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ABSTRACT
Hybrid alkaline cement (HAC) is composed of a significant proportion of

supplementary cementitious materials (SCMs) such as fly ash (FA) and/or granulated

blast furnace slag (GBFS), a minor proportion of ordinary Portland cement (OPC),

and alkali activators. A series of HACs were prepared with 10-30% OPC and 90-

70%SCM using 0-8% alkali activator and curing at room temperature. The samples

were then characterized using compressive strength, setting time, X-Ray Powder

Diffraction (XRD), Scanning Electron Microscopy (SEM), 1H Low-field NMR

technology, isothermal conduction calorimetry, and thermogravimetric analysis (TG).

The effects of type and dosage of activator used, and the ratio of raw materials on

the mechanical, setting and durability properties of different HACs were studied. The

results indicated that the setting times of HACs decreases with increasing alkali

activator dosage. The HACs with high proportion of SCMs, cured at ambient

temperature and activated by appropriate dosage of alkali activator perform similar or

higher compressive strength than OPC. The compressive strength of HACs

increases with the increasing of Na2O dosage. By selecting the type of alkali

activators and adjusting their dosage, controlling the proportion of OPC in HAC

system, HAC can be prepared at ambient temperature, which is useful for

engineering application. The durability properties of HAC concrete are indeed crucial

for its application in the construction industry. The results indicate that HAC concrete

demonstrates significantly greater resistance to harsh environmental conditions

compared to OPC concrete, exhibiting robust performance in both early and later

stages of development. HAC concrete exhibits clear advantages over OPC in terms

of resistance to chloride corrosion, sulfate penetration and alkali–silica reaction

(ASR)-induced expansions.
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CHAPTER 1: INTRODUCTION

Ground blast furnace slag (GBFS) is a by-product of the iron industry, and the

production of 1 ton of iron releases approximately 0.5 ton of GBFS. The utilization of

GBFS as a supplementary cementitious material is considered a sustainable

approach to address energy shortages and reduce greenhouse gas emissions,

providing an eco-efficient alternative to ordinary Portland Cement (OPC). While

GBFS has been successfully utilized as supplementary cementitious materials

(SCMs) in blended cement, achieving replacement ratios of 70-80% with OPC,

challenges are encountered with high replacement ratios. Blended cement

compositions with a high proportion of GBFS may experience issues such as low

early-age strength, uncontrolled setting times, and compromised durability properties

in aggressive environments. These challenges highlight the importance of carefully

optimizing the composition of blended cement to ensure the desired performance

characteristics are maintained.

Hybrid Alkaline Cement (HAC) consists of a high proportion of SCMs, such as

FA and or GBFS, a low proportion of OPC and alkali activator. The applications of

HAC as pavement and masonry blocks have been reported. Hybrid alkaline cement

(HAC) stands out as a promising alternative to Ordinary Portland Cement (OPC) due

to its comparable or superior performance, reduced need for alkali activators

compared to alkali-activated materials (AAM), and the ability to cure at ambient

temperatures. The lower dependence on alkali activators contributes to the economic

and safety aspects of HAC application. Moreover, the capacity to harden at ambient

temperatures distinguishes HAC from alkali-activated fly ash, which typically requires

moderately high curing temperatures (60°C to 90°C) in alkali-activated materials

(AAM). These characteristics position HAC as an environmentally friendly and

economically viable option in the construction industry. HAC emerges as a promising

alternative to OPC due to its unique properties. Unlike OPC, HAC requires an alkali

activator for pozzolanic reactions, but it demands less activator compared to alkali-

activated materials. This makes HAC both safer and more economical. With

comparable performance to OPC and the ability to cure at ambient temperatures,

HAC stands out as an eco-efficient and cost-effective building material.

The factors influencing the compressive strength of HAC are not fully
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understood, necessitating further research for a comprehensive understanding and

improved application in construction. The incorporation of a chemical activator

enhances the hydration kinetics and augments the mechanical strength of HAC.

However, for HAC formulations aiming for high mechanical strength, exceeding 60

MPa, challenges arise in terms of poor workability characterized by rapid setting and

elevated viscosity. The characteristics of poor workability, rapid setting, and high

viscosity in HAC formulations with high mechanical strength, exceeding 60MPa, pose

challenges in effectively pumping or casting the material. The ideal initial setting time

of fresh concrete significantly influences its mixing and pumping process, as well as

impacting its strength, durability, and surface quality. The durability of HAC is crucial

for its successful application in the construction industry. Despite its potential, there

are limited reports on the practical engineering applications of this new generation of

binders. Several challenges need to be addressed, including the instability of raw

materials, rapid setting times, high viscosity, cost implications associated with alkali

activators, and the absence of industry norms. The concerns about the durability

properties of HAC concrete have garnered widespread attention, emphasizing the

need for further research and development in this area.

(1) this study investigates the development of mechanical strength in HAC

under various influencing factors, along with changes in its gel phase and mineral

phase. Additionally, it examines the trend of capillary water or gel water during HAC

hydration. The study explores the impact of raw material mix proportions and alkali

activator dosage on the mechanical strength development of HAC, providing a

theoretical basis for the compressive strength development patterns of HAC under

different parameters, and further offering a reference for the design and application of

HAC..

(2) setting time, particularly the initial setting time, affects the workability of

HAC and has a significant important on the quality after hardening. This study uses

the heat of hydration testing method to study the exothermic behavior during the

HAC hydration process. It employs 1H NMR technology to investigate the changes in

capillary water and gel water during hydration and analyzes the product phases after

initial and final setting. This provides a theoretical foundation for understanding the

effects of different parameters on the setting and hardening of HAC.

(3) this study employs several accelerated testing methods to study the impact
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of various factors on the durability of HAC. It analyzes the phases and rates of

formation of erosion products udder different influencing factors. Mechanistic studies

on durability can provide a theoretical basis for the application of HAC in extreme

corrosive environments.

In Chapter 3, the literature review discussed greenhouse gas emissions and

energy consumption in OPC and concrete industry. To address these issues, three

methods were introduced. The first method involves the partial replacement (usually

below 25%) of OPC with supplementary cementitious materials (SCMs). Another

option is to develop alkali-activated material (AAM), which is an OPC-free solid

material. The third option is a new type of binder known as HAC. As a new

generation of low-carbon binder, this section provides an overview of HAC systems

and discusses fundamental reaction mechanisms and engineering properties

associated with HAC.

The literature review highlighted some of the issues in the application of HAC

concrete and outlined the importance of developing more comprehensive and better

understanding of the factors, such as raw materials, alkali activators on mechanical,

setting and durability properties of HAC system.

In Chapter 4, the raw materials used in this research were reviewed, and

some other materials and alkali activator used in this research was outlined. The

characterization procedures for the materials and the HAC system were described. In

particular, the test methods for HAC paste, mortar and concrete were introduced in

detail.

Chapter 5 explored the factors affecting the mechanical properties of HAC

systems. The effect of the ration of raw materials, the type and dosage of alkali

activator on mechanical properties were studied. By adjusting the ratio of raw

materials, and activated by alkali activator, HACs exhibit different mechanical

strength, especially at early age. The type and dosage of alkali activator played an

important role on mechanical properties of HAC systems. By selecting suitable alkali

activators and adjusting the dosage of them, HAC can be prepared with different

mechanical properties.

In Chapter 6, the factors affecting the stetting properties of HAC systems were

investigated. The composition of the precursors, the type and dosage of alkali

activator on the effect of setting properties of HAC paste were explored. when HAC
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was designed with high mechanical strength, HAC often suffers from poor workability

with fast setting and high viscosity, which make it difficult to pump or cast. The

proportion of OPC in HAC system had a significant impact on the setting time. The

setting times of HACs decreases with the increasing of alkali activator dosage. With

the increasing of Na2O content, while the compressive of HACs increases with the

increasing of Na2O dosage. By selecting the type of alkali activators and adjusting

the dosage of them, associated adjust the proportion of OPC in HAC system, HAC

can be prepared at possible temperature in practical engineering.

Chapter 7 investigates the effect of the ratio of OPC and the dosage of alkali

activator on durability properties of hybrid alkaline cement concrete. After

understanding the mechanical and setting properties of HAC paste and mortars,

durability of HAC concrete is of vital importance for its application in the construction

industry. Chloride ions could cause corrosion of steel bars in concrete, which can

cause oxidation and localized damage to the passivation film of the steel bars.

Sulfate ions penetrate and react with Ca and Al species in cement, forming

expansion products such as ettringite. HAC suffers from higher alkalis content than

OPC, which increases the risk of potential alkali–silica reaction (ASR)-induced

expansions. To study the durability issues faced by the application of HAC in the

construction industry, the effect of dosage of Na2O content on compressive strength,

chloride permeability, sulphate attack resistance and resistance to the alkali-silica

reaction of hybrid alkaline cement concrete are investigated. The outcome proved

that by adding an appropriate dosage of alkali activator, HAC concrete exhibits much

stronger resistance in aggressive environment than OPC concrete, both at early age

and later ages.

In Chapter 8, the conclusions of the research undertaken in this thesis are

drawn. Some issues that need to be noted in HAC production and engineering

applications are mentioned. Perspectives for future research and application are

presented for HAC production.
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CHAPTER 2: LITERATURE REVIEW

2.1 Hybrid alkaline cement

At present, ordinary Portland Cement (OPC) stands as the cornerstone of

construction materials. Its benefits are manifold, boasting high mechanical strength,

adaptable workability, widespread availability, extensive use, commendable fire

resistance, straightforward maintenance, and the continual evolution of polymer

admixtures. With a rich history spanning over 160 years, OPC demonstrates

outstanding performance and exceptional value for investment(Garcia-Lodeiro et al.,

2012, Palomo et al., 2013a, Fernandez-Jimenez et al., 2013a, Provis et al., 2015a,

Zhang et al., 2014). Nevertheless, the production of ordinary Portland Cement (OPC)

has raised significant environmental and energy concerns (Monteiro et al., 2017, Cao

et al., 2021). Numerous efforts have been made to decrease the production of OPC.

One of the primary strategies involves implementing partial substitution of OPC with

supplementary cementitious materials (SCMs) (Samad and Shah, 2017, Juenger et

al., 2015, Lothenbach et al., 2011b, Cao et al., 2021, Fu et al., 2020). Another avenue

is the development of alternative binders, such as alkali-activated materials (AAM),

which offer a solid, OPC-free alternative (Provis and Bernal, 2014, Provis et al.,

2015b, Shi et al., 2011a). Lastly, the concept of HAC has been introduced

(Fernandez-Jimenez et al., 2013b, García-Lodeiro et al., 2012, Palomo et al., 2013b,

Palomo et al., 2007)

HAC comprises a substantial portion of supplementary cementitious materials

(SCMs) like fly ash (FA) and/or granulated blast furnace slag (GBFS), alongside a

minimal proportion of OPC and alkali activators. The research group led by Prof.

Palomo has reported the utilization of HAC in applications such as pavement

construction and manufacturing masonry blocks (Fernandez-Jimenez et al., 2013a).

HAC demonstrates performance comparable to OPC while requiring less alkali

activator than alkali-activated materials (AAM) (Fernandez-Jimenez et al., 2013b,

García-Lodeiro et al., 2012, Palomo et al., 2013b, Donatello et al., 2013b).

Additionally, it can solidify at ambient temperatures, whereas AAM typically

necessitates curing temperatures as high as 60°C to 90°C (Fernández-Jiménez and

Palomo, 2007, Garcia-Lodeiro et al., 2016b). In comparison to OPC, HACs rely on

alkali activators to initiate their pozzolanic reaction. However, when compared to
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AAMs, HACs require a lower dosage of alkali activator, enhancing their safety and

economic feasibility in various applications. A comprehensive overview of the

disparities among these three binders is presented in Figure 2-1 (Garcia-Lodeiro et

al., 2016b).

Figure 2-1 Comparation of the three methods (Illustrated by fly ash).

2.2 Mechanical properties of HAC

The complete understanding of the mechanical strength development

mechanism of HAC is still lacking, and a systematic study of the factors influencing

the compressive strength of HAC has yet to be conducted. Mahya Askarian et

al.(Askarian et al., 2018) conducted research on one-part hybrid OPC-geopolymer

concrete, examining various ratios of raw materials. Their findings highlighted the

crucial impact of Na2O content dosage on workability, setting time, and mechanical

properties of the concrete. Salaheddine Alahrache et al. (Alahrache et al., 2016b)

examined the strength development of hybrid alkaline cements (HACs) comprising

30% OPC and 70% fly ash (FA), activated using various activators including Na2CO3,

Na2SiO3, K2SiO3, Na2Oxalate, and K3Citrate. Their study concluded that the choice of

alkali activator notably influences the strength development of HACs. Some research

(Garcia-Lodeiro et al., 2016b, Garcia-Lodeiro et al., 2013b, A. Palomo, 2007) have

proposed descriptive models for the hydration of low-Ca hybrid alkaline cement (HAC)

systems. These models encompass both the conventional hydration processes of

ordinary Portland cement (OPC) and the alkali activation of fly ash. The findings

suggest that N–A–S–H and C–S–H gels, initially formed at early ages, evolve into C–

A–S–H structures as the material ages. Martin T. Palou et al.(Palou et al., 2016)
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investigated the influence of curing temperature on blended cements. Their study

revealed that raising the curing temperature accelerated the initial hydration rate;

however, the hydration rate at later ages was diminished. Escalante-Garcia et

al.(Escalante-Garcia and Sharp, 2000) reported that the impact of curing temperature

on the hydration rate of blended cements varies depending on the alterations in

cement components.

The effects of raw materials and alkali activators on the microstructural

evolution and strength development mechanisms of HAC systems are not yet

understood.. Previous research has predominantly concentrated on low-Ca HAC

systems, with compressive strength typically remaining low in both early and late

stages, often below 50 MPa ( Palomo, 2007, Donatello et al., 2013a, Mejia et al.,

2015, Alahrache et al., 2016b, Garcia-Lodeiro et al., 2017, Askarian et al., 2018). It is

widely acknowledged that the alkali activator plays a pivotal role in alkali-activated

materials (Alahrache et al., 2016b, Garcia-Lodeiro et al., 2016b, Sedira and Castro-

Gomes, 2020). Studying the impact of alkali activator dosage on the mechanical

properties of HAC is imperative. Additionally, the curing conditions represent a crucial

parameter for alkali-activated materials, particularly in terms of compressive strength

development, especially during the early stages (Qu et al., 2016). Analyzing the

microstructure of HACs with varying alkali activator and precursor dosages is

advantageous for gaining precise insights into their mechanical strength development.

Such investigations are crucial for offering guidance in the design and application of

HACs in construction. Understanding the mechanical strength development

mechanisms of different HAC systems is essential for providing valuable references

in construction design and application.

2.3 Setting properties of HAC

Ordinary Portland Cement (OPC) has long been a cornerstone of construction,

playing an undeniable role in human history. However, its production poses

significant energy and environmental challenges, requiring temperatures as high as

1,450°C and relying on raw materials that disrupt natural landscapes and

ecosystems. Due to greenhouse emission concerns, there is a global push to find

more environmentally sustainable alternatives to OPC (Shi et al., 2019a, Palacios et

al., 2008). Blending cement with a high ratio of substitutive materials often
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encounters challenges such as low early-age strength and unpredictable setting

times (Beushausen et al., 2012).

Hybrid alkaline cement (HAC) is widely recognized as a new generation of

low-carbon binders. It typically comprises a high proportion of supplementary

cementitious materials (SCMs), a low proportion of ordinary Portland cement (OPC),

and is activated by suitable alkali activators. HAC effectively combines the benefits of

both alkaline activated materials (AAM) and blended cement. It demonstrates

comparable or even superior mechanical strength and exceptional durability

performance (Garcia-Lodeiro et al., 2013b, Xue et al., 2021b, Fernandez-Jimenez et

al., 2013a, S. Donatello1, 2014). The addition of a chemical activator indeed

accelerates the hydration kinetics and boosts the mechanical strength of HAC.

However, when HAC is formulated to achieve high mechanical strength (greater than

60MPa) for specific applications, it often encounters challenges in workability. Issues

such as rapid setting and high viscosity make it difficult to pump or cast. For instance,

in a HAC paste consisting of 70% fly ash and 30% OPC activated by Na2O·nSiO3

and NaOH, the initial and final setting times are 13 and 31 minutes, respectively. In

comparison, the initial and final setting times for OPC typically range around 138 and

196 minutes, respectively (Suwan et al., 2014). The optimal initial setting time of

fresh concrete plays a crucial role in its mixing and pumping process. It also

significantly affects its strength, durability, and surface quality.

Li et al.(Li et al., 2019) investigated a method to control setting time by

adjusting the composition of alkali activator ions and the extent of silicate

polymerization in alkaline-activated slag. They varied the dosage and alkali modulus

of the alkali activator and concluded that appropriately designed activators can

achieve both desired setting time and satisfactory compressive strength. Chang et

al.(Chang, 2003) investigated the setting properties of slag activated by sodium

silicate and observed that the pH value of the reaction solution, as well as the dosage

and alkali modulus of the alkali activator, significantly influence these properties.

Pilehvar et al.(Pilehvar et al., 2020) noted that the setting times of both ordinary

Portland cement (OPC) and alkali-activated materials (AAM) paste decreased with

increasing temperature. This phenomenon was attributed to the accelerated

hydration of OPC and geopolymerization of AAM at higher temperatures.

Furthermore, other studies have found that the ratio of raw materials in hybrid
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alkaline cement (HAC) systems significantly influences their setting characteristics

(Balun and Karatas, 2023). As of now, the factors influencing the setting

characteristics of hybrid alkaline cement (HAC) systems remain non-comprehensive.

Previous research has predominantly concentrated on low-calcium-based HAC

systems, with limited reports on HAC systems exhibiting high mechanical strength

and controlled setting times (Millan-Corrales et al., 2020, Fernandez-Jimenez et al.,

2019, Alahrache et al., 2016b, Donatello et al., 2013a, Qu et al., 2016, Askarian et al.,

2018, Sanchez-Herrero et al., 2019).

2.4 Durability of HAC

Hybrid alkaline cements (HACs) are composed of a significant proportion of

supplementary cementitious materials (SCMs), a reduced amount of ordinary

Portland cement (OPC), and are activated by chemical activators at either ambient or

elevated temperatures (A. Palomo, 2007, Garcia-Lodeiro et al., 2012, Palomo et al.,

2013a). Indeed, they are widely recognized as a new generation of low-carbon

binders for the construction industry (Shi et al., 2019b, Xue et al., 2021b, Shi et al.,

2011b). The production of these new types of binders aims to reduce energy

consumption and lower carbon dioxide emissions. Meanwhile, hybrid alkaline

cements (HACs) exhibit outstanding compressive strength, particularly in early

stages, and can cure at ambient temperatures. However, reports regarding the

practical engineering applications of these new binders remain scarce. Numerous

challenges persist, including the instability of raw materials, rapid setting times, high

viscosity, cost implications associated with alkali activators, and the absence of

industry standards (Shi et al., 2011b, Shi et al., 2019b). Indeed, the durability

properties of HAC concrete have attracted significant attention and concern within

the construction industry.

Chloride ions are known to induce corrosion in steel reinforcement bars

embedded in concrete structures. This corrosion process can lead to oxidation and

localized damage to the passivation film of the steel bars, compromising the

structural integrity of the concrete (Wang et al., 2019). Sulfate ions have the ability to

penetrate concrete and react with calcium (Ca) and aluminum (Al) species present in

the cement matrix. This reaction results in the formation of expansive products such

as ettringite (Ca6[Al (OH)6]2(SO4)3⋅26H2O) and gypsum (CaSO4⋅2H2O) (Yang et al.,
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2022, Alexander et al., 2013). Alkali-activated materials (AAMs) typically contain

higher levels of alkalis compared to Portland clinkers. This elevated alkali content

heightens the risk of potential alkali–silica reaction (ASR)-induced expansions in

concrete structures (Fernández-Jiménez et al., 2007, Provis et al., 2015a).

Alkali-activated materials (AAMs) typically exhibit stronger resistance to sulfate

attack and chloride corrosion compared to ordinary Portland cement (OPC). This is

attributed to the three-dimensional structure of N-A-S-H or C-A-S-H gel in AAMs,

which is more compact and less susceptible to ingress of harmful ions than the two-

dimensional structure of C-A-H gel in OPC (Monticelli et al., 2016b, Monticelli et al.,

2016a, Babaee and Castel, 2016, Tennakoon et al., 2017). In alkali-activated

materials (AAMs), the penetration of chloride ions is notably influenced by the Na2O

content. Increasing the dosage of Na2O tends to decrease chloride penetration into

the material (Chi, 2012, Lee and Lee, 2016). Some researchers posit that the

superior sulfate resistance of alkali-activated materials (AAMs) may be attributed to

the absence of calcium hydroxide (Ca(OH)2) in the activation products of AAMs

(Donatello et al., 2013b, S. Donatello1, 2014, Janotka et al., 2014, Bačuvčík et al.,

2018). Indeed, the question of whether alkali-silica reaction (ASR)-induced expansion

occurs in alkali-activated materials (AAMs) has been a topic of ongoing debate and

controversy in the research community. San Nicolas et al. (San Nicolas et al., 2014)

conducted a study on high-calcium based alkali-activated materials (AAM) concretes

aged for seven years. Their research revealed that slag-based AAMs exhibit

excellent durability as they age, and no evidence of alkali-silica reaction (ASR)-

induced expansions was found. Shi et al.(Shi et al., 2015b) assert that alkali-

aggregate reaction (AAR) can lead to destructive expansion in alkali-activated

material (AAM) mortars and concretes. They further note that AAR is influenced by

factors such as the dosage and type of alkali activators, the nature of precursors

used, and the testing methods employed.

Up to now, research on chloride penetration in HAC has been relatively limited.

Rivera, et al. (Rivera et al., 2014) suggested that chloride penetration is significantly

influenced by the raw materials used in hybrid alkaline cement (HAC) systems.

