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Summary

Summary

Alkali-activated concrete (AAC) has recently emerged as a potential candidate to 

replace the conventional Portland cement concrete (PCC) in several applications due 

to its low CO2 footprint and promising mechanical properties. However, the robustness 

and the good reputation PCC has gained over the years make it difficult for this 

relatively new technology to be adopted at a larger industrial scale. The absence of a 

widely accepted standardised mix design method for AAC also limits its 

commercialisation. Moreover, some technical problems such as the need for elevated 

temperature curing and the lack of sufficient data on both hardened and fresh 

properties of AAC among others played a major role in limiting the industrial uptake 

of this green alternative. In this thesis, fly ash from coal fired power stations and 

ground granulated blast furnace slag from iron production have been investigated as 

binders to replace Portland cement. The influence of salient parameters such as 

percentage of GGBS in PFA/GGBS blend, paste content, binder content, water-to- 

solid ratio (w/s) on setting time, workability and compressive strength of AAC is 

investigated. The findings obtained from this investigation helped to suggest mix 

design guidelines for PFA/GGBS AAC to achieve a wide range of compressive 

strength (20-70 MPa) and consistency classes (S1-S5) with “optimized” binder content 

in the range of 320-350 kg/m3.
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Eventually, AAC building blocks were produced as a demonstration product to assess 

its competitiveness in terms of industrial production process, technical requirements 

and economical feasibility.

Reaction kinetics studies and microstructural characterization of both low and high 

GGBS content were carried out to examine the effect of chemical dosages and GGBS 

content on the reaction kinetics, reaction products and morphology of neat PEA and 

both low and high GGBS content blends. Isothermal calorimetry (IC) analysis showed 

that lower GGBS systems (less than 20%) displayed very low reactivity at room 

temperature and the heat of reaction increased gradually with the increase in GGBS 

content. Furthermore, 100% PEA systems activated with higher activator dosages (M+ 

11.5% AM 0.85) showed more compact and dense microstructure compared to those 

activated with lower dosages (M+ 7.5% and 8.5%). The main reaction product 

observed in neat PEA systems was low Ca geopolymer gel (N-A-S-H). Blends with 

20% GGBS content and higher exhibited higher reactivity and the extent of reactivity 

increased with the increase in GGBS content. Higher GGBS blends i.e. 60/40 and 

30/70 showed solid and compact microstructure compared to low GGBS blends in 

agreement with higher compressive strengths obtained in those blends. C-A-S-H 

binding gel was detected as the main reaction product in blends with 20% GGBS and 

higher. EDAX analysis showed the formation of both low Ca and high Ca gel which 

may suggest the coexistence of both N-A-S-H and C-A-S-H binding gels. The 

formation of a hybrid gel (C-N-A-S-H) with different amount of Ca depending on the
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amount of GGBS is also likely as detected by EDAX. Morphology of 30/70 blend 

activated with NaOH solution only (no soluble silicate) showed higher extent of 

unreacted particles suggesting lower degree of reactivity. This can be due to the lack 

of Si as it was found to affect the dissolution of A1 and hinder the availability of A1 in 

the gel nucleation. The result was low compressive strength of around 30 MPa which 

was around 3 times lower than that of the same blend activated with similar alkali 

dosage (7.5%) but with AM 1.25.

The laboratory and factory trial production of AAC building blocks demonstrated the 

possibility of the transferability of this technology from the lab to the industry without 

any need for any special adjustments to the conventional production process used for 

PCC. The same equipment used for the production of PCC building blocks were used 

for the production of AAC blocks. The factory trials also can help to foster the 

relationship between academia and the construction industry and familiarize the 

industry with low CO2 footprint AAC products.

Since commercial alkali activators were found to be responsible for the highest fraction 

of the unit cost and CO2 footprint of AAC mix, it is essential to source cheap and low 

embodied energy activators to enable the commercialization of this promising 

technology. In this study, the efficiency of alternative activators produced from silica 

rich feedstocks such as glass cullet (GC), rice husk ash (RHA) and microsilica was 

assessed. The efficiency of GC based activator with neat GGBS systems was around 

70% compared to the commercial silicate activator. However, GC activator gave very
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low compressive strength when used with neat PFA systems. The efficiency of RHA 

and microsilica based activators with neat PFA systems was better and was around 

50% and 90% respectively. Furthermore, the effectiveness of RHA and microsilica 

based activators was found to be similar to that of the commercial sodium silicate 

activator in both intermediate (35 MPa) and high (70 MPa) strength AAC. GC based 

activator gave similar efficiency in PFA/GGBS blends with strength lower than 50 

MPa. However, 70 MPa AAC was not reached using GC activator; the highest strength 

obtained using GC activator was around 60 MPa.

