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Abstract 

 

Flowable One-Part 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 CO2 emissions, making it essential to explore alternatives to Ordinary Portland 

Cement (OPC). One promising solution is the use of alkali-activated materials (AAMs), which are 

produced from industrial by-products and can substantially reduce both carbon emissions and 

energy consumption in concrete production. Among these, one-part alkali-activated slag (AAS), 

often referred to as ñjust add water AAM,ò is particularly attractive because of its ease of 

application and ability to achieve high early strength without heat curing. Despite these 

advantages, one-part AAS still faces significant challenges, including low workability, rapid slump 

loss, and short setting times, which limit its practical use in ready-mix and on-site applications. 

While some studies have examined chemical admixtures to enhance AAM performance, there 

remains limited research on the specific behavior of one-part AAS systems. In particular, little 

attention has been given to the effects of mixing protocols, retarders, and viscosity-modifying 

admixtures on both fresh and hardened properties. To 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 of one-part AAS. The third 

phase examines the use of chemical retarders to improve workability and extend slump life without 

compromising strength. Finally, the fourth phase explores the role of viscosity-modifying 

admixtures (VMAs) in stabilizing the mix and enhancing flowability and setting behavior. By 

systematically studying these variables, this research advances understanding of one-part AAS and 

highlights pathways to improve its fresh properties. The outcomes are expected to support broader 

adoption of sustainable binders in construction and contribute to Canadaôs net-zero emission goals. 
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Chapter 1: Introduction 

1.1. General background   

Cement production contributes about 8% of total carbon emissions [1ï3] and consumes about 40% 

of global energy [4]. Hence, several researchers focused on finding an environmentally friendly 

alternative to cement (e.g. sulphate-aluminate cement [5], high-calcium fly ashïPortland cement 

[6], and lime calcined clay cement [7]). Alkali Activated Materials (AAMs) are promising 

alternatives [8,9] as they are prepared by activating industrial by-products (i.e. precursor) using 

high-alkaline activators [10ï14]. Solid precursors for alkali activation are typically amorphous 

aluminosilicate materials such as ground-granulated blast-furnace slag (GGBFS) [15ï17], 

metakaolin [18,19], silica fume, rice husk ash [20ï22], and fly ash (FA) [23ï26]. Alkali activators 

include compounds with hydroxide (i.e. KOH and NaOH) and silicate components (i.e. K2SIO3 

and Na2SiO3) [27]. Studies have employed various activators such as sodium hydroxide (NaOH) 

[28], sodium silicate (Na2SiO3) [29ï31], sodium carbonate (Na2CO3) [32ï34], sodium aluminate 

(NaAlO2), sodium sulfate (Na2SO4), and potassium hydroxide (KOH) to raise the pH of mixtures 

or agricultural waste materials such as rice straw ash [35] and rice husk ash [36]. This increase in 

pH facilitates the inclusion of alkali cations, thereby accelerating the dissolution of precursors and 

enhancing the alkali activation process [23]. 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 formation [37].  

AAMs can be categorized as "two-part" or "one-part" based on the nature of the activator. In two-

part AAMs, a high alkalinity liquidïbased activator is used to activate the precursor, while powder 

activator is used in one-part AAMs [38ï40]. The easier and safer handling of powder activators 

promoted one-part AAMs usage in various construction applications than two-part AAMs [41ï

44]. However, the rapid slump-loss of AAMs (either two-part or one-part) is a major acceptance 

barrier in the construction sector [45]. Additionally, drying shrinkage is a significant concern, 

particularly for alkali-activated slag-based materials [46]. Many studies reported rapid setting time 

and loss of workability of AAMs, especially for AAS systems activated by silicate [47ï49]. This 

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

of primary C-(A)-S-H gel, developing the microstructure [50,51]. In addition, high heat is liberated 
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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, this perspective needs expansion. 

Bickley et al. introduced the concept of End Result Specifications (ERS), emphasizing the 

importance of evaluating concrete's in-situ performance through testing [52]. 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 overlooked. To ensure a comprehensive evaluation of 

performance and widen the use of one-part AAS on site, it is crucial to prioritize in-situ testing of 

rheology and fresh 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 essential too in RMC production. 

1.2. problem statement 

Most of the studies in the literature focused on utilizing various types and dosages of admixtures, 

particularly superplasticizers, to retard the hydration reaction and consequently extend the slump 

life, especially for two-part AAMs [45,53ï56]. However, the stability and solubility of admixtures 

in such a highly alkaline environment [57], along with their adsorption on precursor grains, 

resulted in poor performance [58,59]. Hence, other studies investigated the impact of varying 

admixtures' addition time on AAMs' fresh properties [59,60]. It was reported that the delayed 

addition of polycarboxylate ether (PCE) to AAMs reduced the static yield stress, leading to better 

flowability [59]. Another approach focused on studying the effect of extending the mixing time on 

two-part AAS properties [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 tackled.  Therefore, investigating the effect of prolonging mixing time on one-

part AAS will increase its potential for RMC applications. RMC mixtures are usually exposed to 

long continuous mixing during delivery [62,63]. The maximum allowed mixing time is 90 minutes 

for RMC according to the ASTM C94 "Standard Specification for Ready-Mixed Concrete" [48]. 

Hence, to design an AAS system activated by meta-silicate to produce high-strength material, it is 
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essential to understand the significance of extending mixing time and changing the ingredients' 

adding sequence.  

On the other hand, research on incorporating retarders into one-part AAS systems remains limited. 

Most studies have focused on extending the setting times of one-part AAMs by incorporating 

various materials such as metakaolin, bentonite, natural pozzolan, red mud, and other mineral 

additives. These materials reduce high-calcium precursors by partially or fully replacing slag with 

low-calcium alternatives [64]. Another approach involves using inhibitors of calcium carbonate 

precipitation, such as anti-scaling 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, in one-part AAS systems. Additionally, identifying 

the most effective factors that significantly influence the rheological properties of AAS is crucial.  

Finally, the interaction between OPC and viscosity-modifying admixtures (VMAs) is well 

understood [66ï68], but the behavior of VMAs in AAS 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 mixtures have not been investigated. This gap highlights the need to 

examine the influence of the VMA addition method ( adding the VMA separately (undissolved in 

water) and dissolving the VMA in water before incorporation). Additionally, assessing the timings 

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

addition (25 minutes after dry mixing)).  

1.3. Research objectives 

 Numerous tonnes of blast-furnace slag, a by-product of raw iron manufacturing, and various other 

industrial by-products are annually generated, creating a significant environmental challenge if left 

to be landfilled. Hence, utilizing these industrial by-products 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% decrease in energy demand compared to OPC concrete [69]. 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. However, challenges in applying AAS concrete 
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have been identified, such as poor workability, rapid slump loss, and short setting time. These 

challenges present difficulties in 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 more versatile 

and widely adopted alternative to ready-mix OPC concrete. Accordingly, the objectives of this 

study and the scope of work are as follows : 

1- Clarifying the effect of changing the sequence of ingredient addition in AAS paste (slag, water, 

and meta-silicate activator) on initiating the reaction for synthesizing AAS paste. This is a 

preliminary step to confirm the suitability of the sequence of the main 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 meta-silicate. This is the first step in gaining a preliminary 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 significance of each parameter. 

3- Evaluating the efficiency of various retarders (typesðdosages) in enhancing AAS paste's 

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

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

various methods, either pre-dissolved in water or added separately. 