Typically, HACs based on high-calcium materials exhibit higher resistance to chloride

penetration compared to those based on low-calcium materials. This difference is

attributed to variations in the composition of C-S-H/C-A-S-H gel and N-A-S-H gel
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produced in the two types of HAC systems. The coexistence of C-S-H/C-A-S-H gel is

denser and deeper than N-A-S-H gel, resulting in increased chloride penetration

resistance. Moreover, the denser gels are associated with enhanced mechanical

strength in high-calcium materials based HACs. Garcia-Lodeiro et al. (Garcia-Lodeiro

et al., 2016a) highlighted that chloride content in hybrid alkaline cement (HAC)

systems, particularly those blended with fly ash, bottom ash, and OPC clinker,

exceeded existing standards. This elevated chloride concentration could potentially

lead to corrosion of steel bars in concrete, especially in scenarios where HACs are

utilized in marine or offshore structures. Hence, there is a pressing need for

systematic and comprehensive studies to understand the factors influencing chloride

penetration in HAC systems.

Indeed, several studies have reported the remarkable durability of hybrid

alkaline cement (HAC) binders in diverse aggressive environments. These include

resistance to high temperatures, sulfate attack, chloride penetration, and alkali-

aggregate reaction (Fernandez-Jimenez et al., 2013a, S. Donatello1, 2014, Zhang et

al., 2017, Donatello et al., 2013b). The binders produced through alkaline activation

of 80% fly ash and 20% OPC have been shown to exhibit superior durability

performance in aggressive environments. This includes resistance to high

temperatures, sulfate attack, chloride penetration, and alkali aggregate reactionn (S.

Donatello1, 2014, Donatello et al., 2013b). HAC mortars, composed of a blend of

12% OPC + 88% GBFS + alkali activator, demonstrate higher mechanical strength

compared to controlled OPC mortars when subjected to exposure to aggressive

media such as 0.1-N HCl, sodium sulfates and seawater (Fernandez-Jimenez et al.,

2013a). The excellent resistance of HAC to sulfate attack is evidenced by the

strength retention of HAC-mortar over a period of five years. Studies report that when

HACs are exposed to aggressive media, their performance is entirely comparable to

that of conventional Portland cements.

Up to now, only a few studies have demonstrated the excellent sulfate

resistance of HAC concrete. Donatello et al. (Donatello et al., 2013b) demonstrated

the good sulfate resistance of HAC pastes and mortars under a series of aggressive

solutions. HAC binders, formed with 80% fly ash and 20% Portland cement clinker,

activated by Na2SO4, were immersed in seawater and 4.4% Na2SO4 solutions for 90

days. HAC mortars demonstrated satisfactory resistance to seawater and Na2SO4
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solutions, surpassing current requirements for sulfate-resistant cement(Donatello et

al., 2013b, S. Donatello1, 2014). Some researchers have investigated the sulfate

resistance of HAC mortars over extended periods, and the results indicate that HAC

mortars demonstrate superior resistance to sulfate attack compared to reference PC

mortars over long ages (Janotka et al., 2014, Zhang et al., 2017, Bačuvčík et al.,

2018). Fernández-Jiménez et al. (Fernandez-Jimenez et al., 2013a) examined the

durability aspects of HACs in aggressive solutions and concluded that HAC binders,

consisting of a blend of 12% Portland clinker, 88% blast furnace slag, and alkali

activator, demonstrate good sulfate resistance in a 4.4% Na2SO4 solution. To date,

studies on alkali-silica reaction (ASR)-induced expansion in hybrid alkaline cements

(HACs) are limited. Some researchers argue that ASR-induced expansion is unlikely

to occur in HACs because the alkalis from the chemical activator are bound within

the alkali activation products (Garcia-Lodeiro et al., 2016b, Palomo et al., 2019).

Donatello et al. (Donatello et al., 2013b) investigated the alkali-silica reaction (ASR)-

induced expansion of ordinary Portland cement (OPC) and HAC based on fly ash

using the ASTM C1260 method. The results revealed that the ASR-induced

expansion of both binders was less than 0.1% over the 16-day testing period, which

meets the 16 days limit specified by ASTM C1260. However, as the testing

progressed, distinctions in expansion became apparent. HAC mortar bars exhibited

greater stability in dimensional expansion compared to the ordinary Portland cement

(OPC) mortar bars. Angulo-Ramírez et al. (Angulo-Ramirez et al., 2018) reported on

the alkali-silica reaction (ASR)-induced expansion of ordinary Portland cement (OPC),

Portland blended cement, and hybrid alkaline cement (HAC) based on 80% GBFS

and 20% OPC. They concluded that blended cement exhibited the smallest

expansion due to alkali-silica reaction. HAC showed expansion of less than 0.1%

over 16 days of testing, and less than 0.2% over 30 days of testing. OPC, on the

other hand, displayed the largest dimensional expansion, exceeding both the 16 days

and 30 days limits.

2.5 Research gap

Mechanical, setting and durability characteristics of OPC and AAMs pastes,

mortars and concrete have been studied in depth. While, studies on these properties

of HAC are limited. However, it is of great importance for a better understanding of
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these behaviors of HAC based cements and concretes in view of its potential

engineering applications.

To summarize, the following research gaps of HAC have not been explored:

(1) the relationships between mechanical properties and the ratio of raw

materials, the type and dosage of activator;

(2) the factors affecting setting properties of hybrid alkaline cement based on

ordinary Portland cement and ground blast furnace slag.

(3) the influence of the raw materials, type and dosage of alkali activators on

durability properties of HAC concrete.

2.6 Aims and objectives of the research

This research is intended to solve some of the challenges in HAC application.

The aims of this project include:

(1) investigating the relationship between the mechanical development

mechanism and raw materials, as well as the type and dosage of alkali activators in

hybrid alkaline cement (HAC) systems;

(2) exploring the fundamental setting behavior of fresh HAC paste and mortar,

and investigating the main factors that affect the setting time of HACs;

(3) investigation the relationship between durability performances of HACs in

aggressive environments and the ratio of OPC and the dosage of alkali activator;

(4) development of HACs with high mechanical strength, good workability and

long-term durability performances.

The knowledge garnered from this research is poised to make a significant

contribution to advancements in both scientific understanding and technological

applications. By furnishing key parameters for the manufacturing and application of

hybrid alkaline cements (HACs) in the construction industry, this research will

facilitate their adoption and utilization. A comprehensive understanding of the

development of mechanical, setting, and durability properties of HACs will bridge the

gap between theoretical research and engineering applications. This will not only

enhance the efficacy and reliability of HACs in real-world construction scenarios but

also pave the way for further innovations and improvements in this burgeoning field.
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CHAPTER 3: PAPER 1 – A REVIEW OF RECENT
PROGRESS IN HYBRID ALKALINE CEMENT

Note: this chapter is based on the manuscript entitled “A review of recent progress in

hybrid alkaline cement”, by Liqiang Wang, Lili Xue, Zuhua Zhang and Hao Wang,

published in CAM2021, 2021.

3.1 Introduction

Greenhouse gas emission and energy shortage have led the world to seek for

more eco-efficient materials to replace ordinary Portland cement (OPC)(Zhang et al.,

2017, Shi et al., 2019b, Biernacki et al., 2017). The first option is partial replacement

(normally less than 30%) of OPC with supplementary cementitious materials (SCMs),

such as fly ash，slag and limestone (Samad and Shah, 2017, Juenger et al., 2015,

Lothenbach et al., 2011b, Skibsted and Snellings, 2019). Another option is to develop

alternative binders, e.g. alkali activated material (AAM), which is an OPC-free solid

material (Provis and Bernal, 2014, Provis et al., 2015b, Shi et al., 2011a). The third

option is a new type of binder known as blended or hybrid alkaline cement (HAC)

(Fernandez-Jimenez et al., 2013b, García-Lodeiro et al., 2012, Palomo et al., 2013b,

Palomo et al., 2007). Palomo introduced HAC in 2007. HAC is composed of a

significant amount of supplementary cementitious materials (SCMs) like fly ash and

slag, a minimal proportion of Ordinary Portland Cement (OPC), and alkali activators.

The applications of HAC as pavement and masonry blocks have been reported by

the research group of Prof. Palomo. HAC possesses comparable performance as

OPC (Fernandez-Jimenez et al., 2013b, García-Lodeiro et al., 2012, Palomo et al.,

2013b, Donatello et al., 2013b); and needs less alkali activator than AAM and can

harden at ambient temperature (in case of alkali activated fly ash, a curing

temperature high up 60°C to 90°C is needed in alkali activated materials) (Garcia-

Lodeiro et al., 2016c).

HACs have shown satisfactory performances in building structures, road

paving and waste solid (Fernandez-Jimenez et al., 2013a, Al-Kutti et al., 2018);

Nevertheless, the widespread adoption of this technology has not yet occurred,

attributed to both technical and non-technical factors, including the cost associated

with activators, fast setting time, hard controlled rheology and unknown performance
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of durability.

This paper reviews HAC system: including activators, precursors and chemical

admixtures, rheology, setting time properties and some durability aspects. This paper

also discusses the needs for future research and development to support the

application of HACs in construction materials industry.

3.2 Hybrid alkaline cement system

3.2.1 Activators

HACs needs the help of alkali activator to active its Pozzolanic reaction. While

compared with AAMs, HAC needs less alkali activator, which will make it more safety

and economical in application. Alkali activators play an important part in rheology,

setting time, mechanical and durability properties, and also influence hydration

mechanisms and main production in the HAC. The combination of Na2SiO3 with

NaOH is widely acknowledged as the most effective activator in HAC technology.

This formulation is recognized for yielding high strength and other beneficial

properties (A. Palomo, 2007, Garcia-Lodeiro et al., 2013b, Sedira and Castro-Gomes,

2020, Rios et al., 2020, Barboza-Chavez et al., 2020, Askarian et al., 2018, Angulo-

Ramirez et al., 2018). The concentration and quantity of activator employed in each

scenario largely hinge on the CaO content in the cement blend and the specific

reactivity of supplementary cementitious materials (SCMs) (Palomo et al., 2013a).

Alkali activator usually the most expensive component in HAC system, which

makes it hard to application. The productions of activators from waste glass (Vinai

and Soutsos, 2019, Liu et al., 2019, Toniolo et al., 2018, Torres-Carrasco et al., 2015),

and the use of alkali activator obtained from red mud and car batteries recycling，

have been reported with some success.

The use of near-neutral salts such as Na2SO4(Donatello et al., 2013a,

Donatello et al., 2014, Millan-Corrales et al., 2020, Qu et al., 2020, Garcia-Lodeiro et

al., 2018b, Garcia-Lodeiro et al., 2018a, du Toit et al., 2018, Fernandez-Jimenez et

al., 2019, Garcia-Lodeiro et al., 2016b), Na2SO4 ＋ CaSO4(Palomo et al., 2019,

Sanchez-Herrero et al., 2019, Garcia-Lodeiro et al., 2017), Na2CO3 (Garcia-Lodeiro

et al., 2013a, Garcia-Lodeiro et al., 2016b, Alahrache et al., 2016b)，K2CO3(Askarian

et al., 2018) and Na2O xalate (Alahrache et al., 2016b) were used as alkali activators
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Table 3- 1 Overview of hybrid alkaline cement system.

Composition Activator
Compressive strength (MPa) Setting time(min)

Ref
1d 2d 3d 7d 28d 91d Initial Final

70%FA+30%OPC NaOH+SS n=1.5 - 12.91 - - 36.94 - - - (A. Palomo, 2007)

78%FA+18%OPC 4%Na2SO4 - - - - 22.8±1.4 - 85 290 (Donatello et al.,
2013a)

40%BFS+40%MK+20%CK Na2CO3 - 32 - - - - - - (Garcia-Lodeiro et al.,
2015)

70%FA+30%OPC - - - - 51.7 - - - (Mejia et al., 2015)

70%FA+30%OPC 2%(K,Na)2SiO3 4.8±0.5 - 8.4±0.1 10.1±0.4 19.0±0.6 28.0±0.5 90 270

(Alahrache et al.,
2016b)

70%FA+30%OPC 3%Na2CO3 3.6±0.2 - 6.8±0.2 7.4±0.4 14.8±0.1 18.9±0.2 150 318

70%FA+30%OPC 8%Na2O 4.6±0.1 - 4.4±0.2 10.3±0.1 18.0±0.3 25.0±0.1 318 360

70%FA+30%OPC 3%K3Citrate 0.5±0.1 - 0.6±0.1 0.8±0.1 9.3±1.8 29.1±0.1 198 678

40%BF,FA+60%OPC - - - - 32.5 - - - (Garcia-Lodeiro et al.,
2016a)

32.5%BFS+32.5%FA+30%OPC 5% - - - - 35 40 202 327 (Qu et al., 2016)

80%FA+20%OPC Na2SO4+CaSO4 - 18 - - 30 - - - (Garcia-Lodeiro et al.,
2017)60%FA+40%OPC Na2SO4+CaSO4 - 25 - - 53 - - -

80%GBFS+20%OPC NaOH+SS n=1.0 - - - - - - - - (Angulo-Ramirez et al.,
2018)

81%FA+9%SLAG+10%OPC 7.5% K2CO3 13.2±1.9 - - 26.7±0.4 33.4±0.6 - 86 139

(Askarian et al., 2018)72%FA+8%SLAG+20%OPC 7.5% K2CO3 17.8±1.1 - - 31.3±0.8 39.7±0.8 - 61 102

63%FA+7%SLAG+30%OPC 7.5% K2CO3 25.3±0.3 - - 45.6±0.5 50.3±1.3 - 44 107

70%FA+30%OPC 5%Na2SO4 - - - 32.5 - - - - (du Toit et al., 2018)

80%BT+20%OPC 5%Na2SO4 - 12.76±0.8 - - 30.94±2.49 - - - (Garcia-Lodeiro et al.,
2018a)70%BT+30%OPC 5%Na2SO4 - 14.61±2.3 - - 37.64±2.2 - - -

60%BT+40%OPC 5%Na2SO4 - - - - 53 - - - (Garcia-Lodeiro et al.,
2018b)

50%M-FA+50%OPC Liquid 5%Na2SO4 - 23.82±0.41 - 37.90±0.54 51.32±0.62 - 101 132 (Fernandez-Jimenez et
al., 2019)50%AM-FA+50%OPC Solid 5%Na2SO4 - 30.33±0.5 - 41.32±0.29 52.53±1.70 - 149 204

48%FA+48％OPC 1.5%gypsum 2.5%
5%Na2SO4

10.8±0.2 - 22.2±0.5 40.0±1.1 47.7+1.6 83 193 (Sanchez-Herrero et
al., 2019)

10%LIMESTON+55%FA+30%OPC 5%Na2SO4 - - 30.32 - 49.06 51.30 - - (Millan-Corrales et al.,
2020)
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has received certain advances.

3.2.2 Precursors

The HAC systems most frequently studied include:

Fly ash –OPC blends

Blast furnace slag –OPC blends

Limestone –fly ash–OPC blends

Bottom fly ash–metakaolin–OPC blends

Phosphorous slag –OPC blends

Steel mill and blast furnace slag –OPC blends

Fly ash – blast furnace slag –OPC blends

Multi-constituent cement blends(Abdelrahman and Subaihi, 2020, Donatello et

al., 2013a)

Fly ash and blast furnace slag are the most used SCMs in HAC both in

research and engineering, especially fly ash (Shi et al., 2011b, Garcia-Lodeiro et al.,

2016b, Garcia-Lodeiro et al., 2016a, Mejia et al., 2015, Palomo et al., 2013a,

Fernandez-Jimenez et al., 2013a, Garcia-Lodeiro et al., 2012).

3.2.3 Chemical admixtures

Rheology and setting properties are hard to control in the application HACs. it

has become important and crucial to find suitable admixtures in the wide application

of HAC. It is observed that the admixtures that used in OPC pastes, mortars have

weak effects both in AAM and HAC products. The huge drop on yield stress in fly ash

based AAM is found when Melamine-derivative synthetic polymers are added

because of their inherent stability in alkaline media as shown in Figure 3-1.

(a) (b)
Figure 3- 1 (a) Flow curves of different admixtures (b) relative table (Criado, Palomo et al. 2009).
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3.3 Reaction mechanisms in HAC

3.3.1 OPC hydration vs Alkali Activation of SCMs

The evolution of OPC paste from a flowable material to a hardened solid

occurs in several stages Figure 3-2(a) Calcium silicate hydrate (C-S-H) gel is the

main product in OPC hydration Figure 3-2 (b), and the chemical reactions start very

slowly, allowing for the safe casting of concrete before setting (Roussel, 2011).

(a) (b)

Figure 3- 2 (a)Evolution of the degree of hydration of tricalcium silicate vs. time (Roussel 2011) (b) C-S-H
gel structure (García-Lodeiro, Maltseva et al. 2012).

(a) (b)
Figure 3- 3 (a) Conceptual model for AAFA alkali activation (Garcia-Lodeiro, Donatello et al. 2016) (b) N-

A-S-H gel structure (García-Lodeiro, Maltseva et al. 2012).
However, in AAM the alkali activation (in case of alkaline activated fly ash

(AAFA)), process is proposed consists of three different stages: (a) Destruction-

Coagulation; (b) Coagulation-Condensation; and (c) Condensation-Crystallization

Figure 3-3 (a). As shown in Figure 3-3 (b), the reaction product in AAM is an

amorphous alkaline aluminosilicate hydrate, which is known as N-A-S-H.

3.3.2 Reaction mechanisms in HAC

The reaction products of HAC systems are complicated. They may include

OPC hydration, OPC activation with alkali activators and alkali activation of SCMs.
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Figure 3- 4 Heat flow and cumulative heat of OPC, FA and M (HAC) systems with (a) and (b) W (water);
(c) and (d) D1; (e) and (f) D2 (Garcia-Lodeiro, Fernandez-Jimenez et al. 2013).

From the heat flow of OPC, fly ash and HAC in different solutions, it is

obtained that (1) in alkaline solution, both OPC and HAC hydration have been

accelerated. (2) In higher PH solution, the hydration is more quickly, especially for

OPC hydration. The high rate of OPC hydration will bring fast setting and increase

the shear stress of the HAC paste, mortar and concrete.

Figure 3- 5 Activation models for HAC in D1 and D2 (Garcia-Lodeiro, Fernandez-Jimenez et al. 2013).
The main products both in D1 and D2 are C-A-S-H and (N,C)-A-S-H.

Generally speaking, the alkali activators used in HACs influence the reaction kinetics

and the final products. Correspondently, the type of activator influences the
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rheological properties of HAC, Na2SiO3 tends to bring fast setting, high viscosity, and

fast increasing of shear stress.

3.4 Properties of hybrid alkaline cement

3.4.1 Rheology

HAC is made from complex compositions, which contain OPC, SCMs, alkali

activators, admixtures etc. Furthermore, the rheological properties of HAC changed

with time, due to the hydration of OPC, together with the alkaline activation reaction.

In addition to HAC design, the rheological properties as influenced by the synergic

effect of the following factors in Table 3- 2:
Table 3- 2 The influence factors on rheological properties of HAC.

SCMs Activator Admixtures Mixing conditions

Chemical composition
Mineralogical composition
Particle size distribution
Solid volume fraction, etc.

Nature
Concentration
Na2O/ SiO2

Superplasticizers
Retarders, etc.

Time
energy

Temperature, etc.

(a) (b)
Figure 3- 6 (a) Yield stress of AAFA suspensions at different testing temperatures (b) relative table

(Palacios, Alonso et al. 2019).
Rheology properties of AAM and HAC are influenced by the type and dosage

of alkali activator. And the yield stress and viscosity of these binder paste increased

as the temperature increased as shown in Figure 3-6.

3.4.2 Setting time

The ratio of OPC in HAC systems effects the setting properties significantly.

Increasing the ratio of OPC in HAC system, the initial setting time decreased

dramatically. The fast setting made HAC hard to cast and mix. Decreasing the ratio of

OPC in HAC system, setting time increased. The binder systems were presented in

Table 3- 3, and the setting properties are shown in Figure 3-7. Conclusion can be
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made that increasing the ratio of OPC in HAC systems, setting time decreased

dramatically.
Table 3- 3 Mix proportions of HAC.

Mix No Designation OPC Fly ash Slag Activator W/B Superplasticiser

1 GP60 60% 36% 4% 3% 0.30 1.5%

2 GP40 40% 54% 6% 4.50% 0.30 1.5%

3 GP30 30% 63% 7% 5.25% 0.30 1.5%

4 GP20 20% 72% 8% 6% 0.30 1.5%

5 GP10 10% 81% 9% 6.75% 0.30 1.5%

6 GP0 0% 90% 10% 7.50% 0.30 1.5%

Figure 3- 7 Setting times of different proportions of HC.
With the help of alkali activator, the pH value rose in the solution, the speed of

dissolution of SCMs accelerated. That led to substantially higher reactivity, shorter

setting time and greater early age strength. Differences were observed in setting

behaviour depending on whether the supplementary material was slag or fly

ash(Palomo et al., 2013a).
Table 3- 4 The different precursors’ setting time.

Binder Composition Activator W/B
setting time

Initial End

1 20%OPC+80%FA No 0.38 <18h -

2 20%OPC+80%FA Yes 0.38 1h47min 4h12min

3 20%OPC+80%BSAGE No 0.26 6h12min 9h12min

4 20%OPC+80%BSAGE Yes 0.26 1h25min 2h8min

The particle size and the liquid or solid activator also influence the setting time

of hybrid alkaline cement. It can be found that grinding the ash (from mainly 45µm to

10µm) enhanced its reactivity, and shorted its setting time. Liquid alkali activator
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accelerated the reaction rate in HAC system, and brought faster setting compared

with solid alkali activator.
Table 3- 5 The different precursors’ setting time.

Binder Composition
Activator

5%Na2SO4
W/B

setting time

Initial End

1 100%OPC No 0.35 2h30min 4h50min

2 50%OPC+50%O-FA Liquid 0.35 2h6min 3h31min

3 50%OPC+50%M-FA Liquid 0.35 1h41min 2h16min

4 50%OPC+50%AM-FA Solid 0.35 2h29min 3h24min

O-FA: Original FA, M-FA: Grinding FA (particle size form mainly 45µm to 10µm), AM-FA: M-FA+ solid
activator. The activator is 5% of Na2SO4 (%FAweight)

3.4.3 Application

The applications of HAC as industrial pavers and blocks have been reported

by the research group of Prof. Palomo (Fernandez-Jimenez et al., 2013b), the

compressive strength of HAC is relatively low (30-40MPa). In a subsequent industrial

trial, the concrete made with this type of binder was successfully used in the

manufacture of precast blocks and pavers.

Figure 3- 8 Schematic diagram of manufacturing process and stages of ternary hybrid cement (Qu,
Martin et al. 2016).

