to mixing protocols with similar lengths (i.e. C30 and D30) and/or
mixing duration (i.e. C20 and D30). For protocols with the skemgth (i.e. 30 min), C30 exhibited
a higher initial flow than D30 at a low activator dosage. Conversely, at a high activator dosage,
the trend was reversed. This can be attributed to low free water, increased cation ions, and
agglomeration of the precungparticles boosted during relaxation time for high activator mixtures,
as explained earlier. On the other hand, for the same mixing duration (i.e. same given shearing),
the relaxation had the dominant effect over remixing at low activator dosages. Feaqa®f
relaxation (D30 with a I-dninute relaxation period) enhances the development of hydration bonds
for a low activator dosage. Conversely, in C20, continuous breakage of the formed hydration
products facilitates movement, resulting in a higher initaw (Fig. 4.12). At high activator
dosage, the remixing effect dominated as most hydration products and linkages were developed at
the initiation of the relaxation period, minimizing its effect. Conversely, remixing breaks down the
high-formed hydration links and intertks, allowing the mixture to move again.
4. 4. Skt2.ing ti me
Initial setting time is generally correlated to forming priman(AJ-S-H gel [163]. At a high
activator dosage, the high dissolution rate of slag accelerates the hydration product formation,
leading to a shorter setting tinf@6]. Fig. 4.13 illustrates the effects of different mixing protocols
on the setting times of AAS mixtures. Increasing the mixing from 10 mins to 20 mins shortened
the initial setting time by 20.2% and 16.2% and the final setting time by 4.4% and 8.4% for
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mixtures with 6% and 10%, respectivelowever, increasing the mixing time from 20 to 30
minutes had a slight to negligible effect on the setting time (i.e. < 5% shortening). This can be
ascribed to the minimal difference in precursor and activator dissolution rates between 20 and 30
minutes ofmixing time.

Changing the mixing protocol from continuous to discrete mixing while maintaining the same
mixing duration (i.e. same shearing), insignificantly affected the setting time. For instance, for
D30, the extension in the initial setting time was 13 mins anch@@$, and the final setting time

was 10 mins and 95 mins compared to C20 for mixtures activated by 6% and 10%, respectively.
As explained earlier, this can be attributed to the compensation effects between relaxation and
remixing Fig. 4.12).

After the same mixing age (from water addition, including relaxation time), discrete mixing
extended the initial and final setting time compared to continuous mixing. For instaactéyator
dosages of 6% and 10%, the initial setting time was extended by 50 mins and 227 mins, and the
final setting time was increased by 10 mins and 34 fM@30) compared to (C30), respectively.
Moreover, doubling the mixing time from 30 mins (D30) to 1 hour (D60), for mixtures with
activator dosages 6% and 10%, thidahsetting time was extended by 330 mins and 10 mins, and
the final setting time was extended by 300 mins and 34 mins, respectively. However, at a longer
mixing time (i.e. 1.5 hours for D90), there was a reduction in the initial and final setting time.
Mixtures with activator dosages 6% and 10% experienced D90 mixing protocol, exhibited 6.5%
and 32.5% shorter initial setting time and 5.48 % and 21.15% shorter final setting time compared
to D60, respectively. This can be ascribed to the mixing protoeohfixing and relaxation period)
effects on the precursor dissolution rate. During the mixing time, the movement of mixing tools
increases the dissolution rate; conversely, during the relaxation time, the dissolution rate will drop.
Switching between mixig and relaxation will vary the dissolution rate and, consequently, the ion
concentrations in the pore solutions, affecting setting and hardening behavior. To some extent,
such continuous deformation of the mixture during mixing will break the initiattpéal hydration
products and disturb the adhesion bonding between fd@in This will weaken the load
supporting ability for formed hydration clusters, delaying hardening and sefigg4(12). On

the other hand, more hydration products are formed during relaxation, leading to a higher internal
adhesion bonding and stable microstruc{@4]. This was confirmed by the heat flow results,

which will be explained in the following section.
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Fig. 4.13: Setting timeresults for AAS mixturesprepared by different mixingrotocok and
activator dosages a) 6%, b) 8%, and c) 10%

4. 4 Head. fl ow profile (Il sother mal calori metr
All mixtures exhibited similar heat flow profiles with five distinguished stages: dissolution,
induction, acceleration, deceleration, and the steady pgr&]. Dissolution occurs when solid
aluminosilicate precursors undergo dissolution in the alkaline activator solution,.iftieation
involves initiating the chemical reactions between the dissolved precursors and the activator.
Subsequently, the acceleration stage occhewinga rapid increase in the rate of chemical
reactions leading tosignificant strengthdevelopment{166]. The acceleratiophasewill be
followed by deceleratiorgt whichthe rate of reactions slows dowkinally, the reactiorreached
a relatively stable state (i.e. teteady periofd[159]. Fig. 4.14 shows the heat evolution forAs
mixtures exposed to different miximpyotocok.
After 20 mins of mixing, the dissolution stage was not detected for all activator doBagdsl@d
). This indicates that extending the mixing time beyond 1Qtestonceals the dissolution stage.
This may be related to a change in the balance between the slag dissolution and the precipitation
of the hydration productdll67]. Moreover lower hydration peaks were captured as the mixing

time extendedegardless of the activator dosage andathy@iedmixing protocol For instance, the
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hydration peak values decreased by 26.9%1&nif6 as continuous mixing increased by 20 mins

(i.e. C30 vs C10and decreased by 10.080d 15.6%by comparing D90 and D3@or mixtures

with activator dosages 6#nd8%, respectively Fig. 4.15). This emphasizes the dominant effect

of mixing time. Extending the mixing time increases the dissolution rate for low actmitoires,

leading to denser microstructure as showirion 4.16, triggering more ions to react and form
hydration product§l64]. EDS results also supported this findisigce the amount of reacted slag
particles can be correlated to the detected Mg%. The higher the unreacted slag particles, the higher
the detected Mg%-ence, the reduction in Mg% for 30 minut#scontinuous mixing proved the
higher dissolution of slag particles and formation &A&-H [168]. Mixtures with higher activator
dosages will reach the triggered ion threshold earlier than mixtures with lower doshmpéswill
needmoretime, resuling in earlierhydration peaksHoweverextending the mixing time beyond

the threshold time for low and high activator mixtures willset the effect of increasing the
activator dosage arapplying a longemixing protocol.

On the other hand, altering the mixing protocols did not significantly affect the dormant period.
However, the primary factor influencing the dormant period was the activator dtisage found

that increasing the activator dosages shortened the dormant @ewiddcreagd the achieved

peak which can be attributed tihe fast initial nucleation processd formation of hydration
productg169]. The same trend was observed for both continuous antetsixing protocols.

For example, the dormant period decreased by 74.2% and 70.5% for AAS mixtures activated by

10%, compared to those activated by 6% for continuous and discrete mixing protocols
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