Additionally, the experimental plan for four phases designed to achieve the main research 

objectives is outlined in Fig. 1.1, and the detailed framework of the thesis is depicted in Fig. 1.2.  
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Fig. 1.1: Experimental work program phases. 
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Fig. 1.2: Framework of the thesis. 
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1.4. Thesis Structure 

This thesis is structured to provide a comprehensive investigation of the proposed techniques 

influencing the flowability of one-part AAS. It includes a series of experimental studies to evaluate 

the fresh, rheological, and hardened properties of one-part 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 

concerning producing two-part and one-part 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 the challenges 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 

meta-silicate activator) on initiating the reaction for synthesizing AAS paste. This investigation 

serves as a preliminary step to validate the appropriateness of the sequence used 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 the determined 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 assist in-situ engineers and RMC 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 the Pearson correlation coefficient was calculated to 

illustrate the correlation matrix. 

Chapter 5 investigates the effect of various retarders, including borax, calcium carbonate, maleic 

acid, and nano-ZnO, on delaying the reaction of one-part sodium silicate-activated slag. The study 

explores key factors such as the water-to-solid ratio (w/s), activator dosage, and retarder dosage. 
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The Taguchi method is employed for single and multi-optimization to determine the optimal 

proportions based on specific criteria, minimize the number of required mixtures, 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 the rheological properties of one-part AAS 

systems. Additionally, it provides a comparative LCA study, offering valuable insights into the 

environmental impact of these optimized mixtures.  

Chapter 6 investigates 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 to provide valuable insights 

into how VMA addition can optimize the mineral hydration process in one-part AAS systems, 

addressing critical workability challenges and advancing the understanding of their rheological 

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 foundation for further 

advancements in the field.  
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Chapter 2: Literature review 

2.1. Introduction 

The extreme emissions of greenhouse gases (i.e.CO2) lead 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 production [1ï3]. Worldwide cement 

production produced CO2 emissions of 981 kg CO2 eq per 1 kg of cement in 2018 [70]. 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 attributes [8,9]. Moreover, their promoting 

characteristics such as high strength, high chemical resistance, and temperature resistance 

compared to OPC [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 (two-part AAMs by using solution activator) 

[23]. To tackle these challenges, starting in 2004 a new production method known as one-part 

AAMs was developed by the "just add water" approach [72]. The production process of one-part 

AAMs is simpler due to using a powder activator and adding water on-site, such as the OPC 

preparation process [57]. Hence, this method enhances commercial value and feasibility for 

construction applications such as self-sensing materials, which enable the rapid identification of 

damage and corrosion in situ [73,74]. Despite the advantages of one-part AAMs, technical 

challenges exist, including rapid setting time, poor workability, and rapid slump loss, especially 

for slag-based one-part AAMs activated by meta-silicate. While recent studies emphasize the 

positive aspects of one-part AAMs and address the workability of binary (fly ash/slag) one-part 

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 chemical-based 

activators, such as sodium hydroxide and sodium silicate [76ï79]. However, there is a lack of 

scientometric analysis and performance evaluation, particularly regarding the mixing methods 

used in producing one-part AAMs. Additionally, inconsistencies in conclusions across different 

studies hinder the widespread promotion and application of one-part AAMs. 

This chapter presents a scientometric analysis of AAMs, focusing on one-part and two-part AAMs, 

with particular emphasis on the rheological behavior of one-part AAMs, as this is the central focus 
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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 one-part 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 one-part AAMs. Notably, existing studies vary significantly in 

their approaches, employing different mixing 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 into AAS systems activated by meta-silicate. This 

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

performance of one-part AAS. 

2.2. Background 

The production of traditional AAMs (inorganic polymeric materials) commenced in 1940 [64]. 

However, the practical development and advancement of AAMs were pioneered by Joseph 

Davidovits in the 1970s. Davidovits proposed that alkaline activating solutions could react with 

silicon (Si) and aluminum (Al) in aluminosilicate-rich materials (precursor) of natural origin such 

as metakaolin [80] and mineral wools [81], or industrial by-products, such as fly ash and calcium 

silicate slag, to produce AAMs [82], or solid waste such as red mud [83] and waste glass [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, three-dimensional polymeric structures comprising Si-O-Al-O bonds as shown in Fig. 

2.1 [86].  
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Fig. 2.1: Geopolymerization process [86]. 

The polymerization mechanism enables the utilization of a wide range of aluminosilicate materials, 

making it possible to produce AAMs from various sources that contain Si and Al. This versatility 

is further demonstrated by the schematic reaction pathways depicted in Eqs. 2.1 and 2.2 [82], 

highlighting the transformative potential of these materials in sustainable construction practices. 

 

Eq. 2.1 

 

Eq. 2.2 

 

 

Recent research indicates that AAMs are frequently confused with geopolymers. However, as 

illustrated in Fig. 2.2, geopolymers can be considered a subset of AAMs [87], 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 AAM [88]. The hydration process of both two-part and one-part geopolymers 

is presented in Fig. 2.3. 
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Fig. 2.2: Classification of binders by calcium and aluminum contents [88].  

 

Fig. 2.3: Hydration process of the two-part and one-part geopolymer [89]. 

AAMs can be classified based on the state of the activator used: one-part AAMs (also known as 

"just add water" AAMs), which are produced using a solid powder activator, and two-part AAMs, 

which are produced using an alkaline solution (Fig. 2.4). The adoption of one-part AAMs 
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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 two-part AAMs. The production process of one-part AAMs 

is simpler compared to two-part AAMs. In two-part AAMs, 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, and in-situ casting more 

challenging and pose safety risks [91]. In contrast, one-part AAMs eliminate these issues by using 

solid activators, making them more practical for large-scale applications. 

 

Fig. 2.4: Types of AAMs. 

The framework of this chapter consists of 2 stages:  

(1) Collect data by using a Scopus database of four keywords: AAMs, two-part AAMs, one-part 

AAMs, and the workability of one-part AAMs as shown in Fig. 2.5. Data were utilized to 

determine the number of publications associated with each keyword and to generate clusters for 

each term. The analysis was conducted in January 2025, with a detailed scientometric evaluation 

performed to assess the volume of documents and research trends related to each keyword. 
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Fig. 2.5: Flowchart of the steps for conducting a scientometric analysis. 

(2) Systematic review by analyzing data content and specifying research focus, gaps, trends, and 

future research directions related to one-part AAMs' rheology, fresh and hardened properties. 

2.3. Scientometric review keyword co-occurrence network 

Authorsô keywords reflect the primary focus of the published studies and illustrate the scope of 

research within a specific domain [92]. A keyword co-occurrence network is a distance-based map 

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

The distance is determined by calculating a strength link value, which represents the number of 

publications in which two keywords appear together. A larger distance between keywords signifies 

a weaker relationship, while the size of each circle corresponds to the frequency of the keywordôs 

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 using the Lin Log/modularity 

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

2.3.1. Keyword AAMs 

The inquiry 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 trials. 