The production of HAC in Latin-American cement plant was reported(Qu et al.,

2016). The HAC system consists of 30% OPC, 32.5% bottom fly ash, 32.5% fly ash

and 5% solid activator.
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3.4.4 Durability

The durability of hybrid alkaline cements (HACs) in aggressive environments,

such as sulphate attack, alkali aggregate reaction, high temperature, chloride

penetration, carbonation, have always been the focus of global research (Fernandez-

Jimenez et al., 2013a, S. Donatello1, 2014, Zhang et al., 2017, Donatello et al.,

2013b). The products and reaction kinetics in HAC systems are different from the

hydration of OPC, and the corrosion mechanism and evaluation methods are also

different.

Excellent resistance of HAC to a sulphate attack is demonstrated by the 5-

years strength of HAC-mortar. It is reported that when HAC are exposed to

aggressive media, their behaviour is wholly comparable to the performance of

conventional Portland cements. The HAC perform even better than OPC in seawater.

No differential pattern seemed to be present.

(a) OPC mortar immersed 4 years in Na2SO4 (b) HAC mortar immersed 5 year in Na2SO4

Figure 3- 9 Structure and appearance of mortars exposed in Na2SO4 solution.

Figure 3- 10 Evolution of mortar bar expansion during the AAR test (S. Donatello1 2014).
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Figure 3- 11 Evolution of PC and hybrid cement mortar strengths following immersion in aggressive
solutions (S. Donatello1 2014).

Figure 3- 12 Visual changes in (a) hybrid alkaline cement and (b) control PC pastes after temperature
exposure.

3.5 Conclusion

The recent progress in hybrid alkaline cement can be summarized as follows:

(1) HAC is considered an eco-efficient material due to its high content of

supplementary cementitious materials (SCMs).

(2) HAC demonstrates mechanical performance comparable to that of Ordinary

Portland Cement (OPC).

(3)the type of alkali activator significantly influences reaction kinetics and the

formation of secondary reaction products .

(4)HAC exhibits poor workability characterized by rapid setting and high viscosity. .

(5) HAC demonstrates similar or even superior durability compared to OPC.

3.6 Perspectives for future research

(1)currently reported applications of HAC focus on achieving compressive

strengths of 30-40 MPa. There are few reported applications of HAC in high-strength

concrete members exceeding 60 MPa.

(2)The challenge lies in HAC's poor workability characterized by fast setting and
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high viscosity. Given the necessity to study new binders and simulate broader

application conditions, there is an increasing importance in exploring the fundamental

rheological parameters of fresh concrete, both from scientific and technological

perspectives.

(3)it is also necessary to explore methods and standards suitable for testing the

durability aspects and long-term durability performance of HAC.
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CHAPTER 4: RESEARCH PLAN AND METHODOLOGY

4.1 Introduction

From the previous chapter, it is clearly that the production and application of

HAC faces several challenges. To be a fundamental construction material, HAC

needs to possess high mechanical strength, flexible workability and good resistance

performance in virous environment. As a new generation of low carbon binders,

HACs differ from OPC in many aspects. The effect of raw materials and curing

conditions on the microstructural evolution of HAC systems and relevant properties

are not well understood. Understanding microstructural evolution and the relationship

to relevant properties, and building up references database are important in

designing and application of HACs in construction.

The research plan and methodology for this thesis are presented in this

chapter. HAC is used to describe binders consists of a high proportion of GBFS, a

low proportion of OPC and alkali activator. All samples are prepared under room

temperature refer to 20-25°C, humidity 40-60%，normal atmospheric pressure. The

alkali activator refers to the solid activators include Na2SiO3‧9H2O. The raw materials

refer to amorphous materials that are generally in a powder form. In this thesis the

raw materials include ordinary Portland cement (OPC), P II 52.5 and Ground blast

furnace slag (GBFS).

4.2 Research flow chart

This research is intended to solve some of the challenges in HAC application.

The aims of this project include:

(1)understanding the relationship between the mechanical development

mechanism and the raw materials, as well as the type and dosage of alkali activators

in HAC systems;

(2)to fully understand the setting and hardening mechanisms of HAC, and to

clarify the main factors affecting its initial and final setting time;

(3)to study the erosion mechanisms of HAC in various complex environments

and analyze the impact of raw material composition and activator dosage on erosion

products ;
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(4) development of HACs with high mechanical strength, good workability and

long-term durability performances.

The knowledge established in this research will significantly advance industry

applications for sustainable development. It provides essential parameters for the

production and use of HACs in construction. Understanding the development of

mechanical, setting, and durability properties will help bridge the gap between

theoretical research and practical engineering applications. The materials used and

the methods adopted in this research are described in the following sections of this

chapter.

The research flow chart shown in Figure 4-1provides an outline for this thesis.

Figure 4- 1 Research flow chart of this thesis.

4.3 Materials

4.3.1 Precursors

The precursors used in this research were: (a) ordinary Portland cement (OPC), P II

52.5, (b) Ground blast furnace slag (GBFS), S95 grade, with specific gravity of

2910kg/m3, and a specific surface area of 388m2/kg. These raw materials were provided

by a local company. Their chemical composition was measured using X-ray fluorescence

(XRF). The phase analysis of raw materials was conducted by X-ray Diffraction (XRD).

The XRD patterns of OPC, GBFS and FA are shown in Figure 4-2.

Chapter 5
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Chapter 6
•Ration of raw materials

•Type and dosage of activator

Setting behaviours

Chapter 7
•Compressive strength

•Chloride penetration

•Sulphate attack

•Alkaline activation
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Chapter 8

Conclusions and suggestions
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Table 4- 1 Chemical composition of OPC and GBFS, determined by X-ray fluorescence.
Type OPC GBFS

SiO2 20.99 31.43

Al2O3 5.36 15.22

Fe2O3 3.81 0.71

CaO 61.36 37.79

MgO 1.38 9.62

SO3 2.4 1.2

K2O 0.65 0.43

TiO2 0.27 0.67

Na2O 0.13 0.52

Figure 4- 2 XRD patterns of OPC and GBFS.

4.3.2 Alkali activator

Alkali activator is a key component in HAC system. The alkali activator not

only provides alkaline reaction environment for the hydration of HAC solid parts, but

also it has the greatest impact on the costs for production of this kind of binder. The

use of alkali activator usually produces HAC uncompetitive in price compared to OPC.

HAC systems activated by different types of alkali activators show different

performances on mechanical, setting and durability properties (Alahrache et al.,

2016b, Garcia-Lodeiro et al., 2016b, Sedira and Castro-Gomes, 2020). The

production of alkali activator also causes some environment issues, if it has been

manufactured at high purity for use in other industry sectors. The type and dosage of

alkali activator will greatly affect the economic and environmental impact in the

production of HAC.

The alkali activator Na2SiO3 ‧ 9H2O is a commercial sodium silicate in solid

condition, with 32.4 wt.% SiO2, 13.5 wt.% Na2O and 54.1 wt.% H2O, to reach the
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desired overall molar ratios. The chemical composition is shown in Table 4- 2.

Analysis of pure Na2SiO3 ‧ 9H2O, purchased by a chemical product from a store in

Jiaxing.

Table 4- 2 Solid sodium silicate specifications.

Solid sodium Silicate D–Grade TM

SiO2 (wt.%) 32.4

Na2O (wt.%) 13.5

H2O (wt.%) 54.1

SiO2/Na2O mass ratio 0.97

SiO2/Na2O molar ratio 1.0

4.3.3 Other materials

4.3.3.1 Sand

The sand used in chapter 4 is standard sand for cement strength testing

according to ISO standard. The sand used in chapter 6 chloride ion content is less

than 0.06%. The fineness modulus is 1.5, and the mud content is less than 1% and

provided by a local company.

3.3.3.2 Aggregate

The aggregate used is crushed stone, granite, with a maximum particle size of

35mm, needle and flake particle content less than 7%, crushing index 4.5-5, and mud

content less than 0.2%.

4.4 Procedures

4.4.1 XRD/XRF analysis for the phase determination

In this research, the mineral composition of binder paste powder at different

curing at 1day, 7 and 28 days was monitored by XRD. And the binder paste powder

after sulphate attack was also monitored by XRD. Analysis was got through an

acceleration voltage of 60KV and 80mA current XRD-7000 diffractometer with

Ceramic X-ray tube and Cu target. The samples were scanned at the rate of 2.5◦/min

between the angel 5◦ to 80◦2θ.
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4.4.2 SEM analysis

Scanning Electron Microscopy (SEM) was used to monitor the microstructural

evolution and phase composition of binder paste hydration products. To determine

the reaction products of binders with different ratio of raw materials, and HACs with

different dosage of alkali content. SEM with an accelerating voltage of 10 kV and

working distance of 10mm was carried out using a Phenom Pro X. An

IONSPUTTERE 1045 was used to coat with gold on polished specimens. The

chemical compositions are determined by a link-energy dispersive X-ray (EDX)

detector.

4.4.3 1H NMR analysis

A low-field 1H nuclear magnetic resonance (NMR) instrument (MAGMED-PM-

1030; MAGMET Analytical Instrument Corporation, Jiangsu, China) was used for the
1H NMR experiments at room temperature with a constant magnetic field of 10 MHz

and a 30 mm coil. 1H NMR technology was used to explore pore structure of all

binder systems curing at 1 day, 7 and 28 days and after chloride penetration. 1H

NMR technology was also used to explore the setting properties of all binder systems

during the setting period.

4.4.4 TGA analysis

TGA and DTG of hydrated products of binder systems at initial and final

setting time were carried out under N2-atmosphere on a STA-409PC instrument

heated from 30 ℃ to 1000 ℃ at a heating rate of 10 ℃/min.

4.4.5 Hydration heat analysis

The early heat flow and cumulative heat of binders with different ratio of OPC

and different dosage of Na2O content are tested by isothermal conduction calorimetry

for 72 hours on a THERMOMETRIC TAM air calorimeter. The binder systems that

studied included 70%-100%GBFS blended 30%-0% OPC which were hydrated with

solid alkali activator Na2SiO3•9H2O. 100OPC hydrated by the same w/b ratio as

control system. Superplasticizer and retarder are excluded in order to obtain accurate

test results. Each one of the sample weights about 5g.
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4.4.6 Procedures for mechanical testing

In chapter 4, the compressive strength is measured on 40 mm cubic mortar

specimens. Three parallel mortar specimens were tested at different ages (1,7 and

28 days) and an average of results was presented. The compression loading rate

was 2.4 KN/s.

Figure 4- 3 HAC paste speciments preparation and mechanical test.
In chapter 6, concrete specimens are measured to obtain compressive

strength in accordance to standard procedure of was measured on 100 mm cubic

concrete specimens. Triplicate parallel concrete specimens are tested at different

ages (7, 28, 91 and 180 days) and an average of results are presented. The

compression loading rate was 0.5 KN/s.

Figure 4- 4 HAC concrete specimens preparation and mechanical test.

4.4.7 Setting time

The setting times (initial setting and the final setting) of all the binders were

tested in accordance to Chinese standard specified in GBT 1346–2011 (Test

methods for water requirement of normal consistency, setting time and soundness of

the Portland cement).



32

Figure 4- 5 Initial setting time and final setting time test for HAC paste.

4.4.8 Procedures for chloride permeability measurement

A measure to test concrete’s resistance to chloride ion penetration is

conducted by the rapid chloride permeability test (RCPT) according to ASTM C 1202

(ASTM, 2012). The specimens used for RCPT have a thickness of 50 ± 2 mm and a

diameter of 100 ± 1 mm. The specimens are conducted vacuum saturation treatment

one day before the test, and then installed in a sealed experimental tank, with

storage tanks on both sides. Inject a solution containing 0.3N NaOH into the anode

chamber and a solution containing 3% NaCl into the cathode chamber of the storage

tank. Cure the prepared HAC concrete specimens under standard conditions, and

perform the chloride ion penetration test at curing times of 28 days and 91 days.. A

60 volts potential drop is applied on the two electrodes installed on each side of the

specimen. The total charge passed during the first 6 hours of measure is indicated as

the RCPT value.

Figure 4- 6 Rapid chloride permeability test for HAC concrete.

4.4.9 Procedures for sulphate attack resistance test

A test to measure HAC and OPC concrete’s ability of resistance to sulphate

attack is conducted on 100 mm cubic concrete specimens at the age of 28 days.
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Before testing, the specimens were dried at 80 ±°C for 48 hours to ensure thorough

drying. The specimens of HAC and OPC concretes are placed in sodium sulfate

solution. In order to maintain a stable pH value of the solution, this experiment

requires testing the pH value of the solution once every 15 cycles to maintain it

between 6 and 8, and the pH value of the solution can be pleasantly adjusted by

1mol/L of sulfuric acid solution. For the convenience of the drying -and-wetting cycles,

an automatic drying-and-wetting cycle equipment is used in this study. An automatic

drying-and-wetting cycle is 16h of immersion in sodium sulfate solution, 6h of drying,

and 2h of cooling, that is 24 hours for one cycle.

Figure 4- 7 Sulphate attack resistance test.
The Weight loss (W, %) of 100 mm cube specimens are measured according

to Eq. (3-1). Three parallel specimens are tested and an average of results are

presented.

W= (Wt − W0) ⋅100 / W0 (4-1)

Where Wt (g) is the weight of specimen measured over 150 times of sulphate

attack cycles; W0 (g) is the initial weight of the specimen tested after 28 days of

standard curing.

The reduction in compressive strength (C, %) of 100 mm cube specimens

after 150 times of sulphate attack cycles is tested according to Eq. (3-2), the

specimens cured in distilled water with the same age are used as control.

C= (C0 – Ct) ⋅100/C0 (4-2)

where Ct (MPa) is the compressive strength of 100 mm cube specimen tested

after 150 times of sulphate attack cycles; C0 (MPa) is the compressive strength of the

specimen tested at the same ages curing in distilled water.

When the times of sulphate attack reached 150, the specimens are examined

for appearance, weight and compressive strength and microscopic analysis.
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4.4.10 Resistance to the alkali-silica reaction

A measure to test mortar bar’s resistance to the alkali-silica reaction is

evaluated in accordance to procedures of ASTM C1260 (Astm, 2007). Three types of

binder systems are evaluated. The system 1 (blended cement) contains 90% GBFS)

and 10% OPC, and the second (HAC) with the same precursors but in addition of an

alkali activator. The alkali activator is a commercial sodium silicate solid: Na2SiO3 ‧

9H2O, and is expressed by the wt.% of Na2O relative to the quality of the binders,

and the solid chemical activator is blended into ground together with the binders. The

third system, 100% OPC is used as reference. For all the above systems, mortar

bars with the same ratio of binder to sand eques 1 to 2.25, that is 400 g of binder,

900 g of sand and a water/binder ratio of 0.47. For each case, Triplicate parallel

specimens are made. The initial longitudinal length is measured for the sample after

24 hours of standard curing. Soon after, the samples are immersed in 80°C water for

24 hours, and longitudinal length are measured again. Later, the samples are placed

in 80°C NaOH (1N) solution, and longitudinal length are measured at 3d, 5d, 16d,

30d, and 35d.

Figure 4- 8 Resistance to the alkali-silica reaction test.
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CHAPTER 5: PAPER 2 – SYNTHESIS AND MECHANINCAL
PROPERTIES OF HYBRID ANKALINE CEMENTS BASED

ON SLAG AND PORTLAND CEMENT

5.1 Introduction

Currently, ordinary Portland Cement (OPC) serves as the fundamental

construction material. The production of OPC brought many environmental and

energy issues (Monteiro et al., 2017, Cao et al., 2021). To reduce the production of

OPC, many efforts were made. Firstly, partial replacement of OPC with SCMs was

applied (Samad and Shah, 2017, Juenger et al., 2015, Lothenbach et al., 2011b, Cao

et al., 2021, Fu et al., 2020). Another option is to develop alternative binders, e.g.

alkali activated material (AAM), which is an OPC-free solid material (Provis and

Bernal, 2014, Provis et al., 2015b, Shi et al., 2011a). Finally, the concept of hybrid

alkaline cement (HAC) was introduced (Fernandez-Jimenez et al., 2013b, García-

Lodeiro et al., 2012, Palomo et al., 2013b, Palomo et al., 2007)

HAC consists of a high proportion of SCMs, such as FA and or GBFS, a low

proportion of OPC and alkali activators. The applications of HAC as pavement and

masonry blocks have been reported by the research group of Prof. Palomo

(Fernandez-Jimenez et al., 2013a). HAC possesses comparable performance as

OPC (Fernandez-Jimenez et al., 2013b, García-Lodeiro et al., 2012, Palomo et al.,

2013b, Donatello et al., 2013b), needs less alkali activator than AAM and can harden

at ambient temperature (a curing temperature high up 60°C to 90°C is needed in

alkali activated materials) (Fernández-Jiménez and Palomo, 2007, Garcia-Lodeiro et

al., 2016b). Compared with OPC, HACs needs the help of alkali activator to active its

Pozzolanic reaction. While compared with AAMs, HAC needs less dosage of alkali

activator, which will make it more safety and economical in application. The

differences of these three binders were shown in Table 5- 1.
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Table 5- 1 Comparation of the three methods (Illustrated by fly ash).
Option Binders Composition Alkali activator Curing condition

0 OPC 100%OPC 0 25°C

1 Partial replacement 25%FA+75%OPC 0 25°C

2 AAM 100%FA Strong OH- 60°C to 90°C

3 HAC 70%-80%FA+20%-30%OPC Moderate OH- 25°C

However, the mechanical strength development mechanism of HAC is not fully

understood, and the factors affecting the compressive strength of HAC have not been

systematically studied. Mahya Askarian et al.(Askarian et al., 2018) investigated one-

part hybrid OPC-geopolymer concrete with different ration of raw materials. It was

found that the dosage of Na2O content plays an important role on the workability,

setting time, and mechanical properties. Salaheddine Alahrache et al. (Alahrache et

al., 2016b) studied the strength development of the HACs based on 30% OPC,

70%FA activated by different activators (Na2CO3, Na2SiO3, K2SiO3, Na2Oxalate and

K3Citrate), concluding that the alkali activator has an obvious impact on strength

development. Some research (Garcia-Lodeiro et al., 2016b, Garcia-Lodeiro et al.,

2013b, A. Palomo, 2007) presents descriptive models for low-Ca HAC systems

hydration, which involve both typical OPC hydration and alkali activation of fly ash,

and it is concluded that the early hydration products are N–A–S–H and C–S–H gels,

which gradually evolve into C–A–S–H structures as hydration progresses. Martin T.

Palou et al.(Palou et al., 2016) studied the effect of curing temperature on blended

cements, and concluding that increasing the curing temperature accelerated the

initial hydration rate, however the hydration rate at later age was reduced. Escalante-

Garc �a et al.(Escalante-Garcia and Sharp, 2000) reported that the curing

temperature effect the hydration rate of blended cements varies with the changes in

cement components.

By now, the effect of raw materials and alkali activators on the microstructural

evolution of HAC systems and relevant strength development mechanism are not

well understood. The previous studies mainly focused on low-Ca HAC systems, and

the compressive strength is generally low in both early and late stages (normally

below 50 MPa)(A. Palomo, 2007, Donatello et al., 2013a, Mejia et al., 2015,

Alahrache et al., 2016b, Garcia-Lodeiro et al., 2017, Askarian et al., 2018). As is well

known that alkali activator is a key parameter of alkali-activated materials (Alahrache

et al., 2016b, Garcia-Lodeiro et al., 2016b, Sedira and Castro-Gomes, 2020). The
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influence of the dosage of alkali activator on HAC mechanical properties need to be

studied. Besides, the curing condition is also an important parameter of alkali-

activated materials for compressive strength development especially at early age(Qu

et al., 2016). And the microanalysis of HACs with different dosage of alkali activator

and precursors are beneficial to understand their mechanical strength development

precisely. To provide reference for design and application of HACs in construction，it

is essential to understand the mechanical strength development mechanism of

different HACs system.

In this study, a series of HACs was prepared with 10%-30% OPC, 90%-70%

GBFS, 0-8% alkali activator and curing at room temperature. The effects of type and

dosage of activator used, and the ration of raw materials on the mechanical

properties of different HACs will be studied.

5.2 Experimental

The binder systems were prepared in Table 5- 2. The systems include Partial

replacement system (NO.1), HAC systems (NO. 2 to 9), OPC system (NO. 12) and

AAM system (NO. 13). The OPC system hydrated by water was prepared as

reference. All systems were mixed with the same water-to-solids ratio (w/s) of 0.4.

The activators (wt.% of binders) used was Na2SiO3‧9H2O in solid condition and

blended into ground together with the binders.
Table 5- 2 Composition of HAC paste systems (wt.%).

NO. System GBFS OPC Activator

1 90GBFS-10OPC 90 10 -

2 90GBFS-10OPC 90 10 1

3 90GBFS-10OPC 90 10 2

4 90GBFS-10OPC 90 10 3

5 90GBFS-10OPC 90 10 4

6 90GBFS-10OPC 90 10 5

7 90GBFS-10OPC 90 10 6

8 90GBFS-10OPC 90 10 7

9 90GBFS-10OPC 90 10 8

10 80GBFS-20OPC 80 20 5

11 70GBFS-30OPC 70 30 5

12 100OPC - 100 -

13 100GBFS 100 - 5

The samples were cured in standard curing condition (at 20 ± 2 ◦C and RH >
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95 %) in accordance with ISO 1920-3-2004.

5.3 Testing procedure

The testing procedure are introduced in chapter 3 section 3.4.

5.4 Results and discussion

5.4.1 Compressive strength

This section presents the compressive strength results for all the systems

detailed in Table 5- 2. These systems were cured at room temperature and tested at

intervals of 1 day, 7 days, and 28 days, using varying dosage of alkaline activator. . In

this study, the compressive strength of HAC pastes were evaluated by the ratio of

raw materials and the dosage of alkali activator.

The highest mechanical strength results at early ages were obtained in

systems with higher GBFS content, indicating that a 5% dosage of Na2O activator is

adequate for early activation of GBFS. Systems 10 and 11 showed a significantly

slower strength increase in the initial stages (1–7 days), a behavior characteristic of

replaced cements, as observed by Barnett et al. (Barnett et al., 2006). It has been

reported that GBFS particles act as nucleation sites, promoting the formation of C–

S–H gel, densifying the cementitious matrix, and reducing porosity. Additionally,

GBFS improves fluidity, further decreasing porosity (Bijen, 1996, Escalante-Garc��a et

al., 2003). The systems with higher dosages of Na2O exhibit increased strengths.

This is confirmed by previous investigations, which indicate that a highly alkaline

environment is necessary to achieve greater mechanical strengths (Xue et al.,

2021a). However, excessive Na2O content resulted in the development of cracks in

the HAC, leading to a decrease in compressive strength as shown in Figure 5-2. It is

crucial to incorporate an appropriate dosage of alkali activator in the design and

application of HAC.

5.4.1.1 Effect of the ratio of OPC

The compressive strength results showed in Figure 5-1 are the binders

described in Table 5- 2, activated with 5% Na2O content, cured at room temperature

and tested at 1 day, 7, and 28 days.

System6 (90GBFS-10OPC) demonstrates superior mechanical strength
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outcomes: 1d 36.2MPa, 7d 64.3 MPa and 28d 82.8 MPa, higher than OPC at the

same periods which is 1d 25.9 MPa, 7d 61.4 MPa and 28d 71.2 MPa. The result

assures that HAC system with high proportion (90%) of SCMs exhibits even higher

compressive strength than OPC. The result also proves that by adjusting the

proportion of raw materials and adding an appropriate dosage of alkali activator,

high-strength HAC can be obtained. Systems 4 to 7 exhibit higher compressive

strength compared to system 13 at 28 days. This indicates that the HAC shows

higher compressive strength than AAM with the same type and dosage of alkali

activator. The main reason for this phenomenon is that the hydration of OPC in the

HAC system increases the pH value of the reaction solution(Garcia-Lodeiro et al.,

2016b), resulting in a more complete final reaction compared to the AAM system. The

hydration reaction of OPC is slower than the alkali activation reaction, which may be

the reason why the early strength of system 10 and 11 (especially 1-day strength) is

lower than that of system 13.

Figure 5- 1 Compressive strength of binder systems activated with 5% Na2O.

5.4.1.2 Effect of dosage of alkali activator

The compressive strength results showed in Figure 5-2. are the system 1 to 9,

activated by different dosage of Na2SiO3 ‧ 9H2O, cured at room temperature and

tested at 1day, 7, and 28 days. OPC sample and system 1 (90GBFD-10OPC or call

blended cement) hydrated by only water were taken and used as references.

As it is shown in Figure 5-2, blended cement (BC) provides the lowest

compressive strength in all the specimens at 1 day, 7 and 28 days, especially at early

age (6.8 MPa at 1d). The main reason is that the hydration reaction rate of BC
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hydrated by only water is relatively slow, associated with higher porosity, reduced

mechanical strength and stiffness compared to OPC concretes (Menéndez et al.,

2003, Hoshino et al., 2006, Whittaker et al., 2014, Hlobil et al., 2016, Durdziński et al.,

2017). The slow hydration reaction rate of blended cement (Macphee et al., 1988,

Pane and Hansen, 2005, Kocaba et al., 2012) produces the reduced reactivity of

GBFS compared to OPC (Escalante-Garc�a and Sharp, 2001). GBFS particles

blended with OPC react only after activation due to the production of OH- produced

from OPC hydration (Roy, 1982). Due to the relatively low proportion of OPC in this

experiment, the reaction process relatively slow, which result in the low compressive

strength at early age. The hydration reactions of OPC and GBFS occur

simultaneously and interact with each other (Richardson and Groves, 1992, Chen

and Brouwers, 2007), resulting in a very complex combination of different hydration

products. Since GBFS contains relatively lower content of calcium than OPC

(Lothenbach et al., 2011a), the calcium-silicate-hydrates (C-S-H gel), the most

significant hydration products of OPC exhibit a lower calcium-to-silicate ratio (C/S) in

blended cement compared to OPC (Richardson and Groves, 1992, Konigsberger and

Carette, 2020).

The compressive strength of HAC systems shows an increase with the rising

dosage of alkali activator, followed by a decrease with the increment of Na2O content.

When the Na2O content dosage reaches 4%, HAC demonstrates a compressive

strength of 47.4 MPa at 7 days, showing a 36% increase when the Na2O content

dosage reaches 5%. The compressive strength of the HAC system exhibits an

increasing trend with the rising dosage of Na2O content, which is more pronounced in

the early age and less apparent in the later stages. The compressive strength of HAC

reaches 64.3 MPa with a 5% dosage of Na2O content at 7 days. Subsequently, there

is a further 29% increase, reaching 82.8 MPa, in compressive strength from 7 to 28

days. This surpasses the compressive strength of OPC concrete samples at all

tested ages. However, the compressive strength of HAC decreases with the

increasing dosage of Na2O content, especially when the dosage exceeds 5%. In

comparison between HAC samples with alkali content of 5% and 8%, the

compressive strength of HAC exhibits a decrease of 25% at 7 days and further

decreases by 27% at 28 days. The compressive strength of HAC displays a

decreasing trend with the increasing dosage of Na2O content. This trend is less
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apparent in the early age and becomes more noticeable in the later stages.

With the increasing dosage of alkali activator, the pH value in the reaction

solution increases gradually, thereby accelerating the dissolution of GBFS in alkaline

solution and increasing the reaction rate. When the dosage of Na2O reaches 4%,

HAC exhibits a compressive strength equivalent to OPC at 28 days. Upon reaching a

dosage of 5% Na2O content, the compressive strength of HAC reaches its peak,

subsequently declining as the activator dosage increases. The main reason for this

phenomenon is that an excessive amount of Na2O causes HAC samples to expand

and crack, resulting in a decrease in the compressive strength of HAC. Observably,

by adding an appropriate dosage of alkali activator, HAC exhibits higher compressive

strength than OPC, both at early age and later age.

Figure 5- 2 Compressive strength of OPC and HACs activated by different dosage of alkali activator.

5.4.2 XRD analysis

X-ray diffraction (XRD) technique was used to study the reaction products of

all binders. XRD patterns for binders with different ratio of raw materials, and Na2O

content ranging from 0 to 8%, curing at 1 day, 7 and 28 days were shown in Figure

5-3 and Figure 5-4. Analysis of the variations in the diffractograms over time and by

varying the ratio of raw materials and Na2O content revealed in the following.

A diffraction peak at around 11.6◦ (2θ) is possibly due to the presence of

hydrocalumite, which is prone to be produce with a high proportion of GBFS (S.

Donatello1, Taylor et al., 2010, Qiu et al., 2015), and activated with Na2SiO3 and

NaOH (Shi et al., 2003, Haha et al., 2011). Peaks corresponding to portlandite and

ettringite are not observed neither in HACs curing at 1day, 7days nor 28 days. This
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phenomenon is similar to what has been reported in other researches (Angulo-

Ramirez et al., 2017), and due to the small proportion of OPC in HAC system and

inhibition or delay of hydration rate in OPC as a consequence of high alkalinity in the

solution (Puertas et al., 2011). Hydrated gehlenite has also been detected as a

hydrated product of GBFS activated with Na2SiO3 and NaOH(Shi et al., 2003). A

corresponding peak at 29.4° 2θ is likely due to the presence of calcite, attributed to

the carbonation of portlandite, as high pH solutions tend to induce carbonation

(Garcia-Lodeiro et al., 2013a, Cao et al., 2021).



43

Figure 5- 3 XRD patterns of binders with different proportion of precursors, (a) 1 day of curing; (b) 7 days
of curing; (c) 28 days of curing. A:C3S; B:C2S; C:Calcite; H: Hydrocaluminte; Ge:hydrated Gehlenite(C2ASH8).
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Figure 5- 4 XRD patterns of HACs with different dosage of Na2O, (a) 1 day of curing; (b)7 days of curing;
(c)28 days of curing. A:C3S; B:C2S; C:Calcite; H: Hydrocaluminte; Ge:hydrated Gehlenite(C2ASH8).
Crystalline phases alite (C3S) and belite (C2S), which come from the unreacted

OPC, are detected in HAC and OPC samples. The quantity of C3S and C2S is

decreased gradually with the increasing curing time and dosage of alkali activator in

HAC systems. At the same time, the quantity of crystalline hydration products such

as hydrocalumite, hydrated gehlenite and calcite is increased with the prolong of

curing time and increasing of Na2O content. This may be the main reason for the

continuous development of the compressive strength of the samples with increasing

age and alkali content, and the result is consistent with the increasing density of

particles in the SEM image of the sample.

All the diffraction patterns contain a wide diffuse halo from 29.4◦ to 50.1◦ (2θ),

which is generally associated with the formation of a mixture of C-S-H (the main

hydration product of OPC) and or C-A-S-H (the main product of alkali activated

GBFS) gels (Garcia-Lodeiro et al., 2013a, Angulo-Ramirez et al., 2017). The mixture

gels of C-S-H and C-A-S-H has been proved in previous studies (Xue et al., 2021a,

Garcia-Lodeiro et al., 2013b, Donatello et al., 2014, Alahrache et al., 2016b, Garcia-

Lodeiro et al., 2011). The gels of C–S–H and C-A-S-H and the mixture of them are all

XRD amorphous, and their presence will be confirmed by BSEM.

It is observed that HACs with different dosage of Na2O content consistently

exhibit the same reflection peaks. Moreover, the XRD patterns of the main reaction

products of HACs with different dosage of Na2O content did not show significant

changes at 1 day, 7 days, and 28 days. Generally speaking, the compressive

strength of HACs activated with different dosage of Na2O content is not determined
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by the types of reaction products, but more closely related to their quantity.

5.4.3 1H NMR analysis

1H NMR technology was used to explore pore structure of all binder systems

curing at 1 day, 7 and 28 days. In this 1H NMR analysis, the signal intensity of water

in all binders are tested. And, the relationship between water mass and signal

intensity has to been established. The development of transverse relaxation time of

T2 vs signal intensity is evaluated by the different ratio of raw materials in the binder

systems, and the dosage of Na2O content in HACs.

Figure 5- 5 T2 vs. intensity during hydration of binders with different ratio of OPC (a) 1day;(b) 7 day; (c) 28day.
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T2 vs. intensity during curing days of binder systems with different ratio of OPC

on pore structure distribution is shown inFigure 5-5(a, b and c), and different ratio of

OPC present different pore structure distribution. All of the binders present the signal

intensity peaks of T2 shifted left gradually with time, attributed to the majority of water

migrating to smaller pores, and show compressive strength increases with the

prolong of curing age. AAM (100GBFS) presents signal intensity peak of T2 at 1.8ms

for the first day, indicating that the water mainly exists in the form of capillary pore

water. OPC shows signal intensity peak of T2 at 0.4ms, and HACs at 0.5-0.7ms for

the first day, which indicated that some water is converted into gel pore water in the

first day. With the increasing curing time, AAM (100GBFS) presents signal intensity

peak of T2 at 1.7ms for 7 days, but with intensity peak decreasing significant declined.

OPC shows signal intensity peak of T2 at 0.2ms, indicating that lots of water is

converted into gel pore water in the first day. HACs present nearly the same pore

structure distribution, 90GBFS-10OPC shows the signal intensity peaks of T2 shifted

left the most with time, attributed to the highest compressive strength increases with

time. OPC shows signal intensity peak of T2 < 0.2ms, which indicating that the water

is converted into smaller gel pore water with the hydration. The T2 vs. intensity curves

for 7 and 28 days did not exhibit significant changes in HACs and GBFS. This

suggests that the compressive strength increases more rapidly in the early curing

days and more gradually in the later age.

The influence of the dosage of Na2O content in HACs on pore structure

distribution is shown in Figure 5-6(a, b and c), and the increasing dosage of alkali

activator in HACs exhibit different pore structure distributions. As shown in Figure

5-6(a), BC (90GBFS-10OPC hydrated by only water) exhibits signal intensity peak of

T2 at around 2.0ms for 1 day, which indicated that the water mainly exists in the form

of capillary pore water, thus presents the lowest compressive strength at 1 day. The

curves of BC shifted to left with the increasing curing day, but the speed is very slow.

After 28 days, the intensity peak of T2 moved left slowly to around 1.0ms, signals are

found on the intensity curve at T2<1.0ms, which suggests that some water has

infiltrated into the gel pores, leading to the formation of hydration products. The

outcome may explain reason why BC with high proportion of OPC presents

compressive strength increasing slowly. The intensity peaks shifted to the left and

weakened with curing time as the dosage of Na2O content increased in HACs. As
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shown in Figure 5-6(a and b) Two intensity peaks were detected in HACs with Na2O

content ranged from 1% to 3%. An intensity peak at T2 < 1.0ms suggests the

formation of hydration products. The other peak at T2>1.0ms, indicating a proportion

of water was trapped in larger pores. The results meant that larger pores were

produced in HACs with small dosage of alkali activator. As Na2O content continues to

increase the intensity peaks shifted to left over time, and the rate of leftward

movement increases with the increase of Na2O content, and this is more pronounced

in the early stages and less prominent in the later stages. Meanwhile, it should notice

that the intensity peaks do not decrease continuously with the increase of Na2O

content. The intensity peaks show the lowest with an Na2O content of 5% after 1 day

7, and 28 days, which indicated that the most suitable pore structure distribution were

produced. Correspondingly, the compressive strength of HACs exhibits an increasing

trend with the rising dosage of alkali activator, followed by a decrease with the

increment of Na2O content, as shown in Figure 5-2.
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Figure 5- 6 T2 vs. intensity during hydration of binders with different dosage of Na2O (a) 1day;(b) 7 day; (c) 28day.

5.4.4 Scanning Electron Microscopy analysis

Scanning Electron Microscopy (SEM) analysis was conducted on HACs with

varying ratios of OPC and different dosages of Na2O content, cured at 1 day, 7 and

28 days were shown in Figure 5-7 to Figure 5-12. Analysis of the variations in the

micrographs over time and by varying the ratio of OPC and Na2O content revealed in

the following.

Figure 5- 7 SEM images of binder systems activated with 5% Na2O for 1 day.
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Figure 5- 8 SEM images of binder systems activated with 5% Na2O for 7 days.

Figure 5- 9 SEM images of binder systems activated with 5% Na2O for 28 days.
Figure 5-7 shows the microstructure images of binder systems after 1 day of

curing. As it is shown in SEM images, 90GBFS-10OPC presents more reaction

products compared to other binder systems. 70GBFS-30OPC shows loss

microstructure, indicates that less reaction products produced, and these results are

consistent with the results of compressive strength in Figure 5-1. The same pattern

can be observed on the microstructure images at 7 and 28 days of curing. As

depicted in the SEM micrographs, the microstructures of all binders become denser

and more compact with the increasing curing days. The hydration productions of

HAC systems normal have a three-dimensional structure, which is denser and harder

compared to two-dimensional C-S-H gel crystal structure (Hadj-sadok et al., 2011,

Garcia-Lodeiro et al., 2012). Small cracks have been observed at the samples of 7
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and 28 days, especially at the sample of 100GBFS curing at 28 days. Spongy

particles are detected in the micrographs of HACs at both 7 and 28 days, which is

possibly due to the presence of Hydrated gehlenite (C2ASH8) a hydrated product of

GBFS activated with Na2SiO3 and NaOH (Yang et al., 2012, Shi et al., 2003).

Figure 5- 10 SEM images of HACs with different dosage of Na2O curing for 1 day.
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Figure 5- 11 SEM images of HACs with different dosage of Na2O curing for 7

days
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Figure 5- 12 SEM images of HACs with different dosage of Na2O curing for 28 days.
The outcomes show that the matrix becomes denser with the increasing

dosage of Na2SiO3‧9H2O. As show in Figure 5-10 to Figure 5-12 the binder with 90%

GBFS and 10%OPC hydrated by only water looks porous, associated with higher

porosity and lower mechanical strength compared to HAC activated by higher

dosage of Na2SiO3‧9H2O. The relatively slow hydration reaction rate of BC produces

the slow reaction rate of GBFS compared to OPC (Escalante-Garc�a and Sharp,

2001). In BC system, GBFS particles react only after the hydration of OPC (Roy,

1982). Due to the high proportion of GBFS and low ratio of OPC in BC system, the

reaction process is very slowly, which results in the lowest compressive strength. As

shown in Figure 5-10, OPC particles normally present bright grey shadows with

irregular shapes, and the GBFS particles are relatively dark and the color remains

uniform(Nath and Sarker, 2015, Xue et al., 2021a). Unreacted C3S and C2S are

discernible in the SEM images, which is consistent with the XRD patterns of HACs in

Figure 5-4. Both SEM images Figure 5-10 to Figure 5-12 and XRD patterns Figure

5-4 reveal a gradual decrease in the quantity of C3S and C2S with the increasing
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dosage of Na2O content. As seen in Figure 5-10 to Figure 5-12, the gelation matrix

becomes denser and more compact with the increasing of Na2O content. With the

increasing dosage of Na2O content, the pH value in the reaction solution increases

gradually. In the alkaline solution, both OPC and GBFS hydration rate have been

accelerated. In higher PH solution, the hydration is more quickly, especially for OPC

hydration. The rapid rate of Ordinary Portland Cement (OPC) hydration will result in

fast setting and an increase in the compressive strength of HAC. However, small

cracks can be detected in Figure 5-10 to Figure 5-12, especially at the images by

high dosage of Na2O content which is possibly due to the presence of Hydrated

gehlenite (C2ASH8) a hydrated product of GBFS activated with Na2SiO3 and NaOH

(Yang et al., 2012, Shi et al., 2003). This is the primary reason for the decrease in

compressive strength in HACs with Na2O content exceeding 5%.

5.5 Conclusions

HACs with high proportion of supplementary cementitious materials and low

proportion of ordinary Portland cement were manufactured with the utilization of alkali

activator. The mechanical strength of HAC was affected by many factors, some

conclusions can be drawn in the following:

(1) The system 6 (90GBFS-10OPC) activated by 5% Na2O showed the

highest mechanical strength at all the curing ages. The results indicated that HACs

can be synthesized flexibly by using different proportion of raw materials. By

adjusting the ratio of raw materials, activated by appropriate alkali activator, HACs

exhibited good mechanical strength, especially at early age.

(2) The compressive strength of the HAC system demonstrated an increase

with the rise in alkali activator dosage. However, an excessive amount of Na2O

content led to the development of cracks in the HAC, resulting in a decrease in

compressive strength. It is crucial to incorporate an appropriate dosage of alkali

activator in the design and application of HAC.

(3) HACs with varying Na2O content dosages exhibited no significant

alterations in the types of main reaction products at 1 day, 7 days, and 28 days. The

quantity of main reaction products increased gradually with the rising curing time and

alkali activator dosage in HAC systems. The compressive strength of HACs activated

with different Na2O content dosages was not determined by the types of reaction
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products but was more closely related to their quantity.

(4) In all binders, the signal intensity peaks of T2 gradually shifted left with time,

signifying the migration of water to smaller pores. Additionally, compressive strength

increased with the extension of curing time. The intensity peaks were at their lowest

with an Na2O content of 5% during the curing period, indicating the production of the

most suitable pore structure distribution.

(5) The microstructures of all binders became denser and more compact with

the increasing curing time, 90GBFS-10OPC presented more reaction products

compared to other binder systems. The gelation matrix became denser and more

compact with the increasing of Na2O content, high dosage of Na2O content brought

cracks and decreased of compressive strength in HACs.



55

CHAPTER 6: PAPER 3 – THE FACTORS AFFECTING
SETTING PROPERTIES OF HYBRID ALKALINE CEMENT
BASED ON PORTLAND CEMENT AND GROUND BLAST

FURNACE SLAG

6.1 Introduction

Hybrid alkaline cement (HAC) is generally regarded as a new generation of

low-carbon binders, which consists of a high ratio of SCMs, a low ration of OPC,

activated by appropriate alkali activators. HAC combines the advantages of both

alkaline activated material (AAM) and blended cement, shows comparable or even

higher mechanical strength and excellent durability performance(Garcia-Lodeiro et al.,

2013b, Xue et al., 2021b, Fernandez-Jimenez et al., 2013a, S. Donatello1, 2014).

The incorporation of a chemical activator accelerates the hydration kinetics and

enhances the mechanical strength of HAC. However, when HAC is designed with

high mechanical strength (high than 60MPa) applications, HAC suffers from poor

workability with fast setting and high viscosity, which make it difficult to pump or cast.

For example, the initial setting time and final setting time of a HAC paste (70% fly ash

and 30% OPC activated by Na2O·nSiO3 and NaOH) are 13 and 31 min, while the

initial setting time and final setting time for OPC generally are 138 and 196 min

respectively (Suwan et al., 2014). The optimal initial setting time of a fresh concrete

has an important influence on its mixing and pumping process, and effects its

strength, durability, and surface quality.

Ning Li et al. explored a method for controlling setting time by altering the

composition of alkali activator ions and the degree of silicate polymer in alkaline-

activated slag the dosage and alkali modulus of alkali activator, and concluding that

properly designed activators can achieve both designable setting time and

reasonable compressive strength. Chang et al.(Chang, 2003) studied the setting

properties of slag activated by sodium silicate, and found that the PH value of the

reaction solution, The dosage and alkali modulus of the alkali activator play an

important role in setting properties. Pilehvar et al.(Pilehvar et al., 2020) reported that

the setting times of both OPC and AAM paste decreased with the increasing of

temperature, due to the accelerated hydration of OPC and geopolymerization of AAM
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in high temperature. Some studies found that the ratio of raw materials in HAC

system effects setting characters, dramatically(Balun and Karatas, 2023). By now,

the factors affecting setting characters of HAC systems have not been fully

understood, and the previous studies mainly focused on low-calcium based HAC

systems, report about HAC with high mechanical strength and controlled setting

times is rare(Millan-Corrales et al., 2020, Fernandez-Jimenez et al., 2019, Alahrache

et al., 2016b, Donatello et al., 2013a, Qu et al., 2016, Askarian et al., 2018, Sanchez-

Herrero et al., 2019).

Based on the above consideration, this research explores the setting

properties of HAC, a series of binder systems were prepared with different ratio of

OPC and GBFS, addition with a series of dosage of alkali activator. This study utilizes

the heat of hydration testing method to analyze the exothermic behavior during the

hydration process of HAC. It employs 1H NMR technology to investigate changes in

capillary water or gel water and to analyze the phases of products after initial and

final setting. These approaches provide a theoretical framework for understanding

the impact of different parameters on the setting and hardening of HAC. The effects

of dosage of activator used and the ration of raw materials on the setting properties

of different binder systems were studied.