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

were selected for the analysis. The keyword co-occurrence 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, 

along with 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 products using tests such as XRD, TGA, 

SEM, and FTIR, with large circles reflecting a high volume of publications. Cluster 3 (Blue), with 

265 keywords, focuses 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 research. Finally, Cluster 5 

(Purple), with 122 keywords, represents emerging areas such as machine learning models, 

rheology, forecasting, and 3D printing of AAMs, with tiny circles highlighting limited studies and 

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

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

to AAMs over time, as shown in Fig. 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 

slag-based AAMs activated by sodium hydroxide. More recently, the emphasis has shifted toward 

producing high-performance alkali-activated concrete, special types of concrete such as self-

consolidated concrete, and studying the durability and LCA of alkali-activated concrete. 
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Fig. 2.7: Time zone map of the keywords. 

2.3.2. Keyword two-part AAMs 

The inquiry demonstrated that 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 on searching by the 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 presented in Fig. 2.8. A total of 77 

keywords were selected for the analysis, divided into 7 clusters, each represented by a distinct 

color and focusing on a specific research focus. Cluster 1 (Red), with 16 keywords, highlights a 

large volume of research on 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 one-part AAMs, middle circle sizes reflecting a limited number 

of publications. Cluster 3 (Blue), with 12 keywords, highlights no-cement two-part AAMs using 
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slag and fly ash. Cluster 4 (Yellow), with 10 keywords, explores thermal conductivity and chloride 

diffusion in slag-based AAMs. Cluster 5 (Purple), with 10 keywords, addresses drying shrinkage 

and strength of slag alkali-activated concrete. Cluster 6 (Baby Blue), 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 treatment for producing activators and precursors, with tiny circles highlighting 

significant research gaps. 

 

Fig. 2.8: Visualization of the two-part AAMs 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 in Fig. 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 of two-part AAMs. More recently, the 

emphasis has shifted toward producing one-part AAMs, understanding the hydration process, and 

exploring the use of different aluminum precursors and activators. This shift reflects the growing 

interest in simplifying AAM production by dry mixing and enhancing material performance. 
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Fig. 2.9: Time zone map of the two-part AAMs keyword. 

2.3.3. Keyword one-part AAMs 

The inquiry emphasized that 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 clarity of clustering, 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 on a specific research focus. 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 properties of one-part AAMs, particularly the use of different superplasticizers and 

rheology. Cluster 2 (Green), with 26 keywords, focuses on inorganic polymers, various precursors, 

and no-cement one-part AAMs. Cluster 3 (Blue), with 25 keywords, explores different activators 

and repair materials. Cluster 4 (Yellow), with 24 keywords, is dedicated to fluidity and setting 

time, particularly with the incorporation of admixtures such as retarders. 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 shrinkage of alkali-activated concrete. Cluster 7 

(Orange), with 14 keywords, highlights special types of alkali-activated concrete, such as 3D 

printing. Cluster 8 (Brown), with 14 keywords, examines recycled waste, hydration, and the global 

warming potential of one-part AAMs. Finally, Cluster 9 (Pink), with 7 keywords, focuses on 

hydration analysis tests of one-part AAMs, including FTIR, XRD, SEM-EDS, and isothermal 

calorimetry. 

 

Fig. 2.10: Visualization of the one-part AAMs network map. 

Furthermore, a time zone map was created to track the evolution of research trends in one-part 

AAMs over time, as depicted in Fig. 2.11. In this map, each node represents the average year in 

which a keyword appeared in published studies. For example, around 2024, research primarily 

focused on workability and drying shrinkage of one-part AAMs. More recently, the focus has 

shifted toward rheology, circular economy, LCA, and the incorporation of borax and nano-silica in 

one-part AAMs. This shift highlights the growing interest in enhancing the performance of AAMs. 
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Fig. 2.11: Time zone map of the one-part AAMs keyword. 

2.3.4. Keyword workability of one-part AAMs 

The inquiry depicted that research on the workability issue of one-part 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 occurrences) was established after several trials, resulting 

in 30 keywords. The resulting keyword network map, which visualizes relationships and trends, is 

presented in Fig. 2.12.  

The analysis of the keywords provides an overview of the research focus on addressing the 

workability of one-part AAMs, while also highlighting several research limitations: Workability 

Studies: Most research has focused on improving workability by applying different admixtures 

and measuring initial workability. However, the small size of the flowability node indicates a 

limited number of studies on slump retention, and there is no mention of the effect of mixing 

procedures on workability. Rheology and Retarders: 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 one-part 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 one-part AAMs. 

 

Fig. 2.12: Visualization of the workability of one-part AAMs network map. 

A time zone map was generated to track the evolution of research trends in the workability of one-

part AAMs over time, as illustrated in Fig. 2.13. The map confirms the growing need for research 

on the microstructure and rheology of one-part AAMs, as the most recent publications have 

predominantly focused on these topics. This trend highlights the importance of advancing 

understanding in these areas to address current gaps and improve material performance. 



23 

 

Fig. 2.13: Time zone map of the workability of one-part AAMs keyword. 

2.4. Systematic review 

The chemical composition of both the precursor and the alkali activator plays a crucial role in 

determining the material properties of AAMs [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 behavior of AAM s, including the type and 

dosage of activators, mixing water temperature, added admixtures, and mixing procedures, will be 

thoroughly discussed in the following sections. 

2.4.1. Effects of activator types and dosages on one-part AAMs performance 

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 al. [96] reported a 68% decrease in AAS paste slump life when increasing the 

Na2SiO3 activator dosage from 6% to 10% of the 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 0 °C water temperature, respectively. This could be attributed to the high alkalinity 

of Na2SiO3 (pH=13.4 at saturation), which resulted in the rapid dissolution of the precursor and 

fast setting [97].  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 C-S-H gel due to the presence of [SiO4]4- ions in the solution [98]. 

Cong Ma et al. [99] found that the replacement of Na2SiO3 by Na2CO3 slightly affected the fluidity 

of all mixtures but extended the FT. This was attributed to the low amounts of Ca+ and SiO4 4- 

leading to a lower pH solution and consequently delaying the geopolymerization process. Hence, 

the early strength of one-part AAMs mixtures will decrease, and the late strength will not change. 

On the other hand, one-part AAMs activated by Na2SiO3-anhydrous and Na2CO3 showed low 

potential environmental impact while maintaining the performance.  

In another study held by Luukkonen et al. [91], one-part blast furnace slag mortars activated by 

three different solid silica and alkali sources: anhydrous sodium meta-silicate, 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 compressive strength of Na2SiO3-activated mortar was high 

(around 98 MPa) compared to MS or RHA with NaOH, resulting in significantly lower 

compressive strength regardless of the mixture composition. 

Several studies have identified limitations associated with AAMs, which include the following: 

1- Instability in the supply of raw materials, such as industrial byproducts and calcined clay, 2- 

Co2 emissions generated during the production of alkaline activators, 3- Challenges in handling 

due to the corrosive and hazardous nature of alkali activators, 4- Issues related to the 

standardization and large-scale industrialization of the material, and 5- Negative user acceptance 

of AAMs  [100]. Hence, many studies have focused on developing alternative activators derived 

from waste materials to address these limitations. For instance, Beomjoo et al. investigated the use 

of calcined oyster shells (i.e. waste product from the fisheries industry composed of over 90% 

calcium carbonate) as an activator for AAS paste [101]. The activator was used at percentages of 

5%, 10%, 15%, and 20% of the slag weight. Results revealed that at 3 days, specimens containing 

5%, 10%, 15%, and 20% calcined oyster shell powder exhibited similar compressive strengths 

(12.9ï13.9 MPa). By 28 days, the mix with 5% calcined oyster shell powder achieved the highest 

compressive strength (35 MPa), while higher 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, respectively. These results 

indicate that increasing the calcined oyster shell content beyond 5% leads to a decline in 

compressive strength. This reduction is attributed to unreacted calcined oyster shell powder and 

excess CaO, which hinder portlandite consumption and limit C-S-H formation, essential for later-

age strength. Additionally, a high concentration of hydroxide ions can induce gel precipitation, 

hindering alkali activation and further reducing strength [102]. 