6.2 Experimental

The binder systems were prepared as shown in Table 6- 1. HAC systems were

prepared with 10％-30% OPC, 90%-70% GBFS, and activated by 0-8% alkali

activator. OPC hydrated by water was prepared as reference. All binder systems

were mixed with the same water-to-solids ratio (w/s) of 0.4. The activator (wt.% of

binders) used was Na2SiO3‧ 9H2O in solid condition and blended into ground

togetherwith the binders.
Table 6- 1 Composition of binder systems (wt.%)

NO. System GBFS OPC Activator

1 90GBFS-10OPC 90 10 -

2 90GBFS-10OPC 90 10 1

3 90GBFS-10OPC 90 10 2

4 90GBFS-10OPC 90 10 3

5 90GBFS-10OPC 90 10 4

6 90GBFS-10OPC 90 10 5



57

7 90GBFS-10OPC 90 10 6

8 90GBFS-10OPC 90 10 7

9 90GBFS-10OPC 90 10 8

10 80GBFS-20OPC 80 20 5

11 70GBFS-30OPC 70 30 5

12 100OPC - 100 -

13 100GBFS 100 - 5

All samples were made in standard curing (at 20 ± 2 ◦C and RH > 95 %) in

accordance with ISO 1920-3-2004.

6.3 Testing procedure

The testing procedure are introduced in chapter 3 section 3.4.

6.4 Results and discussion

6.4.1 Setting time

Setting times of all binders were tested by vicat in accordance to Chinese

standard specified in GBT 1346–2011. In this study, the setting properties of binder

pastes were evaluated by the ratio of raw material and the dosage of alkali activator.

The effect of the ratio of raw materials and the dosage of alkali activator on setting

times of GBFS based binders is shown in Figure 6-1. Figure 6-1(a) shows the effect

of the proportion of OPC on setting time of binders blended GBFS and/or OPC, with

5% Na2O content. Both the initial and final setting times of the binders decreased as

the ratio of OPC continued to increase in the combined binders. This could be the

primary reason for the decrease in setting time as the ordinary Portland Cement

(OPC) content increases in the binders. While the setting times of GBFS activated

with the same Na2O content are 62 and 99 min. The results indicate that in alkaline

solution, the reaction between OPC and alkaline solution is much faster than that of

GBFS. This may be the main reason for the decrease of setting time as the OPC

content increases in the binders.
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Figure 6- 1 (a) setting time of binder systems; (b) setting time of HACs with different dosage of Na2O content.
As it is shown in Figure 6- 1(b), blended cement (BC, Na2O content equals to 0)

provides the longest setting times 265 min for initial setting and 473 min for final

setting. The primary reason is that blast furnace slag, when hydrated solely with

water, undergoes a slower hydration rate, resulting in extended setting times and

lower early compressive strength compared to OPC (Menéndez et al., 2003, Hoshino

et al., 2006, Whittaker et al., 2014, Hlobil et al., 2016, Durdziński et al., 2017). The

slow hydration rate of blended cement (Macphee et al., 1988, Pane and Hansen,

2005, Kocaba et al., 2012) produces the reduced reactivity of GBFS compared to

OPC (Escalante-Garc�a and Sharp, 2001). GBFS particles blended with OPC react

only after activation due to the production of OH- produced from OPC hydration (Roy,

1982). The hydration process of this system is as follows: Initially, OPC hydrates to

form C-S-H gel and produces calcium hydroxide. As the hydration progresses, GBFS

starts to react in an alkaline environment. Due to the relatively low proportion of OPC

in this system, the reaction proceeds slowly, resulting in extended setting time and

lower early-age compressive strength.

The setting time of HAC systems present a decrease with the increment of

Na2O content. Increasing the alkali content typically shortens the setting time of slag

cement due to the alkali's mechanism of action. An alkaline environment promotes

the hydration reactions of silicates and aluminates in slag. These reactions produce

the C-S-H gel, which facilitates early hardening of the cementitious material.

Additionally, alkalis enhance the rate of hydration reactions, accelerating the

formation of hydration products and speeding up the overall hydration process.

Therefore, increasing alkali content generally significantly shortens the setting time of

slag cement, imparting higher early strength and hardening characteristics. When the
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dosage of Na2O content reaches 3%, HAC exhibits initial setting time 84 min (more

than 1 hour), and shows 39% decrease (down to 51 min which is less than 1 hour)

with the dosage of Na2O content reaches 5%. The setting time of HAC system shows

a decreasing trend with the increase dosage of Na2O content, which is more obvious

in the initial setting time, this decrease in setting time is associated with poor

workability for pumping and casting, which is significantly less than that of OPC paste

under similar conditions. The initial setting time of HAC reaches 51 min with 5%

dosage of Na2O content, and then a further 55% decreases (down to 23 min) with 8%

dosage of Na2O, which is far less than OPC paste at the same situations.

With the increasing dosage of alkali activator, the pH value in the reaction

solution increases gradually. In an alkaline environment (NaOH solution), GBFS

rapidly dissolves, releasing silicates (SiO₄⁴⁻), aluminates (AlO₂⁻), calcium ions (Ca²⁺),

and other components(Garcia-Lodeiro et al., 2012, Barboza-Chavez et al., 2020, Fu

et al., 2020). The dissolved silicate and aluminate ions react with water molecules

and hydroxide ions (OH ⁻ ) in the solution, forming monomeric structures such as

sodium silicate (Na₂SiO₃) and sodium aluminate (NaAlO₂). The monomers further

polymerize to form dimers. For example, two molecules of silicate monomers can

combine through a condensation reaction (Si-O-Si bond formation), releasing water

molecules. The dimers continue to polymerize, forming long-chain or three-

dimensional network polymers. These polymers are mainly connected by siloxane

(Si-O-Si) and aluminate (Al-O-Al) bonds, forming a complex three-dimensional

network(Xue et al., 2021a, Fu et al., 2020, Angulo-Ramirez et al., 2018).

As the reaction progresses, the cement slurry gradually coagulates and hardens,

forming a hard solid structure. The polymer network acts as a binder and reinforcing

agent within the cement matrix. In an alkaline environment, the hydration products of

slag mainly include C-S-H gel (calcium silicate hydrate) and C-A-S-H gel (calcium

aluminate silicate hydrate)(Millan-Corrales et al., 2020, Fu et al., 2020, Fernandez-

Jimenez et al., 2019, Frias et al., 2018). These gels fill the pores within the polymer

network, further enhancing the strength and durability of the cement. Throughout the

process, the alkaline environment promotes the rapid dissolution and reaction of the

slag, aiding in the accelerated formation of monomers, dimers, and polymers. When

the dosage of Na2O reaches 4%, HAC exhibits an initial setting time equivalent to 1

hour, which can meet certain engineering needs, such as precast concrete
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components. When the dosage of Na2O content reaches 5%, the initial setting time of

HAC decreases to 51 min, which will too short for pumping or casting. With the

increasing dosage of alkali activator, both initial and final setting time decrease

dramatically. Observably, by adding 3% to 5% dosage of alkali activator, HAC

performs appropriate setting time and can meet certain needs of practical

engineering.

6.4.2 Hydration heat analysis

Thirteen types of binders were designed for testing the hydration heat during

the hydration, the details of these binders are shown in Table 6- 1. In this thesis, the

hydration heat analysis of binder was evaluated by the ratio of raw materials and the

dosage of alkali activator.

6.4.2.1 The influence of the ratio of OPC

The heat flow and cumulative heat of binders with different ratios of OPC are

illustrated In HACs, the first exothermic peaks increase with the rising ratio of OPC in

the binder system in Figure 6-2. Two significant exothermic peaks are observed on

heat flow curves of OPC, the first one appears at the very beginning of the test,

which is due to the dissolution of OPC. The second one appears at about 10 hours

later, which is attributed to the formation of hydration products. Other binder systems

exhibit almost the same pattern of heat release, but with some differences. The

binder system of 100GBFS presents the lowest peak. In HACs, the first exothermic

peaks increase with the increasing ratio of OPC in binder system. It can be

concluded that the first exothermic peak is primarily attributed to the dissolution of

OPC in the HAC system. It can be seen that the second exothermic peaks of HACs

appear earlier than OPC, and the trend is that the more the ratio of OPC, the earlier

exothermic peak it appears. The main reason for this phenomenon is that the

hydration of OPC in the HAC system increases the pH value of the reaction solution

(Garcia-Lodeiro et al., 2016b), resulting in a faster reaction rate compared to the

AAM system. The hydration reaction of OPC is slower than the alkali activation

reaction, which may be the reason of longer setting time of OPC than HAC and AAM.

The result is consistent with the initial and final setting time of the binder systems in

Figure 6-1(a). Analysis to the cumulative heat of the binder systems is shown in
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Figure 6-2(b), HAC systems release more heat at first 12 hours, but less as the

prolong of hydration process than OPC. AAM presents the lowest cumulative heat in

the first 72 hour, and HACs with lower ratio of OPC release less cumulative heat.

Figure 6- 2 (a) Heat flow; (b) Cumulative heat of binders with different ratio of OPC.

6.4.2.2 The influence of the dosage of alkali activator

The heat flow and cumulative heat of HACs with different dosages of alkali

activator are depicted in Figure 6-3. The calorimetric curve for HACs has two peaks

as the curve of OPC. Two primary peaks are observed in all HAC heat flow curves.

The first peaks appear at the beginning of test and almost simultaneously, which is

due to the dissolution of raw materials. And it shows a trend of decreasing

exothermic peak as the alkali content increases. The second exothermic peaks
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appear with a prolonged delay as the alkali content increases, and exhibit almost the

same intensity.

Figure 6- 3 (a) Heat flow; (b) Cumulative heat of HACs with different dosage of alkali activator.
The main reason for this phenomenon is that the increase dosage of Na2O

content inhibits the content of CaO in the solution, thereby hindering the formation of

reaction products and ultimately delaying the appearance of accelerated reaction

peaks. The analysis of cumulative heat curves for HACs is presented in in Figure

6-3(b). The cumulative heat decreases as the increasing dosage of alkali activator at

first 18 hours, due to the inhibitory effect of increasing Na2O content on reaction

products. However, the cumulative heat shows an increasing trend with the rising

dosage of Na₂O content after 18 hours.However, an interesting phenomenon can be
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seen that the cumulative heat does not always increase with the increase of Na2O

content. The cumulative heat reaches the highest when the alkali content reaches

6%, and then decreases with the increasing of alkali content. The result aligns with

the compressive strength Figure 5-2 and setting time in Figure 6-1(b). Furter

analysis need to be done to understanding the setting properties of HACs. In this

research the products of the binders at initial and final setting time were analysed

with 1H NMR, TGA and SEM.

6.4.3 1H NMR analysis

In HAC systems, water is an indispensable component. As the alkali-activated

reaction progresses, the state of water gradually transitions from free water to

physically bound water and chemically bound water. This study utilizes ¹H low-field

nuclear magnetic resonance (NMR) to investigate changes in the transverse

relaxation time of water during the early stages of the alkali-activated reaction

(setting and hardening). By detecting the proton signals of water molecules in

different binding states, the study examines the initial and final setting processes of

hybrid cement.. The development of transverse relaxation time of T2 vs signal

intensity is evaluated by the different ratio of OPC in the binder systems, and the

dosage of Na2O content in HACs.

6.4.3.1 The influence of the ratio of OPC

The influence of the ratio of OPC on the setting properties is shown in Figure

6-4(a)-(e), and different ratio of OPC present different T2 vs signal intensity. HAC

(90GBFS-10OPC) presents signal intensity peak of T2 at 4.0ms for the first test (10

min), indicating that the water mainly exists in the form of capillary pore water in the

newly blended binder paste. The signal intensity peaks of T2 shifted left gradually with

time, attributed to the majority of water migrating to smaller pores. The signal

intensity peak located at T2=3.1ms for initial setting time and T2=2.5ms for final

setting time (corresponding to Figure 6-1). And a weak signal appeared on the

intensity curve at T2<1.0ms, which indicated that some water is converted into gel

pore water in the process of setting. The signal intensity shifts to the left gradually,

and the peaks continuously decrease after final setting. After 24 hours of hydration,

the main peak of T2 moved left to 0.75ms with significant decreasing of signal



64

intensity peak, which indicated that most of the water is trapped into gel pore and a

lot of hydration products generated during the process of setting. Compared with T2
of OPC Figure 6-4(d), the main peaks of HACs shift to left much faster, and the

signals intensity reduced more significant, these results align with the setting time in

Figure 6-1(a). With the increasing ratio of OPC in HAC system, HAC presented a

different effect on development T2. As shown in Figure 6- 4(c), HAC (70GBFS-30OPC)

present a series of T2 vs signal intensity curves that shifted to left more apparent with

time.
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Figure 6- 4 T2 vs. intensity during hydration of binders (a) 90GBFS-10OPC;(b) 80GBFS-20OPC;
(c)70GBFS-30OPC; (d) 100OPC; (e)100GBFS.

Simultaneously, the intensity peak decreases more rapidly with time. The

results indicated that as the increasing ratio of OPC in HAC system, as the alkaline

activation reaction progresses, the reaction products increase continuously, and the

unreacted evaporable water gradually distributes into smaller pores. The lateral

relaxation peaks of the system gradually tend towards shorter relaxation times. In

HAC pastes, with increasing OPC content, significant differences in T2 distributions

among various pastes emerge. The T2 main peak of the 70GBFS-30OPC paste

notably shifts leftward, accompanied by the most pronounced intensity decrease.

After 3.0 hours of reaction, the T2 main peaks of the pastes shift leftward to the range

of 0.1~5.0 ms. At this point, almost all evaporable water has entered the small pores

with short relaxation times, and the water in the paste is primarily gel water and

capillary water(Cong et al., 2019, Ji et al., 2017, McDonald et al., 2005). Conclusion

can be made that increasing the proportion of OPC in HACs will result in a shortened

setting time with the same alkali content. This conclusion is consistent with the

setting time which indicated that the water primarily exists in the form of capillary

pore water in the fresh binder paste in Figure 6-1(a).

6.4.3.2 The influence of the dosage of alkali activator

The influence of the dosage of Na2O content in HACs on the setting properties

is shown in Figure 6-5(a)-(i), and the increasing dosage of alkali activator in HACs

exhibit different setting properties. As shown in Figure 6-5(a), BC (90GBFS-10OPC

hydrated by only water) exhibits signal intensity peak of T2 at 5.0ms for the first

measurement (30 min), which indicated that the water mainly exists in the form of
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capillary pore water in the fresh binder paste. The intensity peaks shifted to left over

time, but the speed of movement is very slow. After 24 hours of hydration, the

intensity peak of T2 moved left slowly to 4.0ms, weak signals are found on the

intensity curve at T2<1.0ms, which indicated that a small amount of water was

injected into the gel pores, resulting in the formation of few hydration products during

the setting process (McDonald et al., 2005, Cong et al., 2019, Muller et al., 2013).

The result may be the main reason why blended cement with high proportion of OPC

presents long setting time and low compressive strength at early age. With the

increasing dosage of Na2O content in HACs. The other peak at T2 > 1.0ms indicates

that a proportion of water was trapped in larger pores, the main reason is that with

the increase in the activator dosage, the reaction rate of the HAC paste increases

continuously during the setting process, leading to the formation of larger pores in the

HAC paste due to chemical shrinkage(Cong et al., 2019). Two intensity peaks were

detected in HACs with Na2O content ranged from 1% to 3%, as shown in Figure

6-5(b)-(d). One intensity peak at T2<1.0ms indicating the formation of hydration

products. The other peak at T2>1.0ms, which indicated that a proportion of water was

trapped in larger pores. The phenomenon meant that larger pores were produced in

HACs with small dosage of alkali activator in the processing of setting.

As the alkali content in High Activation Cements (HACs) continues to increase,

the intensity peaks shift left over time. The rate of leftward movement increases with

the rise in alkali content, as shown in in Figure 6-5(e)-(i). In tandem with the increase

in alkali content, there is a gradual reduction in setting time, as depicted in Figure

6-1(b). At the same time, it is noticeable that the intensity peaks do not exhibit a

continuous decrease with the increase in alkali content. The intensity peaks

presented the lowest with an alkali content of 5% after 24 hours of hydration, which

indicated that the most hydration products were produced. Correspondingly, the

compressive strength of HACs present an increase trend with the increasing dosage

of alkali activator and then a decrease with the increment of Na2O content as shown

in Figure 5-2.



67

Figure 6- 5 T2 vs. intensity during hydration of HACs with different dosage of alkali activator.

6.4.4 TGA analysis of hydration products

6.4.4.1 The influence of the ratio of OPC on hydration prdocts

TGA and DTG of hydrated binder systems at initial setting time are shown in

Figure 6-6. The mass loss of HAC systems from 30◦C to 1000◦C is about 4.8 % to

6.8%, which is similar to AAM with a mass loss of 4.8 %, while OPC with the least

total mass loss of 4% (Figure 6-6a). The increases proportion of OPC in HAC

systems increases the total mass loss. Correspondingly, the initial setting time

decreases with the increases of proportion of OPC. All binder systems present a

quick loss of mass weight between 100 ◦C and 130 ◦C. The quick loss of weight is

mainly related to the loss of free water from the products of hydration or reaction

(Kong and Sanjayan, 2010). OPC exhibits the second quick loss of weight at around

400◦C and the third quick loss of mass weight at about 650◦C. HACs and AAM

present a continuous loss of weight, and a sight quick loss at around 650 ◦C. HAC
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(70GBFS-30OPC) shows a slight decline of mass weight at about 900 ◦C.

Figure 6- 6 (a)TG and (b)DTG of hydrated binder systems at initial setting time.
DTG analysis of hydrated binders at initial setting time are shown in Figure

6-6b. In the DTG curve of OPC, three noticeable endothermic peaks are observed.

The first and most significant endothermic peak is observed at about 60 ◦C is

attributed to the loss of water from C-S-H gel (Alahrache et al., 2016a). The second

peak at around 400 ◦C is due to the loss of water from the decomposition of

portlandite (Alarcon-Ruiz et al., 2005). At around 650 ◦C, the last endothermic peak

was observed, which is mainly due to the decomposition of calcite (Walkley et al.,

2017). In the DTG curve of AAM, there are also three noticeable endothermic peaks

are observed. The first endothermic peak is observed at about 80 ◦C is attributed to

the loss of water from C-A-S-H gel. The second peak is slight at around 750 ◦C. At

around 900 ◦C, the last peak is observed. HAC systems exhibit the first peak at about

70◦C to 120 ◦C, which is due to the loss of water from C-S-H and C-A-S-H gels

(Alahrache et al., 2016a). It can be observed that as the increasing proportion of

OPC in HAC systems, the endothermic peaks become more significant. The result is

consistent with the initial setting time decreases with the increases proportion of OPC.

Figure 6- 7 (a)TG and (b)DTG of hydrated binder systems at final setting time.
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TGA and DTG of hydrated binder systems at final setting time are shown in

Figure 6-7. The mass loss of HACs from 30◦C to 1000◦C is about 4.5 % to 6.3%,

which is similar to AAM with a mass loss of 6.0 %, while OPC with the least total

mass loss of 2.9% (Figure 6-7a). The total mass loss of HACs increases with the

increasing proportion of OPC in HAC systems. In addition, the final setting time

decreases with the increases of proportion of OPC in HACs. All binder systems also

present a quick loss of weight at 100 ◦C to 130 ◦C, which is mainly related to the loss

of free water from the products of hydration or reaction (Kong and Sanjayan, 2010).

The hydration products of OPC present the second quick decline of total weight at

about 400◦C and the third quick loss of weight at around 650◦C. HAC systems and

AAM present a continuous loss of total weight. DTG curves of the binders above at

final setting time are shown in Figure 6-7b. As in initial setting time shown in Figure

6-6b, in the DTG curve of OPC, there are also three endothermic peaks are

observed. The first peak is at about 60 ◦C which is due to the loss of water from C-S-

H gel (Alahrache et al., 2016a). The second at around 400 ◦C is attribute to the loss

of water from the decomposition of portlandite (Alarcon-Ruiz et al., 2005)., The last is

at around 650 ◦C due to the decomposition of calcite (Walkley et al., 2017). In the

curves of HACs and AAM, the most notable endothermic peaks are observed at

about 50 ◦C to 120 ◦C, which are attributed to the loss of water from C-(A)-S-H gel

(Alahrache et al., 2016a). The results show that as the increasing proportion of OPC

in HAC systems, the temperature corresponding to the endothermic peaks

continuously increases. Meanwhile, alkaline activator can accelerate the hydration

reactions of silicates and aluminates in OPC. In HAC systems, the higher the

proportion of OPC, the faster these hydration reactions occur, resulting in the

production of more hydration products. These hydration products fill the gaps

between cement particles, causing the system to transition from liquid to solid more

quickly, thereby shortening the setting time. The results also indicate that as the

proportion of OPC increases, the final setting time of the binders gradually decreases

as shown in Figure 6-1a.

6.4.4.2 The influence of the dosage of alkali activator on hydration products

TGA and DTG of hydrated HACs with different dosage of alkali activator at

initial setting time are shown in Figure 6-8. It can be detected that the mass loss of
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BC hydrated by only water is only 1.7%, due to the slow hydration rate of BC

hydrated by only water, associated with longer setting time and lower early

compressive strength compared to OPC (Menéndez et al., 2003, Hoshino et al., 2006,

Whittaker et al., 2014, Hlobil et al., 2016, Durdziński et al., 2017). The total mass loss

of HAC systems with different dosage of alkali activator from 30◦C to 1000◦C is about

3.7 % to 6.6% (Figure 6-8a). The increased dosage of alkali activator can accelerate

the hydration reactions of mineral components in HAC, speeding up the formation

rate of hydration products such as C-(A)-S-H. This results in the generation of more

hydration products, which decompose at high temperatures. TGA analysis detects

the decomposition of these products into gases (such as water vapor and carbon

dioxide) during heating, leading to an increase in mass loss. Correspondingly, the

initial setting time decreases with the rise in Na2O content in HACs. A quick loss of

total mass weight between 100 ◦C and 130 ◦C in HAC systems is observed, which is

mainly related to the loss of free water from the products of reaction (Kong and

Sanjayan, 2010). HACs present a continuous loss of weight, and a sight quick loss at

around 650 ◦C.

Figure 6- 8 (a)TG and (b)DTG of hydrated HACs activated by different dosage of alkali activator at initial setting
time.

DTG analysis of HACs at initial setting time are shown in Figure 6-8(b). The

most significant endothermic peaks are observed in HAC systems at around 50°C to

110°C, which is due to the loss of water from C-(A)-S-H gels (Alahrache et al., 2016a,

Walkley et al., 2017, Kong and Sanjayan, 2010, Alarcon-Ruiz et al., 2005). It can be

observed that as the increasing dosage of Na2O content in HACs, the endothermic

peaks become more significant. The result indicates that the C-(A)-S-H gels increase

as the Na2O content increasing in HAC systems. The result is consistent with the

initial setting time decreases with the increasing dosage of Na2O content.
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Figure 6- 9 (a)TG and (b)DTG of hydrated HACs activated by different dosage of alkali activator at final
setting time.

TGA and DTG of HACs activated by different dosage of alkali activator at final

setting time are shown in Figure 6-9.The total mass loss of BC hydrated by only

water is smallest 1.0%, the main reason is that the hydration rate of BC hydrated by

only water is relatively slow, associated with long setting and low early compressive

strength (Menéndez et al., 2003, Hoshino et al., 2006, Whittaker et al., 2014, Hlobil et

al., 2016, Durdziński et al., 2017). The mass loss of HAC systems at final setting time

with increasing dosage of Na2O content from 30◦C to 1000◦C is about 3.6 % to 8.2%

(Figure 6-9b). Generally speaking, the total loss of weight of HACs is higher than that

at initial setting time. The mass loss increases as the increasing dosage of dosage of

Na2O content in HAC systems. In addition, the final setting time decreases with the

increases of Na2O content in HAC systems. Quick decline in the curves are observed

between 100 ◦C and 130 ◦C in HACs, due to the loss of water from the products of

reaction (Kong and Sanjayan, 2010). HACs exhibit a continuous loss of weight in the

subsequent test. DTG analysis of HACs activated by increasing dosage of alkali

activator at final setting time are shown in Figure 6-9(b). In generally, the results

exhibit the same pattern as shown in Figure 6-8. However, the difference lies in the

fact that the endothermic peaks do not consistently increase with the increase of

Na2O content. The peak endothermic effect emerges when the Na2O content equals

7%, and thereafter, the peak actually decreases. In HAC systems, regarding the

hydration products at final setting, it was found that the system produced the highest

amount of hydration products when the alkali content was 7%. However, as the alkali

content increased further to 8%, although it was expected to increase hydration

product formation, the actual amount of hydration products in the system started to

decrease. This indicates that excessive alkali has a negative impact on hybrid
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cement systems.

6.4.5 SEM analysis of hydration products

SEM analysis for binders with different ratio of OPC and different dosage of

Na2O content, at initial and final setting time were shown in Figure 6-10 to Figure

6-13. Analysis of the variations in the micrographs over time and by varying the ratio

of OPC and Na2O content revealed in the following.

The microstructure images of binder systems at initial setting time are shown

on Figure 6-10. Figure 6-10(d) shows 100OPC sample hydrated with water at initial

setting time, a small amount of gel can be observed in the matrix, together with the

unhydrated OPC particles, a loose structure is formed. With the increasing ratio of

OPC in HAC systems activated by 5% Na2O content, more gels can be detected.

70GBFS-30OPC sample presents the most gels as shown in Figure 6-10(c),

indicating that a denser structure is formed. 70GBFS-30OPC shows the shortest

initial setting time in binder systems. The result is consistent with Figure 6-1(a). It

should notice that different microstructures are formed in HACs with different ratio of

OPC in binder systems. Reaction products are relatively reduced in 90GBFS-10OPC

sample as shown in Figure 6-10(a), and the matrix becomes relatively loose. By

adjusting the proportion of OPC in HAC systems, their initial setting time can be

adjusted. Reducing the proportion of OPC can extend the initial setting time, which

has certain guiding significance for engineering applications.

The microstructure images of binder systems at final setting time are shown

on Figure 6-11. Figure 6-11 (d) shows 100OPC sample hydrated with water at final

setting time. More hydration products are detected in the matrix, cross-linked C-S-H

gels forms a dense microstructure. More reaction products are also observed in

HACs at finial setting than initial setting time. 70GBFS-30OPC sample presents the

densest microstructure as shown in Figure 6- 11, indicating that more gels are formed.

With the decreasing ratio of OPC in binder systems, less gels can be detected.

90GBFS-10OPC shows the longest final setting time in HAC systems activated by

5% Na2O content. The result is consistent with Figure 6-1(a). The outcome is also

consistent with the analysis at initial setting in Figure 6-10.
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Figure 6- 10 SEM images of binder systems activated with 5% Na2O at initial setting.

Figure 6- 11 SEM images of binder systems activated with 5% Na2O at final setting.
The microstructure images of binder systems at initial setting time are shown

on Figure 6-12, the matrix becomes denser with the increasing dosage of Na2SiO3 ‧

9H2O. 90GBFS-10OPC hydrated by only water looks porous, associated with higher

porosity compared to other binders. GBFS reacts only after the formation of hydration

products from of OPC (Roy, 1982) in BC system, causing a very slow hydration rate.

Due to the high proportion of GBFS and low ratio of OPC in BC system, the reaction

process is very slowly, which results in long setting time. As shown in Figure 6-12

and Figure 6-13, OPC particles normally present bright grey shadows with irregular

shapes, and the GBFS particles are relatively dark and the color remains

uniform(Nath and Sarker, 2015, Xue et al., 2021a). More products were produced

with the increasing of Na2O content. With the increasing dosage of Na2O content, the
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pH value in the reaction solution increases gradually. In the alkaline solution, both

OPC and GBFS hydration rate have been accelerated. In higher pH solution,

minerals such as silicates and aluminates in HAC dissolve more easily. These

dissolved ions can participate more rapidly in hydration reactions, thereby

accelerating the reaction rate, especially for OPC hydration. The high rate of OPC

hydration will bring fast setting. The outcomes are consistent with the results in

Figure 6-1(b), and suitable setting time requires HACs with Na2O content no more

than 5%.

Figure 6- 12 SEM images of HACs with different dosage of Na2O at initial setting.
As shown in Figure 6-12, BESM-EDX spectrum of HAC gels shows the similar

reaction products of all HAC systems. The Ca/Si ratio decreases with the increasing

of Na2O content, which is deceased from 4.17 to 1.29, with the Na2O content

increases from 0 to 8%. As the Na2O content increases (points 1 to 9), the ratio of

Ca/Si decreases, suggesting increased polymerization and crosslinking within the

product gel(Gebregziabiher et al., 2015, Xue et al., 2021a). The concentration of Na

increased with the increased Na2O content. The elemental ratios of HACs with

different dosage of Na2O at initial setting time are summarized in Table 6- 2.
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Figure 6- 13 SEM images of HACs with different dosage of Na2O at final setting.
Table 6- 2 Elemental ratios of HACs with different dosage of Na2O at initial setting time.
Point Ca/Si Na/Si Si/Al

1 4..17 0.00 2.08

2 1.79 0.23 2.20

3 1.73 0.28 2.89

4 1.68 0.21 1.91

5 2.02 0.23 2.17

6 1.61 0.26 2.42

7 1.46 0.24 2.10

8 1.50 0.34 1.51

9 1.29 0.67 2.41

The Na/Si ratio increased with the continuously adding of Na2O content, which

is increased from 0.00 to 0.67 with the Na2O content increases from 0 to 8%. The

concentration of aluminum (Al) also shows an increasing trend with the rise in Na2O

content. Ca and Si are the primary reaction products, with the increasing Na and Al

as the increasing Na2O content. These elements contribute to the formation of C-S-H

and C-(A)-S-H in alkaline solution.
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6.5 Conclusions

This research investigates the effects of activator dosage and the ratio of raw

materials on the setting properties of various binder systems. Based on the findings,

the following key conclusions can be drawn::

（1）The hydration exothermic peak of HAC appears earlier than that of OPC,

and the total heat released within the first 12 hours is also higher for HAC than for

OPC. As the proportion of OPC increases, the alkali content increases, causing the

exothermic peak to appear earlier and the total heat released within the first 12 hours

to increase. The main reason for this phenomenon is that the hydration rate of OPC

in the HAC system increases under the action of the alkaline activator, making its

reaction rate faster than the hydration of OPC. This may be the main reason why the

setting time of HAC is shorter, and decreases further with the increase in OPC

proportion and activator dosage.

（2）1H NMR test results indicate that as the proportion of OPC in the HAC

system increases, the amount of hydration products generated during the setting and

hardening process increases, resulting in a shorter setting time. Simultaneously,

more water in the paste transitions to gel pore water, leading to an increase in

porosity and a decrease in early mechanical strength. Additionally, as the Na2O

content in HAC increases, the T2 main peak shifts to the left at an accelerated rate

over time. This suggests that with the increase in activator dosage in the HAC system,

the transition of water in the paste to gel water and capillary water speeds up,

accelerating the chemical reaction rate and shortening the setting time. However,

when the activator dosage is too high (Na2O > 5%), the rapid chemical reaction

causes a significant amount of gel pore water to form during the hardening process

of the HAC paste, leading to a sharply shortened setting time and a noticeable

decline in the mechanical strength of the hardened material.

（3）Meanwhile, alkaline activator can accelerate the hydration reactions of

silicates and aluminates in OPC. In HAC systems, the higher the proportion of OPC,

the faster these hydration reactions occur, resulting in the production of more

hydration products. These hydration products fill the gaps between cement particles,

causing the system to transition from liquid to solid more quickly, thereby shortening

the setting time. The increased dosage of alkali activator can accelerate the hydration
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reactions of mineral components in HAC, speeding up the formation rate of hydration

products such as C-(A)-S-H. This results in the generation of more hydration

products, which decompose at high temperatures. TGA analysis detects the

decomposition of these products into gases (such as water vapor and carbon dioxide)

during heating, leading to an increase in mass loss.

（4）From the SEM analysis, it is evident that different microstructures form in

HAC systems with varying OPC proportions. With an increasing OPC proportion in

the HAC system, more gel formations are detected, indicating a denser structure.

This suggests that as the OPC proportion increases in the HAC system, the reaction

rate correspondingly accelerates, leading to shorter initial and final setting times. As

the dosage of Na2SiO3·9H2O increases, the matrix of hydration products in HAC

paste after initial and final setting becomes denser. This indicates that with an

increasing Na2O content, more hydration products are generated in the HAC paste

after setting and hardening, resulting in a faster hydration rate and consequently

shorter initial and final setting times.

Based on the comprehensive analysis above: Under the action of alkaline

activators, the hydration rate of OPC in HAC systems accelerates significantly, much

faster than that of OPC alone, which is the primary reason for HAC's shorter setting

time. With increasing proportions of OPC and alkaline activator dosage, the setting

time further shortens. Excessive hydration reaction leads to the formation of a

significant amount of gel pore water, increasing structural porosity and thereby

affecting the mechanical strength after hardening. The study indicates that by

adjusting the mineral composition and dosage of alkaline activators in HAC systems,

it is possible to achieve setting times that meet practical engineering requirements

and obtain relatively good microstructures.
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CHAPTER 7: PAPER 4 – DURABILITY OF HYBRID
ALKALINE CEMENT BASED ON PORTLAND CEMENT

AND GROUND BLASET FURNACE SLAG

7.1 Introduction

Hybrid alkaline cements (HACs) consist of a high amount of SCMs, a low

proportion of ordinary Portland cement (OPC), activated by chemical activators at

room or elevated temperatures(A. Palomo, 2007, Garcia-Lodeiro et al., 2012, Palomo

et al., 2013a). They are generally regarded as a new generation of low-carbon

binders for construction industry(Shi et al., 2019b, Xue et al., 2021b, Shi et al.,

2011b). The manufacture of the new type of binders is related to reducing energy

consumption and decreasing carbon dioxide emission. Meanwhile, HACs perform

excellent compressive strength, especially at early ages, and can hardened at room

temperature. However, the reports about the practical engineering applications of this

new generation of binders are very few. There are still many challenges, including

unstable raw materials, fast setting times, high viscosity, cost implications of alkali

activator and lack of industry norms(Shi et al., 2011b, Shi et al., 2019b). In particular,

the durability properties of HAC concrete have garnered widespread concern.

Chloride ions could cause corrosion of steel bars in concrete, which can cause

oxidation and localized damage to the passivation film of the steel bars (Wang et al.,

2019). Sulfate ions penetrate and react with calcium (Ca) and aluminum (Al) species

in cement, forming expansion products such as ettringite (Ca6[Al (OH)6]2(SO4)3 ⋅

26H2O) and gypsum (CaSO4 ⋅ 2H2O) (Yang et al., 2022, Alexander et al., 2013).

AAMs suffers from higher alkalis content than Portland clickers, which increases the

risk of potential alkali–silica reaction (ASR)-induced expansions(Fernández-Jiménez

et al., 2007, Provis et al., 2015a).

AAMs normally have stronger resistance to sulfate attack and chloride

corrosion than OPC, due to 3d structure of N-A-S-H or C-A-S-H in AAMs, which is

more compact than 2d structure of C-A-H in OPCs (Monticelli et al., 2016b, Monticelli

et al., 2016a, Babaee and Castel, 2016, Tennakoon et al., 2017). In alkali activated

materials (AAMs), chloride penetration is significantly dependent on Na2O content,

that is with the increasing of dosage of Na2O the chloride penetration decreased (Chi,
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2012, Lee and Lee, 2016). Some researchers believed that the excellent sulfate

resistance of AAMs may be related to the lack of Ca (OH) 2 in AAM activation

productions (Donatello et al., 2013b, S. Donatello1, 2014, Janotka et al., 2014,

Bačuvčík et al., 2018). Up to now, the issue of whether ASR-induced expansion

occurs in AAMs has always been controversial. San Nicolas et al. (San Nicolas et al.,

2014) conducted ASR-induced expansion tests on 7-year-aged high-calcium-based

AAM concretes. Their studies demonstrated that slag based AAMs show excellent

durability with advanced age, and there on evidence of ASR-induced expansions

were found. Shi et al.(Shi et al., 2015b) state that alkali-aggregate reaction (AAR)

could cause destructive expansion in AAM mortars and concretes, and influenced by

dosage and type of alkali activators, the nature of precursors, and testing methods.

By now, the study on chloride penetration of HAC is rare. Rivera, et al. (Rivera

et al., 2014) pointed out that chloride penetration is significantly influenced by the raw

materials in HAC systems. Generally, high-calcium materials based HACs perform

higher chloride penetration resistance compared with low-calcium materials based

HACs, which is associated with difference of C-S-H/C-A-S-H gel and N-A-S-H gel

produced in the two different HAC systems. The coexistence of C-S-H/C-A-S-H gel is

denser and deeper than N-A-S-H gel. Correspondingly, the denser gels are linked to

increased mechanical strength in high-calcium materials based HACs. I. Garcia-

Lodeiro et al. (Garcia-Lodeiro et al., 2016a) indicated that the element chloride in the

HAC systems (blended with fly ash, bottom ash and OPC clinker) with concentration

higher than the existing standard, which could cause corrosion of steel bars in

concrete or reinforcement especially HACs are applied to marine or offshore

structures. Therefore, it is necessary to systematically and extensively study the

factors that the effect of chloride penetration in HAC systems.

Some studies have reported excellent durability of HAC binders in various

aggressive environments, including high temperature, sulfate attack, chloride

penetration, and alkali-aggregate reaction (Fernandez-Jimenez et al., 2013a, S.

Donatello1, 2014, Zhang et al., 2017, Donatello et al., 2013b). The binders formed

with alkaline activation of 80% fly ash and 20% OPC have been demonstrated

superior durability performance in aggressive environments, such as high

temperature, sulphate attack, chloride penetration, and alkali aggregate reactionn(S.

Donatello1, 2014, Donatello et al., 2013b). HAC mortars, which consist of a blend of
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12% OPC +88% GBFS + alkali activator, show higher mechanical strength than

controlled OPC mortars after exposed to aggressive media (0.1-N HCl, sodium

sulphates and seawater)(Fernandez-Jimenez et al., 2013a). Excellent resistance of

HAC to a sulphate attack is demonstrated by the 5-years strength of HAC-mortar. It is

reported that when HACs are exposed to aggressive media, their behavior is wholly

comparable to the performance of conventional Portland cements.

Until now, a few studies have indicated excellent sulfate resistance of HAC

concrete. Donatello et al. (Donatello et al., 2013b) demonstrated good sulfate

resistance of HAC pastes and mortars under the a series aggressive solution. HAC

binders formed with 80% fly ash and 20% Portland cement clinker, activated by

Na2SO4, were immersed in seawater and 4.4% Na2SO4 solutions for 90 days. HACs

mortars showed satisfactory sulfate resistance to seawater and Na2SO4 solutions

compared with current sulfate resistant cement requirements(Donatello et al., 2013b,

S. Donatello1, 2014). Some researchers investigated the sulfate resistance of HAC

mortars for long age, and the results show that HAC mortars perform superior

resistance to sulfate attack for long ages than the reference PC mortars (Janotka et

al., 2014, Zhang et al., 2017, Bačuvčík et al., 2018). Fernández-jiménez et al.

(Fernandez-Jimenez et al., 2013a) investigated the durability aspects of HACs in

aggressive solutions, and concluded that HAC binders (blended 12% Portland clinker,

88% blast furnace slag and alkali activator) shows good sulfate resistance in 4.4%

Na2SO4 solution.

UP to now, the studies of alkali-silica reaction (ASR) induced expansion in

HACs are rare. Some researchers assert that ASR-induced expansion is unlikely to

occur in HACs because the alkalis from the chemical activator are bound in alkali

activation products (Garcia-Lodeiro et al., 2016b, Palomo et al., 2019).

Donatello et al. (Donatello et al., 2013b) studied the ASR-induced expansion

of ordinary Portland cement and HAC based on fly ash in accordance with the

method of ASTM 1260. The results show that ASR-induced expansion of the two

binders were both less than 0.1% (16 days limit according to ASTM C1260) over 16

days of testing. However, the expansion became distinction along with the testing

age, and the HAC mortar bars showed more stability in dimensional expansion.

Angulo-Ramírez et al. (Angulo-Ramirez et al., 2018) reported the ASR-induced

expansion of ordinary Portland cement, Portland blended cement, and hybrid alkaline
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cement based on 80% GBFS AND 20% OPC. And concluded that blended cement

performed the smallest expansion to alkali-silica reaction. HAC was followed by with

expansion less than 0.1% over 16 days of testing, and less than 0.2% over 30 days

of testing. OPC shows the largest dimensional expansion, which was exceed 16 days

and 30 days limit. Palomo et al. (Palomo et al., 2019) reported that mortar can stand

for over 6 months with ASR-induced expansion less than 0.1%.

Based on the above consideration, this research will explore the durability

properties of HAC on compressive strength, chloride penetration, sulphate attack and

alkali-aggregate reaction. A series of HAC concrete systems are prepared with 10%

of OPC and 90% GBFS, addition with different dosage of alkali activators. The effects

of the dosage of activator used, on the durability properties of different HAC systems

will be studied.

7.2 Experimental

The HAC and OPC concrete systems are prepared, detailed mixes information is

shown in Table 7-1. The system 1 (highly blended cement concrete) and system 10

(OPC concrete) solely hydrated by water are prepared as references. All the

concretes are produced with binder (OPC and/or GBFS) of 400 kg/m3, aggregate

1300 kg/m3, sand 690 kg/m3. All the concrete systems are mixed with the same water

(free water plus water in alkali activator) to binder ratio (w/s) of 0.38. The dosage of

alkali activator is expressed by the wt.% of Na2O relative to the quality of the binder,

and the solid chemical activator is blended into ground together with the binders. The

systems have been tested as enabling hybrid alkali activated GBFS/OPC blends to

obtain comparable or even higher compressive strength than OPC mortars while

retaining acceptable setting times and workability. The dosage of alkali activator in

this study is quite low relative to AAM and HAC systems(Bernal et al., 2012,

Barboza-Chavez et al., 2020).

All the specimens are cured in standard curing environment (at 20 ± 2 °C and

humidity > 95%) in accordance with ISO 1920-3-2004. No signs of carbonation and

efflorescence are observed during the ages of this study, which show that the

specimens are sufficiently durable to resist to carbonation and efflorescence during

the ages of this study.
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Table 7- 1 Composition of concrete systems.

NO. System GBFS
(kg/m3)

OPC
(kg/m3)

Aggregate
(kg/m3)

Sand
(kg/m3)

Na2SiO3‧9H2O(%)
(Na2O wt.% of

binder)

1

90GBFS-
10OPC 360 40 1300 690

0

2 1%

3 2%

4 3%

5 4%

6 5%

7 6%

8 7%

9 8%

10 80GBFS-
20OPC 80 320 1300 690 5%

11 70GBFS-
30OPC 120 280 1300 690 5%

12 100OPC - 400 1300 690 0

13 100GBFS 400 - 1300 690 5%

Table 7- 2 Composition of mortar bar systems.

NO. System GBFS (kg/m3) OPC (kg/m3) Sand (kg/m3) Na2SiO3‧9H2O(%)
(Na2O wt.% of binder)

1

90GBFS-10OPC 360 40 900

0

2 1%

3 2%

4 3%

5 4%

6 5%

7 6%

8 7%

9 8%

10 80GBFS-20OPC 80 320 900 5%

11 70GBFS-30OPC 120 280 900 5%

12 100OPC - 400 900 0

13 100GBFS 400 - 900 5%

7.3 Testing procedure

The testing procedure are introduced in chapter 3 section 3.4.

7.4 Results and discussion

In this study, the durability of HAC concretes were evaluated by the dosage of

alkali activator.
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7.4.1 Compressive strength

The compressive strength results of all concretes are shown in Figure 7-1 and

Figure 7-2. The concretes described in Table 7-1 cured at room temperature and

tested at 7, 28, 91 and 180 days.

System 6 (90GBFS-10OPC) shows the highest mechanical strength results:

7d 73.9MPa, 28d 97.0 MPa, 91d 97.38 MPa, and 180d 98.1 MPa, higher than OPC

at the same periods which is 7d 60.5 MPa, 28d 71.6 MPa, 91d 74.3 MPa and 180d

76.3 MPa. The result assures that HAC system with high proportion (90%) of SCMs

can get even higher compressive strength than OPC in long curing time. The result

also proves that by adjusting the proportion of raw materials and adding an

appropriate dosage of alkali activator, high-strength and durable HAC can be

obtained.