During hydration, the dissolution of CaO 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 pore-size refinement, leading to improved compressive strength. These 

findings highlight the potential of using calcined oyster shell powder as an activator for AAS, 

particularly at low dosages (5%). 

In another study, Adriano et al. [103] investigated the effect of calcined materials, specifically 

ceramic waste and commercial kaolin, on fly ash-based AAMs paste activated with a combination 

of NaOH and Na2SiO3. The paste produced using a mixture of fly ash and calcined ceramic residue 

(FACCW) had a w/s ratio of 0.6, while the paste made with fly ash and calcined commercial kaolin 

(FACCK) had a higher w/s ratio of 0.9. Results revealed that the compressive strength of AAMs 

increased with the addition of calcined ceramic waste. Early strength development was also 

notable, with 20 wt% CCW yielding 15.3 MPa at 7 daysð54% 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 CCK-based samples. The superior performance of CCW 

was attributed to its contribution of Na2O and SiO2, which enhanced N-A-S-H gel formation and 

densified the microstructure. In contrast, CCK required more water, 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 structures. Overall, 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 one-part Na2CO3-activated slag pastes modified 

with Ca(OH)2 and Mg(OH)2 as co-activators. The Na2CO3 dosage was set at 10% of the slag 

weight, while Ca(OH)2 and Mg(OH)  were added at a combined dosage of 5%, with varying mass 

ratios (1:4, 2:3, 3:2, and 4:1) of slag. Results showed that both the IT and FT shortened linearly as 
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the Ca(OH)2/Mg(OH)2 ratio increased, indicating that Ca(OH)2 was more effective in accelerating 

reaction kinetics than Mg(OH) . This was attributed to the higher solubility of Ca(OH)2, which 

released more OH  ions, thereby enhancing slag dissolution [105]. Specifically, as the Ca(OH)2 

content increased from a ratio of 1 to 4, the IT was shortened from 70 to 45 minutes, while the FT 

was shortened from 125 to 75 minutes. The pastes hardened within two hours, highlighting the 

role of Ca-rich activators in promoting the formation of C-A-S-H. In contrast, the Na2CO3-only 

activated binder (C0) exhibited the setting after more than 24 hours and delayed strength 

development, with negligible compressive strength at 1 day and only 4.5 MPa at 3 days. However, 

binders modified with Ca(OH)2/Mg(OH)2 activators achieved 1-day 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, approaching the 28-day 

strengths of 39.5 MPa to 45.5 MPa. This rapid early-age strength gain confirmed the effectiveness 

of Ca(OH)2 in enhancing mechanical performance. Hence, increasing the Ca(OH)2 content 

improved compressive strength but significantly reduced setting time, making it a more effective 

accelerator than Mg(OH)2 in Na2CO3-activated slag. 

Chen et al. [106], investigated the 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 SR: slag initially set at 30:70, then SR was progressively replaced by 

5ï30% CSS. The w/b ratio was 0.5. Results revealed that the optimal mix ratio (CSS: SR: slag = 

15:15:70) resulted in an IT of 3.0 hours and FT of 7.75 hours. Mortar fluidity was 141 mm with 

manufactured sand and 158 mm with river sand. Compressive strength initially increased 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. SR-only activation (S0R30) had the lowest strength 

(1.3/2.6/7.5/16.8 MPa), confirming its weak activation effect. The strongest activation was at CSS: 

SR=1, achieving 11.0/12.8/7.2/3.5 times higher strengths than SR-only activation and 

1.7/2.5/2.6/2.5 times higher than CSS-only 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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2.4.2. Effects of mixing water temperature on one-part AAMs performance 

The effect of mixing water temperature on the behavior of AAS has been explored in only one 

prior study, as no research has yet addressed the influence of various ingredient temperatures on 

the properties and performance of AAMs. Almakhadmeh et al. [96] reported that the higher the 

mixing water temperature, the faster the slump loss rate of AAS paste mixtures such as traditional 

concrete [107].  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. This finding indicates 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 reflected in the activation energy obtained [108]. 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 indicates cold water's retarder effect. The mixing water 

temperature had a higher effect on early-age strength as the increase in 1-day strength for mixtures 

prepared by 0 °C water was higher than that prepared by 30 °C water at activator 10%. Similar 

results were observed 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, mixtures prepared 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 early compressive strength, and reducing the 

shrinkage of AAS paste while maintaining almost the same late-age compressive 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 electric repulsion 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 one-part AAMs. 
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2.4.3. Effects of chemical admixtures on one-part AAMs performance  

Different types and dosages of SPs and retarder admixtures were used to enhance the workability 

of AAMs based on precursor and activator types, as shown in Table 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/slag-based pastes 

activated by Ca(OH)2 and Na2SO4 [75]. This can be attributed to the long lateral chain of PC 

causing steric repulsion [109ï111].  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 high-alkaline environments causes a delay in the alkali activation of the 

precursor materials [112].  In a different study by Alrefaei et al. [39], It was observed that adding 

all SPs improved the relative slump of one-part 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' effects on the relative slump could be attributed to the 

different stability behaviors of various SPs in the high alkali media [113].  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 4.5% for w/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 N-based SPs are more effective than 

polycarboxylate SPs for AAS mortar. However, the LS-based 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 flowability and 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 decreased the compressive strength of the alkali-activated 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. This agrees 
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with Oderji et al. [38], who reported that borax superplasticizer is the most effective 

superplasticizer for fly ash/slag alkali-activated pastes due to its retarder effect compared to 

Sodium Triphosphate, Polycarboxylate, Sodium Gluconate, Sodium Lignosulphonate, and 

Calcium Lignosulphonate.  

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 the one-part AAMs. This agreed with 

several previous studies [59,114]. 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 viscosity). The static 

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. There is no best performance and optimum admixture 

dosage for all activators and precursors [111,115]. Moreover, most studies avoid using slag-based 

AAMs activated by meta-silicate despite superior properties due to the rapid workability loss 

challenge. 

2.4.4. Effects of mixing procedure on one-part AAMs performance  

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 behavior of one-part AAMs, as will be 

discussed in Table 2.1. To the best of the authors' knowledge, no study has investigated the effect 

of varying mixing times on the properties and performance of one-part AAMs, 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: One-part AAMs studies in the literature that used various chemical admixtures. 

Ref. precursor Alkaline activator 

(binder wt%)  

Mixing method w/b Admixtures Effect of admixtures on the 

properties of AAMs 

Best 

Admixture  

Type Dosage 

(%) 

Type Dosages 

(binder wt%)  

Flow diameter 

(mm) 

Compressive 

strength 

[116] GGBFS NaOH 10% Each TCT-P was mixed with water 

and admixture. 

0.31 

0.34 

0.35 

 (Nb-SP)  

(PFS-SP) 

(PFS-SP) 

0.75% 

0.25% 

-Increased 

-Increased  

-Increased 

-Decreased 

-Decreased 

-Slight 

decreased 

PFS-SP 

[71] 0.85 :0.7 

FA / 

0.15:0.3 

GGBS 

Na2SiO3 5% : 

11% 

Dry mixing for all solids. Then, 

water was added, and the mixing 

continued for 3 minutes. 

0.3 

0.45 

borax 3%: 9% -Increased -Increased 7% borax 

[56] 

 

GGBFS Microsilica 

+ NaOH 

2.0% 

2.4% 

Mortar was prepared by mixing 

dry solids for 3 minutes; tap water 

was added, and mixing was 

continued for 3 minutes. 

0.35 

0.3 

PC 

M 

PNS 

LS 

0.5% -Increased 

-Increased  

-Increased 

-Increased 

-Increased 

-Increased  

-Increased 

-Increased 

LS 

[39] 0.5 FA/0.5 

GGBS 

Na2SiO3 12% Dry mixed for 2 min on slow 

speed. Then, 60ï80% of water was 

added to the mix. The SP was 

diluted in the remaining water and 

then added to the mix. The mixing 

required 5ï6 min. 

0.4 

0.38 

0.36 

0.34 

PC 

N 

M 

1% -Increased 

-Increased  

-Increased 

 

-Slight 

decreased 

-Decreased 

-Slight 

decreased 

PC 

[75] 

 

0.5 FA/0.5 

GGBS 

Ca(OH)2 

/Na2SO4 

12% Dry mixed for 2 min on slow 

speed. 60ï80% of the water was 

added while the remaining water 

diluted the SP. The whole mixing 

procedure required 5ï6 min 

0.4 

0.27 

PC 

N 

M 

1% -Increased 

-Increased  

-Increased 

 

-Increased 

-Increased  

-Increased 

 

PC 
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[38] 

 

0.85 

FA/0.15 

GGBS 

Na2SiO3 8% Dry mixed for 2 min. Then, water 

was added to the mixture, and 

mixing was continued for 3 more 

minutes. 

0.28 

0.3 

0.32 

SG 

SL 

CL  

SPT 

PC 

Borax 

2% 

 

 

 

 

2%,4%,6%,8% 

-Increase 

-Increase 

-Decrease 

-Increase 

-Increase 

-Decrease 

 

-Decreased 

-Decreased 

-Decreased 

-Increase 

-Increase 

Borax 

[117] 0.5 :0.7 FA 

/ 0.3:0.5 

GGBS 

Na2SiO3 8%  

9%  

10% 

All solid constituents (fly ash, 

slag, sodium meta-silicate, borax, 

and sand) were mixed for 2 

minutes. Water was then gradually 

added while continuously mixing 

for an additional 3 minutes. 

0.3 Borax 3, 4 and 5%  -Decreased -Decreased 4% borax 

[118] Waste red 

brick 

powder 

0.55:0.70/ 

silica fume 

0.15:0.236/  

calcium 

carbide 

residue 

0.15:0.20 

calcium 

carbide 

residue 

 First, the superplasticizer was 

completely dissolved in tap water. 

Next, the three precursor materials 

were thoroughly mixed. Finally, 

the liquid component was 

gradually added to the powder 

mixture and stirred until fully 

blended. 

0.26 

0.35 

0.44 

PC 

M 

N 

1, 1.5 and 2% 

2, 2.5 and 3% 

 

2, 2.5 and 3% 

-Increase 

-Increase 

-Decrease 

 

-Decreased 

-Decreased 

-Increased 

1.5% PC 

[59] 0. 5 FA/0. 

5 GGBS 

Na2SiO3 8% Dry mixed. Two mixing methods 

were used (overall mixing time 30 

min). The early PCE addition 

samples were prepared following 

method 1: the total amount of 

water was added at the beginning 

of the mixing procedure, and 90% 

of the mixing water was added to 

the dry ingredients, followed by 

the remaining 10% of the water 

used to dilute the PCE, then mixed 

0.42 PCE 

Delay 

addition  

Early 

add 

0.25% 0.5%  

1% 2% 3% 4% 

 

-Increase 

 

-Slight increase 

 

-Slight 

decrease 

-Decrease 

Delay 

addition of 

PCE (1%) 
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at a 720 rpm speed for 1 minute. 

After 19 minutes of resting, the 

slurry was remixed at high speed 

for another 3 minutes, rest for six 

minutes, and mixed for one 

minute. Method 2 was achieved by 

delaying adding PCE and the 

remaining 10 % water till the end 

of the 19-minute resting period, 

and the remaining method 2 was 

similar to method 1.  
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In conclusion, most existing 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 sodium meta-silicate, and only a 

few studies have investigated slag activated by NaOH or a combination of NaOH and sodium 

meta-silicate. The effectiveness of admixtures in AAMs is highly dependent on the reactivity and 

chemical nature of the precursor and activator, as the polymerization process in AAMs 

fundamentally differs from the hydration reaction in OPC. 

To address these gaps, this study focuses on a constant precursor (slag) and activator (sodium 

meta-silicate) system, employing various techniques to evaluate the behavior of slag-based AAMs 

activated by sodium meta-silicate in the presence of various retarders and viscosity-modifying 

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 provide deeper insights into optimizing the performance of slag-based 

AAMs for practical applications. 
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Chapter 3: Effect of ingredients adding 

sequences on rheological properties of alkali-

activated slag paste 

3.1. Introduction 

 The world approach is to decrease the dependence on OPC which is considered harmful to the 

environment with other sustainable green binders that have a less harmful impact on the 

environment [1,119ï121]. Hence, AAMs are considered a sustainable alternative to OPC due to 

their low energy consumption and low greenhouse emissions [3,122ï124]. Moreover, the 

promoting characteristics of AAMs such as high strength, high chemical resistance, and 

temperature resistance [8]. AAMs can be classified based on the activator state (powder or 

solution): one-part AAMs or ñjust add waterò AAMs that are produced by powder activator and 

two-part AAMs that are produced by solution [125]. The production process of one-part AAMs is 

simpler compared to two-part AAMs because two-part AAMs are activated by prepared 

concentrated aqueous alkali solutions [126]. These solutions are viscous and corrosive due to high 

alkalinity resulting in difficulty in handling and casting in-situ applications [91]. 

The key barrier preventing AAMs' wider utilization is the gap in knowledge regarding their 

interaction behavior [65,127,128]. Moreover, problems of flowability affect the placing of 

concrete [129,130]. The main cause of rapid setting is the high hydration heat produced from the 

interaction of ingredients that accelerates the formation of hydration products [131]. So, many 

studies were conducted to investigate the rheological behavior of AAMs and demonstrate 

addressing ways of the poor workability of AAMs [124,132].  

Other studies focused on the preprocessing (pretreatment) of precursors or activators to make them 

ready to react and improve polymer reaction efficiency [57,133ï138]. 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 strength and other mechanical properties. Hence, This study aims 

to change the adding sequence of the main ingredients (precursor, activator, and water) on 

flowability, setting time, heat of hydration, and compressive strength. The sequences evaluated 

include: (1) mixing slag and meta-silicate, followed by adding water; (2) mixing slag, followed by 



35 

adding meta-silicate dissolved in water; and (3) mixing slag and water, followed by adding meta-

silicate. 