System6 exhibits higher compressive strength compared to system

13(100GBFS). This indicates that the HAC shows higher compressive strength than

AAM with the same dosage of alkali activator. The main reason for this phenomenon

is that the hydration of OPC in the HAC system increases the pH value of the

reaction solution(Garcia-Lodeiro et al., 2016b), resulting in a more complete final

reaction compared to the AAM system.

Figure 7- 1 Compressive strength of HAC systems activated with 5% Na2O.
As it is shown in Figure 7-2, blended cement (BC) concretes provide the

lowest compressive strength in all the specimens at 7d, 28d, 91d and 180d,

especially at early age (19.7MPa at 7d). The main reason is that the hydration
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reaction rate is relatively slow, associated with higher porosity, reduced mechanical

strength and stiffness compared to OPC concretes (Menéndez et al., 2003, Hoshino

et al., 2006, Whittaker et al., 2014, Hlobil et al., 2016, Durdziński et al., 2017). The

slow hydration reaction rate of blended cements (Macphee et al., 1988, Pane and

Hansen, 2005, Kocaba et al., 2012) produce the reduced reactivity of GBFS

compared to OPC (Escalante-Garc�a and Sharp, 2001). GBFS particles blended with

OPC react only after activation due to the production of OH- produced from OPC

hydration (Roy, 1982). Due to the relatively low proportion of OPC in this experiment,

the reaction process relatively slow, which result in the low compressive strength at

early age (19.7MPa at 7d), but shows 92% increases at 91d, and 108% increases at

180d. At the same time, the compressive strength of OPC concretes only show 28%

increases at 91d, and 31% increases at 180d. The hydration reactions of OPC and

GBFS occur simultaneously and interact with each other (Richardson and Groves,

1992, Chen and Brouwers, 2007), Resulting in a very complex combination of

different hydration products. Since GBFS contains relatively lower content of calcium

than OPC (Lothenbach et al., 2011a), the calcium-silicate-hydrates (C-S-H gel), the

most important hydration products of Ordinary Portland Cement (OPC) hydration,

known as C-S-H gel, show a lower calcium-to-silicate ratio (C/S) in blended cement

as compared to OPC (Richardson and Groves, 1992, Konigsberger and Carette,

2020).

The compressive strength of HAC concretes shows an increase with the rising

dosage of alkali activator and then a decrease with the increment of Na2O content.

When the dosage of Na2O content reaches 4%, HAC exhibits a compressive strength

50.2 MPa at 7 days, and shows 47% increases with the dosage of Na2O content

reaches 5%. The compressive strength of concrete specimens shows an increasing

trend with the increase dosage of Na2O content, which is more obvious in the early

age and not obvious in the later age. The compressive strength of HAC concretes

reaches 73.9 MPa with a 5% dosage of Na2O content at 7 days. Subsequently, there

is a further 33% increase in compressive strength from 7 to 180 days, surpassing

OPC concrete samples at all the ages. However, the compressive strength of HAC

concrete samples exhibits a decrease with the increasing dosage of Na2O content

(>5%). Comparing HAC concrete samples with an alkali content of 5% and 8%, the

compressive strength of HAC shows a decrease of 28% at 7 days and then a



85

decrease of 38% at 180 days. The compressive strength of HAC concretes present a

decreasing trend with the increase dosage of Na2O content, which is not obvious in

the early age but becomes more pronounced in the later age.

With the increasing dosage of alkali activator, the pH value in the reaction

solution increases gradually, thereby accelerating the dissolution of GBFS in alkaline

solution and increasing the reaction rate. When the dosage of Na2O reaches 4%,

HAC concrete exhibits a compressive strength equivalent to OPC concrete at 28

days. When the dosage of Na2O reaches 5%, the compressive strength of HAC

reaches the highest point, and then decreases as the dosage of the activator

increases. The main reason for this phenomenon is that an excessive amount of

Na2O causes the sample to expand and crack, leading to a decrease in the

mechanical strength of HAC concrete. Observably, by adding an appropriate dosage

of alkali activator, HAC concrete exhibits higher compressive strength than OPC

concrete，both at early age and later ages.

Figure 7- 2 Compressive strength of OPC and HACs activated by different dosage of alkali activator.

7.4.2 Resistance to chloride penetration

7.4.2.1 Rapid chloride penetration test

The resistance to chloride penetration of all concretes is measured by rapid

chloride penetration test (RCPT), which is obtained according to the total charge

passed during the first 6 hours. The resistance to chloride penetration in concretes is

evaluated based on five levels: "high, moderate, low, very low, or negligible,"
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corresponding to chloride-ion penetrability. The Rapid chloride penetration test

(RCPT) results showed in Table 7- 3 and Table 7-4 are all the systems, with different

ratio of OPC and activated by different dosage of Na2SiO3‧9H2O, cured at 20 ± 2 ◦C

and RH > 95 % in accordance with ISO 1920-3-2004 and tested at 28 and 91 days.

The system 1 blended cement (90% GBFS+10%OPC without alkali activator) and

system 12 (OPC) samples were taken and used as references.

The total charge passed values obtained from the RCPT for all mixes were

listed in in Table 7- 3 and Table 7-4. The total charge passed values of concrete

systems with the same dosage of Na2O content present an increase trend with the

increasing ratio of OPC in concretes. The total charge passed values of OPC

concrete is 2211.94 at 28d and 1595.67 at 91d, which shows 28% decrease with the

curing days from 28 to 91. At the same situation, the total charge passed values of

system 13 (100GBFS) concrete is 655.32 at 28d and 603.89 at 91d, which shows

only 30% and 38% compared to OPC at the same at the same curing time. With the

increasing ratio of OPC in concrete, the values increase. When the ratio of OPC

reaches 30%, system11 exhibits a total charge passed values of 865.87 28 days,

814.28 at 91 days, which is 39% and 51% compared to OPC at the same at the

same curing time. The increase trend is more obvious in the later age and not

obvious in the early age.

As it is shown in Table 7- 3, blended cement concretes show the most total

charge passed values in all the specimens at 28d and 91d, that is 2534.84 at 28d

and 1697.74 at 91d of total charge passed values, which shows 33% decrease with

the curing days from 28 to 91. At the same situation, the total charge passed values

of OPC concrete is 2211.94 at 28d and 1595.67 at 91d, which shows 28% decrease

with the curing days from 28 to 91. The main reason is that the hydration reaction

rate is relatively slow, associated with higher porosity and lower density compared to

OPC concretes (Menéndez et al., 2003, Hoshino et al., 2006, Whittaker et al., 2014,

Hlobil et al., 2016, Durdziński et al., 2017).

The total charge passed values of HAC concretes present a decrease with the

increasing dosage of alkali activator and then an increase with the increment of Na2O

content. When the dosage of Na2O content reaches 4%, HAC exhibits a total charge

passed values of 803.39 28 days, and shows 15% decreases with the dosage of
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Na2O content reaches 5%. The total charge passed values of HAC concrete

specimens shows a decreasing trend with the increase dosage of Na2O content

(Na2O content <5%), which is more obvious in the early age and not obvious in the

later age. The total charge passed values of HAC concretes reach 685.99, followed

by a further 6% decrease from 28 to 91 days, which is lower than OPC concrete

samples at testing period. However, the total charge passed values of HAC concrete

sampled show an increase with the increasing dosage of Na2O content (>5%).

Compared HAC concrete samples with an alkali content of 5% and 8%, the total

charge passed values of HAC shows an increase of 197% at 28 days and then an

increase of 180% at 91 days. The total charge passed values of HAC concrete

samples show an increasing trend with the increase in dosage of Na2O content

(Na2O content >5%).
Table 7- 3 Total charge passed values of OPC and HACs at 28 days.

System
NO.

Total charge passed
values(coulomb)

Relative percentage to
OPC(%)

Chlorid-ion
penetrability

1 2534.84 115 Moderate

2 1916.43 87 Moderate

3 1327.57 60 Moderate

4 928.43 42 Very low

5 803.39 36 Very low

6 685.99 31 Very low

7 1044.41 47 Moderate

8 1521.08 69 Moderate

9 2038.16 92 Moderate

10 763.42 35 Very low

11 865.87 39 Very low

12 2211.94 100 Moderate

13 655.32 30 Very low

Table 7- 4 Total charge passed values of OPC and HACs at 91 days.
System
NO.

Total charge passed
values(coulomb)

Relative percentage to OPC
(%)

Chlorid-ion
penetrability

1 1697.74 123 Moderate

2 1364.78 86 Moderate

3 1014.43 64 Moderate

4 851.95 53 Very low

5 735.01 46 Very low

6 644.88 40 Very low

7 1026.82 64 Moderate

8 1361.44 85 Moderate
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9 1804.35 113 Moderate

10 712.37 45 Very low

11 814.28 51 Very low

12 1595.67 100 Moderate

13 603.89 38 Very low

7.4.2.2 1H NMR analysis

1H NMR technology was used to explore pore structure of all binder systems

before and after chloride penetration. In this 1H NMR analysis, transverse relaxation

time of T2 vs signal intensity of water in all binders are tested. And, the relationship

between water mass and signal intensity has to been established. The development

of transverse relaxation time of T2 vs signal intensity is evaluated by the different ratio

of OPC in the binder systems, and the dosage of Na2O content in HACs.
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Figure 7- 3 T2 vs signal intensity of binders with ratio of OPC before and after chloride penetration.
T2 vs signal intensity of binders with ratio of OPC before and after chloride

penetration is shown in Figure 7-3, and different ratio of OPC present varying pore

structure distributions. The binders with different ratio of OPC present the signal

intensity peaks of T2 shifted left after chloride penetration and the intensity declined

or enhanced. AAM (100GBFS) presents signal intensity peak of T2 from 1.9ms

shifted to 0.56 after chloride penetration, indicating a transformation of water from

capillary pore water to gel pore water. OPC shows nearly the same signal intensity

peak at T2 <0.2ms and exhibits a signal intensity peak at around 3.5ms, which

indicating that the water is converted into smaller gel pore water after chloride

penetration. HACs with different ratio of OPC did not show significant changes after

chloride penetration. Generally speaking, AAM preforms best, HACs follow and OPC

shows worst after after chloride penetration, the results are consistent with rapid

chloride penetration test in Table 7- 3 and Table 7-4.

The influence of the dosage of Na2O content in HACs on pore structure

distribution after chloride penetration is shown in Figure 7-4, and the increasing

dosage of alkali activator in HACs exhibit different pore structure distributions. As

shown in Figure 5-6(a), BC (90GBFS-10OPC hydrated by only water) exhibits signal

intensity peak of T2 from 1.6ms shifted to 1.0ms after chloride penetration, which is

the maximum left shift in HAC systems. The intensity peaks shifted left in HACs after

chloride penetration, attributed to the majority of water migrating to smaller pores.

Meanwhile, it should notice that the intensity peaks do not left shift with the increase

of Na2O content. The intensity peaks show the lowest with an Na2O content of 5%,

which indicated that the most suitable pore structure distribution were produced.

However, HAC with high dosage of Na2O content shows intensity peaks shifted right
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(T2 from 0.4ms shifted to 0.9ms) as shown in Figure 5-6(i). Correspondingly, the

compressive strength of HACs exhibits an increasing trend with the growing dosage

of alkali activator and subsequently decreases with the increment of Na2O content,

as shown Figure 5-2.

Figure 7- 4 T2 vs signal intensity of HACs with different dosage of Na2O content before and after chloride
penetration.

7.4.3 Sulphate attack resistance

7.4.3.1 sulphate attack resistance of concretes

The results for the sulphate attack resistance of HAC concretes are presented

in Table 7- 5. It can be seen BC concrete experience the biggest weight loss in all

concrete samples. Blended cement concretes lose 2.9% of original weight over 150

times of sulphate attack cycles. Correspondingly, OPC concretes endure only 1.2%

of original weight， much lower than that of blended cement concrete. Due to the

slow hydration reaction rate of blended cement, resulting in high porosity and low

density associated with a loose structural composition (Menéndez et al., 2003,
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Hoshino et al., 2006, Whittaker et al., 2014, Hlobil et al., 2016, Durdziński et al.,

2017). However, the compressive strength increases 5.4% for blended cement

concretes after over 150 times of sulphate attack cycles, meanwhile the compressive

strength of Ordinary Portland Cement (OPC) decreases by up to 24.6% under the

same sulphate attack conditions. The results indicate that the compressive strength

of blended cement concretes is not only decreased during sulphate attack but also

increased, showcasing significant advancements in recent years. The main reason is

that Na2SO4 is a near-neutral salts that can be used as alkali activators in HAC, and

has also seen considerable advances in rent years (Donatello et al., 2013a,

Donatello et al., 2014, Millan-Corrales et al., 2020, Qu et al., 2020, Garcia-Lodeiro et

al., 2018b, Garcia-Lodeiro et al., 2018a, du Toit et al., 2018, Fernandez-Jimenez et

al., 2019, Garcia-Lodeiro et al., 2016b). In the alkali activation process proposed for

blended cement, three distinct stages are involved: (a) Destruction-Coagulation; (b)

Coagulation-Condensation; and (c) Condensation-Crystallization. The main reaction

product is an amorphous alkaline aluminosilicate hydrate known as C-A-S-H gel

(García-Lodeiro et al., 2012, Garcia-Lodeiro et al., 2012, Garcia-Lodeiro et al.,

2016c). The alkali activation only occurs on the surface of blended cement concretes,

so the hydration reaction rate is relatively slow, resulting only 5.4% increasing in

compressive strength.

It can be seen HAC concretes show the weight loss ranging from 0.6% to

2.2% of original weight over 150 times of sulphate attack cycles, the loss of weight is

related to Na2O content, compressive strength and roughness of the sample surface.

Correspondingly, OPC concretes endure only 1.2% of original weight, between the

range of 0.6% to 2.2%. The loss of weight of HAC concretes present a decrease with

the increasing dosage of Na2O content and then an increase with the increment of

Na2O content. However, no significant regular trends are observed in the loss of

weight. When the dosage of Na2O content reaches 3%, HAC samples exhibit a loss

of weight of 0.6% of original weight, and shows 2.2% loss of weight with the dosage

of Na2O content reaches 2%. AAMs normally have stronger resistance to sulfate

attack than OPC, due to 3d structure of N-A-S-H or C-A-S-H in AAMs, which is more

compact than 2d structure of C-A-H in OPCs (Monticelli et al., 2016b, Monticelli et al.,

2016a, Babaee and Castel, 2016, Tennakoon et al., 2017). HAC is a new type of

AAM, also show good sulfate attack resistance. Some researchers believed that the
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excellent sulfate resistance of AAMs may be related to the lack of Ca (OH) 2 in AAM

activation productions (Donatello et al., 2013b, S. Donatello1, 2014, Janotka et al.,

2014, Bačuvčík et al., 2018). In this study, HAC consists of 90% of GBFS, 10% OPC

and Na2O (ranging from1% to 8%), which belongs to high calcium alkali excitation

system. C-A-S-H gel is considered as the main reaction product in the hydration of

HAC(Xue et al., 2023, Xue et al., 2021a).

The Compressive strength of HAC concrete specimens after over 150 times of

sulphate attack cycles shows an increasing trend with the increase dosage of Na2O

content (Na2O content <4%). The compressive strength increases 6.5% for HAC

(Na2O=4%) concretes. However, the compressive strength of OPC concretes

decrease up to 24.6% for OPC experienced the same tests. The test results prove

that the compressive strength of HAC concretes activated by low Na2O content is not

only decreased during the sulphate attacking but also increased. Na2SO4 is proved

as an alkali activator in HAC systems (Donatello et al., 2013a, Donatello et al., 2014,

Millan-Corrales et al., 2020, Qu et al., 2020, Garcia-Lodeiro et al., 2018b, Garcia-

Lodeiro et al., 2018a, du Toit et al., 2018, Fernandez-Jimenez et al., 2019, Garcia-

Lodeiro et al., 2016b). The main reaction product is an amorphous alkaline

aluminosilicate hydrate known as C-A-S-H gel (García-Lodeiro et al., 2012, Garcia-

Lodeiro et al., 2012, Garcia-Lodeiro et al., 2016c). The reaction of HAC with Na2SO4

solution only activated on the surface of HAC concretes, producing relatively low

increasing in compressive strength. The decline in compressive strength of HAC

concretes after over 150 times of sulphate attack cycles showed an increasing trend

with the increase Na2O content (Na2O > 5%). The reduction in compressive strength

for HAC concretes (Na2O=5%) reaches 10.8% after over 150 times of sulphate attack

cycles. And the decline in compressive strength went up to 23.9% for HAC concretes

(Na2O=8%), which was closed to the reduction in compressive strength for OPC

concretes withstand the same sulphate attack. The results also indicate that: when

the Na2O content is not sufficient in HAC systems (Na2O<4%), Na2SO4 solution will

acted as alkali activator to stimulate the potential strength of the precursors, when

the Na2O content is sufficient in HAC systems (Na2O content more than 5%), the

potential strength of the precursors has been fully utilized, the exposure of HAC

concrete to Na2SO4 solution induces corrosion, leading to a reduction in compressive

strength and a deterioration in quality. Observably, by adding an appropriate dosage
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of alkali activator, HAC concrete exhibits higher resistance to sulphate attack than

OPC concrete.
Table 7- 5 Sulphate attack resistance of OPC and HACs.

System NO. Weight loss (%)

Compressive
strength before
sulphate attack

(MPa)

Compressive
strength after
sulphate attack

(MPa)

Reduction in
compressive strength (%)

1 2.9±0.2 37.2±2.2 39.2±2.3 -5.4

2 1.6±0.1 49.6±2.3 51.5±2.1 -3.8

3 2.2±0.2 54.5±2.5 55.0±2.4 -0.9

4 0.6±0.1 64.3±2.6 67.9±2.4 -5.6

5 1.3±0.1 78.7±2.1 83.8±2.0 -6.5

6 0.8±0.1 97.3±2.0 86.7±2.1 10.8

7 1.0±0.1 85.3±2.2 73.5±2.0 13.8

8 0.9±0.1 70.2±2.1 53.4±2.2 18.6

9 1.1±0.1 62.7±2.2 47.7±2.1 23.9

12 1.2±0.1 84.9±2.2 65.4±2.3 24.6

7.4.3.2 XRD analysis

Figure 7-5(a) presents the XRD patterns of binders with different ratio of OPC

before exposed to Na2SO4 solution, Figure 7-6(a) shows the XRD patterns of HACs

activated by different dosage of Na2O content before exposed to Na2SO4 solution,

and Figure 7-5(b) and Figure 7-6(b) show the XRD patterns after exposed to

Na2SO4 solution. The analysis of XRD of all the binder before exposed to Na2SO4

solution can be seen in chapter 4 section 4.4.2. As shown in Figure 7-5(b), Ettringite

is observed in 100OPC sample after exposed to Na2SO4 solution, with the intensity of

portlandite disappeared in the XRD patterns (Yang et al., 2022). Signals of ettringite

is also detected in 70GBFS-30OPC and 80GBFS-20OPC samples, however the

intensity is relative weak. With the decreasing ratio of OPC in binder systems, very

weak intensity signals of ettringite are observed in 90GBFS-10OPC and 100GBFS

samples. The results are consistent with the tests of compressive strength after

sulphate attack as shown in Table 7- 5. In the sample of 90GBFS-10OPC activated

by 0% Na2O content shown in Figure 7-6(b), the signals of ettringite are observed.

With the increasing dosage of Na2O content, no more intensity of ettringite is

detected, which is due the lack of portlandite. This phenomenon is similar to findings

reported in other studies (Angulo-Ramirez et al., 2017, Bačuvčík et al., 2018,

Fernandez-Jimenez et al., 2013a, Xue et al., 2021b), which attribute it to the
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relatively low proportion of OPC in HAC system. Additionally, the high alkalinity of the

solution can inhibit or delay the hydration rate of OPC, further contributing to this

effect (Puertas et al., 2011). Overall, the outcomes are in line with the compressive

strength results observed after exposure to sulphate attack, as indicated in Table 7- 5.

Figure 7- 5 XRD patterns of binders with different ratio of OPC before and after sulphate attack. (a)
before; (b) after. A:C3S; B:C2S; C:Calcite; E:ettrigite; H: Hydrocaluminte; Ge:hydrated Gehlenite(C2ASH8).
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Figure 7- 6 XRD patterns of HACs with different dosage of Na2O content before and after sulphate attack.
(a) before; (b) after. A:C3S; B:C2S; C:Calcite; E:ettrigite; H: Hydrocaluminte; Ge:hydrated Gehlenite(C2ASH8).

7.4.4 Alkali-aggregate reaction

This study tests the performance to alkali-aggregate reaction of all binder

mortar bars as shown in Table 7- 2. Alkali-aggregate reaction test of all the mortar

bars is carried out. Furthermore, microstructural analysis was performed by scanning

electron microscopy. The results of the tests show that BC and HAC exhibit smaller

longitudinal expansions compared with OPC.
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7.4.4.1 Alkali-aggregate reaction test

Alkali-aggregate reaction test results of all the mortar bars are shown in Figure

7-7 and Figure 7-8 according to ASTM C1260 (Testing and Materials, 2014). The

longitudinal expansions are used to evaluate the potential Alkali-aggregate reactivity.

The longitudinal expansion of mortar bar is lower than 0.1% within 16 days is

indicative harmless to structures according to ASTM C1260 (Testing and Materials,

2014). However, the longitudinal expansion of mortar bar is higher than 0.2% over 16

days, which is indicated of potential destructive expansion aggregates. In this case,

no conclusion can be made, when the expansion is longer than 0.1% but lower than

0.2% within 16 days. In this study, the longitudinal expansion test of the mortar bars

has been expanded up to 35 days immerged in 1 N NaOH solution at 80°C. The

longitudinal expansion of OPC at 16 days is higher than 0.1% but lower than 0.2%,

as shown in Figure 7-7. The longitudinal expansion test is extended up to 35 days

according to the results.

As shown in Figure 7-7. OPC mortar bars show the greatest longitudinal

expansion in all the ages. 70GBFS-30OPC mortar bars are followed by, and

100GBFS mortar bars performed best in the performance to alkali-aggregate reaction.

The mortar bars are all immersed in the same 1N NaOH solution curing at 80°C.

However, OPC system performs the greatest longitudinal expansion at every age;

within 16 days, the longitudinal expansion of OPC mortar bars has exceeded 0.1%

(16 days limit according to ASTM C1260). And at 25 days, the longitudinal expansion

of OPC mortar bars has already exceeded 0.2% (30 days limit according to ASTM

C1260). HAC systems perform longitudinal expansion lower than 0.1% within 20

days in the same 1 N NaOH solution at 80°C, and lower than 0.2% within 35 days.