3.2. Experimental work 

3.2.1. Materials 

For all mixtures, granulated blast furnace slag (GGBS) with a specific gravity of 2920 kg/m3, 

Blaine fineness of 515 m2/kg, and an average diameter of around 14.5 µm was used as the 

precursor. GGBS is one of the commonly used precursors due to its high reactivity, ambient curing, 

and rapid strength development  [13,14]. Anhydrous sodium meta-silicate (Na2SiO3) was used as 

a powder activator [139ï141]. A constant activator dosage of 6% by weight of slag and a fixed 

water-to-solid ratio (w/s) of 0.40 were used for all mixtures [96]. Three mixtures with different 

sequences of adding mixing ingredients, namely M1 (mixing slag, meta-silicate then add water), 

M2 (mixing slag then add meta-silicate dissolved in water), and M3 ( mixing slag, water then add 

meta-silicate) were mixed, placed, and tested. Most studies used the dry mixing of precursors and 

activators before adding water for one-part AAMs [59,96,142]. 

3.2.2. Mixtures preparation and testing procedures 

All mixtures were prepared, cured, and tested under the laboratory ambient condition (i.e. 

temperature (T) = 23 ± 2 °C and relative humidity (RH) = 45 ± 5%). All mixtures' ingredient-

adding sequences are illustrated in Fig. 3.1. The total mixing time was 4 min for all mixtures. For 

M1, initially, slag and powder anhydrous sodium meta-silicate activator were dry mixed for 1 min 

then gradually added water while mixing continued for about 3 min [96]. This sequence of dry 

mixing for approximately 5 minutes is the most commonly used method in the majority of studies 

of one-part 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 for 1 min then added meta-silicate while mixing continued for about 3 min. 
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Fig. 3.1: Mixing adding sequences. 

Flowability was evaluated using the mini-slump cone test. After removing the filled mini-cone, 

the final spread diameter (Df) of the sample was an average of two measurements in perpendicular 

directions as shown in Fig. 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 

C191-99 óóStandard test method for time of setting of hydraulic cement by Vicat needleò. The test 

setup is shown in Fig. 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 setup [96]. The sample preparation and isolation process, before connecting 

with the thermocouple for temperature measurement, is illustrated in Fig. 3.4. Moreover, the 

isothermal calorimetry test was conducted on specimens during the first 65 hrs. of hydration to 

obtain the heat profile. The calorimeter chamber used for testing is depicted in Fig. 3.5. 

 

Fig. 3.4: Isolation of sample for wetting point test. 
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Fig. 3.5: Isothermal calorimetry test setup. 

According to hardened properties, Cubic specimens 50 mm were used to measure the compressive 

strengths at ages 1, 3, and 7 days according to the ASTM C 109ï20 óóStandard Test Method for 

Compressive Strength of Hydraulic Cement Mortarsò [144]. After 24 hours, the specimens were 

de-molded and 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 into water [64].  The 

test setup is shown in Fig. 3.6. 

 

 

Fig. 3.6: Compressive strength test 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 Concrete) [145]. The test setup used was 

as shown in Fig. 3.7.  

 

 

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 after 1 day 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.  

3.3. Results and discussions 

3.3.1. Effect of ingredient adding sequence on fresh properties 

3.3.1.1. Mini-slump  

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 a gradual increase in pH when adding water to slag and meta-silicate causes almost 

the same dissolution rate of slag under the effect of OH- and the hydrolysis of silicate anions when 

adding meta-silicate to water [146]. This may be attributed to the release of hydroxide (OHī) after 
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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 water [147]. 

3.3.1.2. Setting time 

 Fig. 3.8 illustrates the initial and final setting time for three mixtures 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, when adding a dissolved activator for the M2 the 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 precursor as the activator dissolved in water and 

silicate species are ready for reaction [23]. The dissolution of the solid activator and slag are 

exothermic reaction processes [96]. Hence, adding meta-silicate 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 used. Hence, it may 

be more noticeable when using high dosages of activators. 

 

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 powder meta-silicate is mixed with slag (M1), 

the meta-silicate activator requires water to dissolve and create a high pH.  This is in agreement 

with the result reported in the literature, the final setting time for AAS paste activated by 6% of 

Na2SiO3 is around 650 min when adding water to the meta-silicate activator and slag [96].  
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3.3.1.3. Heat flow profile 

3.3.1.3.a) Pre-wetting for solids ingredients and dissolution heat 

 Fig. 3.9 depicts the wetting point at which the reaction was initiated. M2 is the highest mixture 

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 and meta-silicate 

powder, the gradual increase in pH delayed the dissolution rate of slag. Hence, the increase in 

temperature when adding water was lower than M2, indicating a 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 particles [124].  

 

Fig. 3.9: Wetting point for heat generation. 

3.3.1.3.b) Heat liberation under ambient conditions by the isothermal calorimeter 

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 OH- and the hydrolysis of silicate anions [149]. Then, the long-dormant 

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 respectively. The appearance of 

this peak is dependent on the type of precursor used and has been observed specifically when slag 

is utilized as the precursor [150]. 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 65-h early hydration age of ground AAS mixtures. 

3.3.2. Effect of ingredient adding sequence on hardened properties 

3.3.2.1. Compressive strength  

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 shown in Fig. 3.11. This confirms 

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 which indicates the slight effect of adding a sequence of 

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

compressive strength of M2.  

 

Fig. 3.11: Compressive strength results for AAS mixtures. 
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3.3.2.2. Ultra pulse velocity 

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 to M1 and M3, 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. 

 

Fig. 3.12: UPV results for AAS mixtures. 

3.3.2.3. Differential scanning calorimetry 

 Fig. 3.13 illustrates the findings of the DSC test conducted on specimens at age 3 days since 1 

day exhibited low strength, which indicated that the hydration process still occurred, and the 

objective was to measure the early hydration products as much as possible. Near 200 °C, the weight 

loss is due to the dehydration of calcium aluminate silicate hydrated C-(A)-S-H gel [14]. The 

highest peak was obtained at M2, confirming the previously discussed setting time results and heat 

profiles. The second endothermic peak between 300 and 400 °C is because of the decomposition 

of hydrotalcite [14].  

0

500

1000

1500

2000

2500

3000

3500

4000

4500

1D 3D 7D

U
P

V
 (

m
/s

)

Age (Days)

M1

M2

M3



44 

 

Fig. 3.13: DSC results for AAS mixtures. 

3.4. Conclusion 

This study demonstrates that the order of adding water or activator on slag to produce AAS 

mixtures is an important factor that changes various properties at small dosages of activator. These 

conclusions can be extracted from this study: 

¶ The shortest initial setting time was achieved by adding meta-silicate dissolved with water to 

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

¶ The highest elaborated temperature of reaction occurs when adding dissolved meta-silicate 

to slag (M2). 

¶ There is a slight change in flowability and compressive strength when changing the adding 

sequence of water or slag. 

¶ The optimal mixture, M1 (prepared using the dry ingredients mixing), demonstrated an 

acceptable setting time and heat profile. It successfully avoided the short setting time and a 

short dormant period, making it suitable for use in the following chapters. Implementing this 

adding sequence, along with different techniques, influenced its rheological behavior. 
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Chapter 4: Influence of mixing protocols on 

flow retention of one-part alkali activated slag 

systems 
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 reasonable flowability and 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 their impact on the fresh, rheological, and hardened properties of 

AAS, providing a deeper understanding of their behavior. 

4.1. Introduction 

Cement production is responsible for about 8% of the total carbon emissions [1ï3] and consumes 

about 40% of global energy [4]. This motivated researchers to explore more environmentally 

friendly alternatives (such as sulfate-aluminate cement [5], high-calcium fly ashïPortland cement 

[6], and lime-calcined clay cement [7]). Among these alternatives, AAMs are promising 

alternatives [8,9]. AAMs are prepared by activating aluminosilicate precursors (i.e. slag and fly 

ash) using high alkalinity activators [10ï14]. Generally, AAMs can be categorized as "two-part" 

or "one-part" based on the nature of the activator used. A high alkalinity liquid-based activator is 

used to activate the precursor in two-part AAMs, while a powder activator is used in the one-part 

AAMs [23,40].  One-part AAMs offer significant economic advantages over two-part AAMs, 

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. This ease of use lowers 

transportation, storage, and equipment costs, making them more accessible and practical for 

various construction projects [41,42]. Additionally, by mimicking traditional cement handling, 

one-part AAMs promote broader adoption due to using powder activator [40]. These benefits, 

combined with their potential for reduced carbon footprints and enhanced durability, make one-

part AAMs a strong alternative for sustainable construction practices [8]. 

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

short slump-life) in the construction sector [47,48]. This is usually attributed to their fast 
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microstructure development and hydration productsô formation (i.e. Calcium-Alumina-Silica-

Hydrates (C-(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 the slump-life 

[38,53ï55]. However, these admixtures' stability and solubility issues in such a highly alkaline 

environment [28,29] and their adsorption on precursor particles reduced their efficiencies [58,59]. 

Other studies investigated the impact of varying admixtures' addition time on AAMs' fresh 

properties [59,60]. The delayed addition of polycarboxylate ether reduced the static yield stress of 

AAM s, leading to better workability [59]. Another approach focused on studying the effect of 

extending the mixing duration (up to 30 min) on two-part AAS properties [129]. A marginal 

improvement in fresh and hardened properties was reported. However, due to the difference in the 

activator natural between two-part and one-part systems, the applicability of these approaches is 

still questionable. Addressing such a knowledge gap will present a potential for wider acceptance 

of AAS and applications such as RMC, which often experiences long mixing during delivery 

[62,63]. According to the ASTM C94 "Standard Specification for Ready-Mixed Concrete", the 

mixing duration was limited to 90 minutes [129]. 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 powder activator, the microstructure 

development rate from one side, and the effect of breakage induced during remixing. 

4.2. Research Significance 

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 protocol were not investigated 

for one-part 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 ready-mix one-part AAS, assisting ready-mixture concrete 

manufacturers in planning and scheduling delivery to ensure higher productivity with optimum 

performance for cast elements. 
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4.3. Experimental Work 

4.3.1. Materials 

For all mixtures, GGBS with a specific gravity of 2920 kg/m3, Blaine fineness of 515 m2/kg, an 

average diameter of around 14.5 µm, and a basicity coefficient of 1.06 was used as precursor. The 

chemical composition of the GGBS is summarized in Table 4.1. Mixture proportions were based 

on previous studies for one-part AAS: Anhydrous sodium meta-silicate (Na2SiO3) was used as a 

powder activator and added at different dosages of 6%, 8%, and 10% by slag weight [42,151]. For 

all mixtures, a constant w/s = 0.40 was used [133]. 

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

SiO2 Al2O3 CaO FeO3 SO3 Na2O MgO TiO2 MnO Sum 

36.20 10.20 37.10 0.50 2.70 0.30 11.60 0.92 0.25 99.77 

4.3.2.  Mixing techniques 

Initially, GGBS and Na2SiO3 were dry mixed for 1 minute, followed by gradually adding water 

over 1 minute while mixing. Then, mixing continued for different durations according to the 

applied mixing protocols [152]. A trial mixture following the 3-mins mixing time procedure 

suggested by previous studies was initially evaluated [42]. After that, the 10-minute mixing time 

was found to be an optimum duration to achieve the same flowability as the 3 minutes while 

maintaining the flowability life [42]. On the other hand, the maximum allowed mixing time of 90 

minutes was selected as the longest mixing time according to the ASTM C94 recommendation 

[153]. Six mixing protocols were applied: 1) Continuous mixing for 10 mins (C10); 2) Continuous 

mixing for 20 mins (C20); 3) Continuous mixing for 30 mins (C30); 4) Discrete mixing for 30 

mins (10 mins mixing, then 10 mins relaxation time (i.e. resting) and mixing again for 10 mins) 

(D30); 5) Discrete mixing for 60 mins (same mixing sequence for D30, repeated once) (D60); and 

6) Discrete mixing for 90 mins (same mixing sequence for D30, repeated twice) (D90). Different 

mixing protocols are illustrated in  Fig. 4.1. All mixing was conducted at a constant mixing speed 

of 139 rpm [39].  
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Fig. 4.1: Applied mixing protocols. 

4.3.3. Mixtures preparation and testing procedure 

All mixtures were prepared, cured, and tested under the laboratory ambient condition (i.e. T= 23 

± 2 °C and RH = 55 ± 5%). Flowability was evaluated using the mini-slump cone test immediately 

after each mixing protocol [96]. After removing the filled mini cone, the final spread diameter (Df) 

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. The mini-slump was 

repeated every 2.5 mins for the first 10 mins, then at 5-minute intervals until there was no spread 

(i.e. Df = 100 mm), which is considered as the end of flowability life [96].  

The initial and final setting times were determined according to ASTM C191-99 (Standard test 

method for the time of setting of hydraulic cement by Vicat needle) [154]. 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 Calorimetry) [156]. 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 mixing protocols. 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 sieve (Fig. 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 software [96].  

 

Fig. 4.2: The preparation steps for TGA, 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 109-20 (Standard Test Method for Compressive Strength of Hydraulic 

Cement Mortars) [144]. All specimens were de-molded after one day and stored inside sealed 

plastic bags in ambient laboratory conditions until testing age [157].  

Moreover, prismatic specimens 25 × 25 × 285 mm were used to measure drying shrinkage 

following ASTM C 157/C127-17 (Standard Test Method for Length Change of Hardened 

Hydraulic-Cement Mortar and Concrete) [158]. All specimens were de-molded after three days 

(Fig. 4.3) and the initial readings were recorded before storing them under ambient laboratory 

conditions. 

 

  

Fig. 4.3: Demoulded shrinkage specimens. 

1 
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The unrestrained one-dimensional drying shrinkage was measured using a comparator provided 

with a dial gauge with an accuracy of 10 µm/m for up to 1 month. The used shrinkage test setup 

was shown in Fig. 4.4.  Change in length was determined by using the following equation (Eq. 

4.1). 

 

 

Fig. 4.4: Shrinkage gauge used. 

 

Length Change (%)=  
ἘἮἘἱ

ἑ
 x 100 Eq. 4.1 

 

Where: Lf is the Final length of the specimen; L i is the Initial length of the specimen; G is the 

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

A Brookfield R.S.T ( Fig. 4.5). rheometer, with a four-blade 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 shown in  Fig. 4.6. It should be mentioned 

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

included in the 1-hour measuring duration [159]. 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 high-speed pre-shear to break down the 

structure build-up. Then, the paste remained at relaxation for 30 seconds to dissipate the residual 

stress due to pre-shear [160], 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 (Eq. 4.2) in the downward part of each flow curve [160]. 