The results suggest that HAC exhibits greater durability than OPC in alkali-aggregate

reactions. The test results of HAC system are consistent with the researches of

AAMs(Shi et al., 2015c, Krivenko et al., 2014, Fernández-Jiménez and Puertas,

2002). 100GBFS performs the lowest longitudinal expansions compared to OPC and

HAC systems, with longitudinal expansions lower than 0.1% to the end of the test (35

days). The longitudinal expansion of AAM mortar bars is much lower than that of

OPC mortar bars in the testing period, the result indicates that AAM exhibits better

performance in resistance to alkali-aggregate reactions.

AAM systems based on GBFS normally have less alkali-aggregate reaction
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influence than OPC system(Gifford and Gillott, 1996, Shi, 1988, Yang et al., 1999).

The result can be attributed to the formation of C(N)-A-S-H gels during the alkali

reaction of GBFS with alkali activator, where these gels have a lower Ca to Si ratio

compared to C-S-H gels(Cyr and Pouhet, 2015, You-zhi et al., 2002, Shi et al.,

2015a).The HAC system includes a certain proportion of OPC and uses alkaline

activators to stimulate the potential reactivity of raw materials. HAC also exhibits

notable resistance to alkali-aggregate reaction attacks(Donatello et al., 2013b, Angulo-

Ramirez et al., 2018, Palomo et al., 2019). Some researchers believed that the excellent

alkali-aggregate reaction resistance of AAMs may be related to the lack of Ca (OH) 2

in AAM activation productions (Donatello et al., 2013b, S. Donatello1, 2014, Janotka

et al., 2014, Bačuvčík et al., 2018). In this study, HAC consists of high ratio GBFS,

low ratio of OPC with the help of alkali activator, which belongs to high calcium alkali

excitation system. C-A-S-H gel is considered as the main reaction product in the

hydration of HAC(Xue et al., 2023, Xue et al., 2021a). This research indicates that

alkali-aggregate reaction expansion of HAC systems is mainly influenced by the

dosage of alkali activator in the reaction system.

Figure 7- 7 Longitudinal expansions of the mortar bars with different ratio of OPC in 1N NaOH at 80°C.
The longitudinal expansion of HAC mortar bars in response to alkali-aggregate

reaction is significantly influenced by the Na2O content. In this study, after

determining the proportion of OPC and GBFS in HAC, the formation of hydration

products in HAC is primarily influenced by the dosage of alkaline activator.

Microscopic test results from Chapter 5 and 6 indicate that increasing the activator
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dosage leads to greater formation of C-(A)-S-H gels in hydrated HAC. However,

when the activator dosage exceeds a certain threshold (5%), the porosity of hydrated

HAC products also increases. These changes affect the outcomes of the longitudinal

expansion of HAC mortar bars(Angulo-Ramirez et al., 2018, S. Donatello1, 2014,

Donatello et al., 2013b, You-zhi et al., 2002, Al-Otaibi, 2008, Shi et al., 2015a). The

longitudinal expansion of HAC mortar bars show an increase with the increasing

dosage of alkali activator. HAC mortar bars exhibit a longitudinal expansion of

0.041% at 16 days with Na2O content equals 1%, and increase 24% to 0.051% with

Na2O content reaches 8%, both of which are lower than 0.1% (16day limit according

to ASTM C1260). As shown in Figure 5, all the HAC systems show expansions much

lower than 0.1% (16day limit according to ASTM C1260) with 16 days immerged in 1

N NaOH solution at 80°C. However, the longitudinal expansion of OPC mortar bars

reaches 0.118% at 16 days, which is higher than 0.1% (16day limit according to

ASTM C1260). The longitudinal expansion of HAC system is lower than that of OPC

system in the period of this study, the result indicates that HAC systems with highly

proportion of GBFS exhibit better performance in resistance to alkali-aggregate

reactions.

The longitudinal expansion HAC mortar bars to alkali-aggregate reaction show

an increasing trend with the increasing dosage of Na2O content, The expansion of

HAC mortar bars is more noticeable at later ages but less prominent in the early

stages. The longitudinal expansion of HAC mortar bars reach 0.071% at 30 days with

Na2O content equals 1%, and increase 121% to 0.157% with Na2O content reaches

8%, which is higher than 0.1% but lower than 0.2%. However, the longitudinal

expansion of OPC mortar bars reaches 0.247% at 30 days, which is higher than

0.2% (30day limit according to ASTM C1260). The increase in expansion of HAC

mortar bars occurs relatively slowly with the rising Na2O content at early ages. The

expansion of HAC mortar bars is 0.021% at 3 days with 1% Na2O content, and

increase 14% to 0.024% at 3 days with 8% Na2O content. And, the expansion of HAC

mortar bars is 0.035% at 7 days with 1% Na2O content, and increase 9% to 0.038%

at 7 days with 8% Na2O content. However, the expansion of OPC mortar bars

reaches 0.034% at 3 days, and 0.059% at 7 days.
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Figure 7- 8 Mortar bars of HAC with different dosage of Na2O content in solution of 1N NaOH at 80°C.

7.4.4.2 Microstructural analysis

SEM and EDS techniques were used to study the effect different ratio of OPC

and dosage of Na2O content on the microstructure of binder systems.

Figure 7-9 shows the SEM micrographs of mortar bar systems with different

ratio of OPC activated by 5% of Na2O content, and 100OPC system was used as

reference. For the 90GBFS-10OPC mortar bar as shown in Figure 7-9(a), some

small microcracks were detected surrounding the particles of sand and/or binder

paste. As shown in Figure 7-9(c), mortar bar of 70GBFS-30OPC exhibits a number

of alkali-silica cracks. Small cracks are also found in 100OPC mortar bar as shown in

Figure 7-9(d). With the increasing ratio of OPC in binder system, mortar bars exhibit

more and wider cracks, and present a increasing trend of Ca in in the matrix of

mortar bars. However, little of alkali-silica reaction gel was found. Generally speaking,

the results are consistent with Alkali-aggregate reaction test in Figure 7-7.
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Figure 7- 9 SEM images of mortar bars with different ratio of OPC in 1N NaOH at 80°C for 14 days.
The Na2O content affects the microstructure development of HAC mortar bars

in response to alkali-aggregate reactions. In this study, the SEM micrograph of HAC

mortar bars based on 90%GBFS and 10%OPC activated by a series dosage of alkali

activator is influenced to the dosage of alkali activator. Figure 7-11 shows the SEM

micrographs of mortar bar systems activated by different dosage of Na2O content.

However, small cracks can be detected in Figure 7-11 (b) to (e), especially at the

images by high dosage of Na2O content which is possibly due to the presence of

Hydrated gehlenite (C2ASH8) a hydrated product of GBFS activated with Na2SiO3 and

NaOH (Yang et al., 2012, Shi et al., 2003). The microcracks of HAC mortar bars to

alkali-aggregate reaction show an increasing trend with the increase dosage of Na2O

content. In generally, the results are consistent with alkali-aggregate reaction test in

Figure 7-8.
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Figure 7- 10 Element distribution in the matrix of mortar bars with different ratio of OPC.

Figure 7- 11 SEM images of HAC mortar bars with different Na2O content in 1N NaOH at 80°C for 14 days.
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Figure 7- 12 Element distribution in the matrix of HAC mortar bars with different Na2O content.

7.5 Conclusions

HACs demonstrated excellent durability properties in aggressive environments.

The durability of HACs was influenced by many factors. This study investigated the

effect of the dosage of alkali activator, leading to the following conclusions:

(1). The proportion of raw materials has a significant impact on the mechanical

strength and durability of HAC materials. Reducing the proportion of OPC can

notably enhance performance. Additionally, the dosage of alkali activator significantly

affects the compressive strength of HAC, especially its long-term compressive

strength. An appropriate Na2O content (less than 5%) can increase early strength,

but an excessive Na2O content (more than 5%) can lead to a decrease in strength,

with a more pronounced reduction in long-term strength. Therefore, in practical

engineering design, it is crucial to comprehensively consider the proportion of OPC

and the dosage of alkali activator to meet specific structural performance

requirements.

（ 2 ） In an alkaline environment, HAC forms a dense gel phase and

microstructure through the action of activators, resulting in low porosity and small
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pore size distribution. This dense structure effectively blocks the penetration of

chloride ions and the erosion of sulfates, thereby significantly enhancing the

material's durability.

（3）During the hardening process, HAC generates the reaction product C-

(A)-S-H. This product has excellent chemical durability and acts as a physical barrier,

effectively preventing the penetration of chloride ions and sulfate erosion.

（ 4） The reaction products of HAC do not include the expansive product

ettringite, which reduces the expansion caused by AAR. Additionally, HAC typically

has a low alkali content, especially in low-calcium systems, which minimizes the

presence of soluble alkali ions and thereby lowers the risk of reactions with reactive

aggregates.

（5）The quantity of reaction products in HAC and the microstructure of these

products are largely influenced by the dosage of the alkali activator. According to the

analysis in Chapters 5 and 6, the quantity of reaction products initially increases and

then decreases with increasing alkali content, and the microstructure follows the

same trend. Selecting an appropriate dosage of the alkali activator is crucial for the

durability of HAC materials and is a significant factor in determining their applicability

in engineering projects.
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

The aim of this thesis was to explore the mechanical, setting and durability

properties of hybrid alkaline cement based on ground blast furnace slag and ordinary

Portland cement. The research works included understanding mechanical strength

development of HAC, exploring the factors that affecting setting properties of HAC.

After fully understood the factors affecting on mechanical and setting properties of

HAC system, this study focused on exploring the influence of the ratio of OPC and

the dosage of Na2O on durability of HAC system, in order to provide a theoretical and

experimental foundation for the engineering application of HAC.

This study revealed several key findings. First, it was discovered that HACs

with a high proportion of supplementary cementitious materials and a low proportion

of ordinary Portland cement can be successfully produced using an alkali activator.

Second, the study found that the mechanical strength and setting time of HACs can

be effectively controlled by adjusting the ratio of raw materials and selecting the

appropriate type and dosage of alkali activators. Finally, it was observed that HACs

exhibit excellent performance in aggressive environments.

In Chapter 5, the factors affecting the mechanical properties of HAC were

investigated. A series of HACs were prepared with 10-30% OPC and supplementary

cementitious materials (granulated blast furnace slag) using 0-8% alkali activator.

The samples were then characterized using compressive strength, XRD, SEM, and
1H NMR technology. The effects of the dosage of activator used, and the ration of raw

materials on the mechanical properties of different HACs were studied. It was found

that the HACs with high proportion of supplementary cementitious materials, cured at

ambient temperature and activated by appropriate dosage of suitable alkali activator

perform similar even higher compressive strength than an ordinary Portland Cement.

By increasing the proportion of supplementary cementitious materials and

reducing the proportion of ordinary Portland cement, the amount of cement used can

be decreased, thus lowering carbon dioxide emissions. Utilizing a higher proportion

of supplementary cementitious materials, such as slag, can significantly enhance the

long-term strength and durability of hybrid cements. Appropriate types and amounts

of alkali activators can effectively activate the potential reactivity of the
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supplementary cementitious materials, forming more gel during the hydration

reaction and increasing the strength of the cement. Overall, by reasonably adjusting

the cement proportion and selecting suitable alkali activators, the strength

performance of hybrid cements can be optimized to meet the requirements of various

engineering applications.

In Chapter 6, the factors affecting the stetting properties of HAC systems were

investigated. This study found that increasing the proportion of OPC raises the alkali

content in the cement system, accelerating the hydration reaction and causing the

hydration peak to appear earlier, thereby shortening the setting time. A higher OPC

proportion also produces more hydration products, filling gaps between cement

particles and speeding up the liquid-to-solid transition. Additionally, increasing the

alkali activator dosage accelerates the transition of water in the cement paste to gel

and capillary water, enhancing the chemical reaction rate and further shortening the

setting time. However, an excessively high activator dosage (e.g., Na₂O over 5%)

can lead to a significant generation of gel pore water during hardening, markedly

shortening the setting time but potentially reducing the mechanical strength of the

hardened material. Thus, by adjusting the OPC proportion and selecting an

appropriate alkali activator dosage, the setting time of hybrid cement can be

effectively controlled to meet various engineering application requirements.

Finally, chapter 7 investigated the effect of the ratio of OPC and dosage of

alkali activator on durability properties of hybrid alkaline cement concrete. After

understanding the mechanical and setting properties of HAC paste and mortars,

durability of HAC concrete, which is of vital importance for its application in the

construction industry, was investigated.

By reducing the proportion of OPC and increasing the proportion of

supplementary cementitious materials, such as slag, the durability of hybrid cement

can be enhanced. These supplementary materials can form more stable and denser

hydration products under the action of alkali activators, thereby improving the

cement's resistance to chemical erosion and long-term durability. While a higher

OPC proportion can accelerate early strength growth, it may perform poorly in long-

term durability due to OPC hydration products being more susceptible to attack by

sulfates and other chemicals. An appropriate amount of alkali activator can effectively

activate the supplementary cementitious materials, forming more gel and dense
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structures, which improves the permeability resistance and chemical erosion

resistance of hybrid cement, thus enhancing its durability. However, excessive use of

alkali activators (e.g., Na₂O exceeding 5%) can lead to the rapid formation of a large

amount of gel pore water, potentially creating many microcracks during the hardening

process. These microcracks can reduce the overall density and durability of the

material. In summary, by reasonably adjusting the proportion of OPC and selecting

an appropriate amount of alkali activator, the durability of hybrid cement can be

significantly improved to meet the needs of various engineering applications.8.2

Cautions in the development and applications of HACs

This study successfully synthesised a series of ground blast furnace slag and

ordinary Portland cement based HACs, which perform designable mechanical,

setting and durability properties under laboratory conditions. In the study, two issues

that need to be noted: fast initial setting of HAC paste and poor workability of HAC

fresh concrete.

8.2.1 Fast initial setting of fresh HAC

Hybrid alkaline cement normally exhibits much shorter setting time than

normal ordinary Portland cement, as discussed in Chapter 5. In this research, with

the increasing dosage of alkali activator, the pH value in the reaction solution

increases gradually, consequently, this accelerates the dissolution of GBFS in an

alkaline solution, leading to an increased reaction rate. When the dosage of Na2O

content reaches 5%, the initial setting time of HAC decreases to 51 min, which is too

short for pumping or casting. With the increasing dosage of the activator, both initial

and final setting time decrease dramatically. The initial setting time of HAC decreases

to 23 min, with Na2O content reaches 8% of the binder, which is too fast to pump or

cast.

Both the initial and final setting times of HAC systems present a decrease

trend with the increasing of temperature. When the Na2O content equals to 4%, HAC

performs an initial setting time 67 mins at 20◦C and 50 mins (shorter than 1 hour) at

35◦C, which shows 25% decreases with the elevated temperature from 20◦C to 35◦C.

With the increasing of dosage of alkali activator, the initial setting time of HAC

systems decrease. Addition with the elevated temperature, HAC system performs too

short setting time for pumping or casting at 35◦C with Na2O content more than 4%.
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This means that HAC system with high dosage of alkali activator is not suitable for

application in summer environments and high temperature prefabricated production

workshop environments.

8.2.2 Workability of HAC fresh concrete

Hybrid alkaline cement normally suffers from poor workability with high

viscosity, which makes it difficult to pump or cast. In section 6.2.2, during the

preparation of HAC concrete specimens, it was found that the slump of newly mixed

HAC concrete was very low, and it is necessary to use a vibration table to compact

and shape the concrete sample. Through multiple experiments, it was found that

increasing the water to binder ratio cannot improve this situation. Due to the need for

studying the new binders and simulating wide application conditions of these

cementitious materials, it is becoming important to exploit the fundamental

parameters of a fresh concrete: rheology, both in science and technology aspects.

8.3 Recommendations for the future research

Based on the results of this study and the identified cautions related to HACs,

there are at least four areas that require further in-depth research, as suggested in

the following sections, in order to fully control the manufacturing of HAC and get

prepared for its application, this study summarized the following as shown in figure 8-

1.

8.3.1 Research on physics and chemistry of raw material

In the production of ordinary Portland cement, the raw material sources and

thus the clinker phases are standard and stable. However, both the precursor

aluminosilicate materials and alkali activators for HACs need to be able to be

purchased over a relatively long period of time through a stable and reliable supply

chain to provide the investment return required for establishing production facilities.

The current challenge is that the raw materials of HAC are mainly waste or industrial

by-products. It is challenging to ensure that these raw materials have a wide range of

sources and stable on physics and chemistry. Alternatively, manufacturer must be

technically prepared to use various sources of raw materials to produce composite

yet stable precursor products.
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Figure 8- 1 Key Knowledge Concept Map.

8.3.2 Research on rheology properties of HACs

Most evaluations used in practice to qualify the workability of a fresh concrete

are of empirical origins, e.g. the slump and slump flow tests. However, empirical tests

only represent partial behaviours of a fresh concrete, e.g., the slump test only

simulates the low-rate flow; understanding the fundamental parameters of fresh

concrete is crucial, especially for higher-rate processes such as mixing and pumping.

Due to the need for studying the new binders and simulating wide application

conditions of these cementitious materials, it is becoming important to exploit the

fundamental parameters of a fresh concrete: rheology, both in science and

technology aspects. The rheological characteristics of OPC and AAMs pastes,

mortars and concretes have been investigated in depth by a number of

studies(Roussel and Coussot, 2005, Roussel et al., 2010, Roussel et al., 2012,

Roussel and research, 2005, Roussel and Research, 2006, Alonso et al., 2017,

Benavent et al., 2016, Kashani et al., 2015, Mehdizadeh et al., 2018, Palacios and

Puertas, 2011, Puertas et al., 2018, Puertas et al., 2014, Shi et al., 2019a, Steins et

Works have been done
•Raw materials
•Dosage of activator
•Type of activator
•Temperature

Properties of HAC

•Mechanical strength

•setting time

•Durability properties

•Quality-controlled
•Cost-effective
•Durable with stable performance

Future research and cautions
•Physics and chemistry of
raw material
•Rheology properties
•Long term performance
•Standardisation for HACs
•Fast initial setting time
•Workability of fresh HAC

XRD

SEM

TGA

NMR
Hydration heat

RCPT
Sulphate
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al., 2012, Yang et al., 2018). However, studies on the rheological properties of HAC

is limited. It is of great importance for a better understanding of the behaviours of

HAC-based cements and concretes in view of its potential engineering applications

8.3.3 Research on long term performance of HACs

At present, most methods for evaluating the durability of concrete are

accelerated testing methods, which are mainly designed based on OPC materials

and are not always applicable to alternative materials such as HACs and AAMs. For

the durability testing of HACs and AAMs, researchers need to make reasonable

adjustments and modifications to these accelerated testing methods based on

material characteristics and practical applications. Another issue that needs to be

considered is whether the real environment and structural size effects faced by

materials in actual engineering can reflect the real situation in engineering, namely

whether the experimental environment and small sample components can reflect the

actual situation. This question requires buildings or building components to withstand

long-term environmental erosion in the actual environment to achieve. There are also

significant differences between small specimens used in the development process of

new materials and large components or buildings constructed for practical

engineering applications.

8.3.4 Research on standardisation for HACs

In the construction industry, without corresponding standards and certifications,

new cement or concrete products will face significant obstacles in entering the

market. The preparation of new cement standards is a very difficult process, as it

requires the majority vested stakeholders in the standardization committee to reach a

final consensus. The stakeholders involved in the assessment and understanding of

HAC include producers, construction industry associations, governments, consumer

agencies, academia, educational institutions, customers, and certification agencies.

These groups or associations are concerned about whether new standards and

regulations can ensure the quality and performance of building products, improve the

safety of buildings, and be beneficial to environmental health. They are also

concerned about whether new standards and regulations can enhance the

competitiveness of their own groups. Once manufacturers can provide customers
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with building materials with price advantages that meet the safety and durability

requirements of buildings, as well as significant environmental advantages, various

technical barriers can be easily eliminated.
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APPENDIX A ELEMENTAL DISTRIBUTION MAPPING
OF HAC MORTAR BARS IN NaOH AT 80°C FOR 14 DAYS
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Figure A- 1 Elemental distribution mapping of HAC mortar bars with 0%

Na2O content.
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Figure A- 2 Elemental distribution mapping of HAC mortar bars with 2% Na2O content.
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Figure A- 3 Elemental distribution mapping of HAC mortar bars with 4% Na2O content.
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Figure A- 4 Elemental distribution mapping of HAC mortar bars with 5% Na2O content.
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Figure A- 5 Elemental distribution mapping of HAC mortar bars with 8% Na2O content.
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Figure A- 6 Elemental distribution mapping of 80GBFS-20OPC mortar bars with 5% Na2O content.
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Figure A- 7 Elemental distribution mapping of 70GBFS-30OPC mortar bars with 5% Na2O content
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Figure A- 8 Elemental distribution mapping of 100OPC mortar bars with 5% Na2O content.



137



138

Figure A- 9 Elemental distribution mapping of 100GBFS mortar bars with 5% Na2O content.
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APPENDIX B MECHANICAL STRENGTH
PREPARATION AND TEST FOR HAC PAST
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Figure B- 1 Mechanical strength preparation and test for HAC past.
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APPENDIX C 1H NMR TESTING OF ALL BINDER
SYSTEMS DURING THE SETTING PERIOD

Figure C- 1 1H NMR testing of all binder systems during the setting period.
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APPENDIX D POOR WORKABILITY OF HAC FRESH
CONCRETE

Figure D- 1 Poor workability of HAC fresh concrete.
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APPENDIX E DURABLITY OF HAC ON COMPRESSIVE
STRESSIV STRENGTH
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Figure E- 1 Durability of hybrid alkaline cement on compressive strength.



145

APPENDIX F DURABILITY OF HAC TO CHLORIDE
PENETRATION

Figure F- 1 Durability of hybrid alkaline cement to chloride penetration.
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APPENDIX G DURABILILTY OF HAC TO SULFHATE
ATTACK
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Figure G- 1 Durability of hybrid alkaline cement to sulphate attack.
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APPENDIX H DURABILITY OF HAC TO ALKALI-
AGGREGATE REACTION
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Figure H- 1 Durability of hybrid alkaline cement to alkali-aggregate reaction.
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