 

Fig. 4.5: Rheometer setup. 

 

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

Ű = Ű0 + ɛẗ ɔ Eq. 4.1 

Where: Ű is the shear stress; Ű0  is the dynamic yield stress in Pa; ɛ is the plastic viscosity in Pa Ās.; 

ɔ is the shear rate in 1/s.  

X-ray diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR) were used to 

examine the microstructure development and hydration products' formation. XRD was conducted 

according to ASTM C1365-18 (Standard Test Method for Determination of the Proportion of 

Phases in Portland Cement and Portland-Cement Clinker Using X-Ray Powder Diffraction 

Analysis) using a Bruker D8 Advance diffractometer (Cu K Ŭ radiation, 1.5406 ¡) with an imaging 

plate detector to collect data from 10Ü < 2ɗ Ò 90Ü (Fig. 4.8). Fourier-transform infrared 

spectroscopy (FTIR) spectra was obtained using a Nicolet 6700 spectrometer (Thermo Scientific). 

Frequencies were scanned in the range of 3150ï650 cm-1(Fig. 4.9).  

Moreover, scanning electron microscopy (SEM) analysis was conducted on small chunks from 

selected specimens using a Hitachi S-3400N SEM at 15.0 kV accelerating voltage. This was 

coupled with energy-dispersive X-ray analysis (EDS) using a JEOL 35-cf spectrophotometer for 

elemental mapping and spot analysis [161]. 
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Fig. 4.8: The equipment used for XRD analysis. 

 

Fig. 4.9: The equipment used for FTIR analysis. 

4.4. Results and Discussion 

4.4.1. Fresh properties 

4.4.1.1. Mini- slump 

 Fig. 4.10 illustrates the impact of different mixing protocols on the initial flow diameter for 

various AAS mixtures. Results indicated that extending the continuous mixing time had a higher 

effect on AAS mixtures with a lower activator dosage. For example, increasing the mixing time 

from 10 to 30 minutes resulted in a 27% increase in the initial flow for mixtures with a 6% activator 

and no change for those with a 10% activator. This effect can be attributed to the high free water 

content in a low activator mixture due to its lower consumption in hydration [160]. Moreover, 

GGBS particles dissolved slower at low activator dosages, decreasing the amount of Ca2+ and 
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Mg2+ cations released. These cations react with available silicate species, forming double-charged 

cations around precursor particles and facilitating agglomeration. Hence, the low cation 

concentrations in low activator mixtures slow agglomeration, leading to better flowability 

[42,162]. This also explains the longer flow life for low activator mixtures illustrated in Fig. 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 explain the lower flowability loss 

rate for low activator mixtures (e.g. 0.5 mm/min for 6% activator) compared to high activator 

mixtures (e.g. 0.72 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 mixing protocols D30 and D60. 

 

 

Fig. 4.10: Initial flow diameter results for AAS mixtures prepared 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%, the initial flow 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 enhances the dissolution rate of different species, 

accelerating the hydration, while remixing after a relaxation period will have the same effect as 

mixing but also break down formed hydration products. Conversely, the relaxation period provides 

more time for hydration products to form, helping in the microstructure and interparticle linksô 

developments [42]. The formed hydration products and developed links during the relaxation time 

will be broken down by remixing as illustrated schematically in Fig. 4.12. Initially,  GGBS 

dissolution releases the ions and early-formed hydration products are controlled by the activator 

dosage. Besides, extending the mixing time enhances dissolution and increases hydration productsô 

formation rate (which will depend on the activator dosage). During relaxation time, both systems 

(low and high dosages) experience increased formation for hydration 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 mixture's ability to flow as the interparticle spacing becomes narrower [163]. 

This explains the variation in the behavior between various protocols. For protocols D30 and D60, 

the remixing effect will have a dominant impact on the flow behavior, while for protocol D90, it 

had a minor impact.  
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Fig. 4.12: Schematic diagram of the hydration 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 same length (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 precursor particles 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. The presence of 

relaxation (D30 with a 10-minute 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 initial flow (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 interlocks, allowing the mixture to move again.   

4.4.1.2. Setting time 

Initial setting time is generally correlated to forming primary C-(A)-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 time [96]. 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%, respectively. However, 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 of mixing 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 and 227 mins, 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 instance, at activator 

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 mins for (D30) 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%, the initial setting 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 protocol (i.e. mixing 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 mixing 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 initially formed hydration 

products and disturb the adhesion bonding between them [42]. This will weaken the load-

supporting ability for formed hydration clusters, delaying hardening and setting (Fig. 4.12). On 

the other hand, more hydration products are formed during relaxation, leading to a higher internal 

adhesion bonding and stable microstructure [164]. This was confirmed by the heat flow results, 

which will be explained in the following section.  
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Fig. 4.13: Setting time results for AAS mixtures prepared by different mixing protocols and 

activator dosages a) 6%, b) 8%, and c) 10%. 

4.4.1.3. Heat flow profile (Isothermal calorimetry) 

All mixtures exhibited similar heat flow profiles with five distinguished stages: dissolution, 

induction, acceleration, deceleration, and the steady period [165]. Dissolution occurs when solid 

aluminosilicate precursors undergo dissolution in the alkaline activator solution. Then, induction 

involves initiating the chemical reactions between the dissolved precursors and the activator. 

Subsequently, the acceleration stage occurs, showing a rapid increase in the rate of chemical 

reactions, leading to significant strength development [166]. The acceleration phase will be 

followed by deceleration, at which the rate of reactions slows down. Finally, the reaction reached 

a relatively stable state (i.e. the steady period) [159]. Fig. 4.14 shows the heat evolution for AAS 

mixtures exposed to different mixing protocols. 

After 20 mins of mixing, the dissolution stage was not detected for all activator dosages (Fig. 4.14 

). This indicates that extending the mixing time beyond 10 minutes conceals the dissolution stage. 

This may be related to a change in the balance between the slag dissolution and the precipitation 

of the hydration products [167]. Moreover, lower hydration peaks were captured as the mixing 

time extended regardless of the activator dosage and the applied mixing protocol. For instance, the 
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hydration peak values decreased by 26.9% and 16.1% as continuous mixing increased by 20 mins 

(i.e. C30 vs C10) and decreased by 10.0% and 15.6% by comparing D90 and D30, for mixtures 

with activator dosages 6% and 8%, respectively ( Fig. 4.15). This emphasizes the dominant effect 

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

leading to denser microstructure as shown in Fig. 4.16, triggering more ions to react and form 

hydration products [164]. EDS results also supported this finding since the amount of reacted slag 

particles can be correlated to the detected Mg%. The higher the unreacted slag particles, the higher 

the detected Mg%. Hence, the reduction in Mg% for 30 minutes of continuous mixing proved the 

higher dissolution of slag particles and formation of C-A-S-H [168]. Mixtures with higher activator 

dosages will reach the triggered ion threshold earlier than mixtures with lower dosages, which will 

need more time, resulting in earlier hydration peaks. However, extending the mixing time beyond 

the threshold time for low and high activator mixtures will offset the effect of increasing the 

activator dosage and applying a longer mixing 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 dosage. It was found 

that increasing the activator dosages shortened the dormant period and increased the achieved 

peak, which can be attributed to the fast initial nucleation process and formation of hydration 

products [169]. The same trend was observed for both continuous and discrete mixing 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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