The cost analysis of AAC and PCC revealed that using commercial sodium silicate 

solution the cost of AAC was around 30% higher than that of PCC in intermediate 

strength concrete (35 MPa) and was similar in high strength concrete (70 MPa). By 

using alternative activators, the cost of AAC for intermediate strength concrete was 

similar to that of equivalent strength PCC. High strength AAC was found to be 20- 

30% cheaper than similar strength grade PCC.
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Chapter 1 Introduction

1.1. Background

The growth of the construction industry worldwide poses a serious concern on the 

sustainability of the building material production chain, mainly due to the depletion of 

non-renewable natural resources such as limestone and clay, and carbon emissions 

related to the production of Portland cement. On the other hand, valuable materials 

from waste streams, such as pulverized fuel ash (PFA) and ground granulated blast 

furnace slag (GGBS), are not used to their full potential. Alkali activated concrete 

(AAC) often referred to as geopolymer concrete (GPC) has emerged in the last years 

as a promising alternative to the conventional Portland cement based concrete for 

certain applications. AAC represents a potential alternative for the reduction of CO2 

emissions of the building sector which is blamed for around 8% of the worldwide 

carbon emissions (Provis 2014). Numerous studies have been carried out worldwide 

on sole binder systems such as neat PFA or slag. Low calcium PFA systems usually 

require elevated temperature curing and relatively high activator dosages to achieve 

good mechanical properties. Slag systems, on the other hand, require relatively lower 

activator dosages but suffer from some technical problems such as rapid setting and 

low workability. Recently, hybrid systems have attracted a great deal of attention 

mainly due to their potential to mitigate some of the above listed hurdles.
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Blending PFA and GGBS enables curing at ambient temperature (20 °C) leads to a 

denser and more compact microstructure and therefore better mechanical properties 

(Kumar et al. 2009). However and despite being studied for around 40 years (Smith 

and Osborne 1977), relatively few investigations focused on the optimization of mix 

design in terms of chemical dosages, binder blends and their influence on fresh and 

hardened properties of hybrid PFA/GGBS AAC. Majority of studies focused mainly 

on pastes (Wang 2015; Gao et al. 2015; Lee and Lee 2015) and fewer data are available 

on the properties of blended PFA/GGBS mortars and concrete. This thesis aims to 

provide more insight on the influence of GGBS addition on the fresh and hardened 

properties of various PFA/GGBS blends. Suitable chemical dosages are suggested 

taking into account technical, economical and environmental considerations.

Understanding the chemistry of AAC can help towards designing more robust and 

durable concrete. However, the reaction mechanism of PFA, despite being studied for 

decades, is still not yet well understood (Provis 2014). Blending PFA with GGBS 

makes the reaction process more complex as different reaction product can form upon 

the inclusion of slag. These reaction products depend on the ratio of slag and the 

activation conditions. It has been reported that mixes with slag ratio up to 25% were 

dominated by geopolymer gel (N-A-S-H) and formation of zeolites was promoted by 

the increase of PFA content (Ismail et al. 2014). In this study the reaction kinetics of 

various PFA/GGBS blends at 20 and 70 °C was examined in order to understand the 

effect of GGBS inclusion on the reaction at ambient temperature (20 °C) and 70 °C
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which is considered as the temperature required to cure neat PFA systems. 

Furthermore, characterization of neat PFA formulations and different PFA/GGBS 

blends was carried out using TGA, XRD, FTIR and SEM with EDAX in order to 

understand the influence of chemical dosages and slag content on the microstructural 

development of these systems.

Optimization of AAC mix design either in terms of chemical dosages and binder 

content can lead to considerable savings in terms of cost and CO2 footprint. Increasing 

the quantities of activators, usually expressed as the %Na:0 and %Si02 by the weight 

of the precursor, was reported to increase the CO2 footprint of AAMs (Duxson et al. 

2007). The quantities of activators are proportional to the quantity of the binder and 

therefore reducing the quantity of the binder content in the AAC mix can lead to 

remarkable economical and environmental benefits. Furthermore, the inclusion of 

GGBS eliminates the need for elevated temperature curing and reduces the activator 

dosages, and thus further CO2 savings can be achieved. The recent development in the 

mix design optimization was reported for elevated temperature cured neat PFA 

concrete (Junaid et al. 2015). As far as hybrid AAC systems such as PFA/GGBS 

concrete are concerned, there is a dearth of information on mix design optimization in 

the available literature. Therefore, in this thesis the influence of parameters such as 

binder composition, water-to-solid ratio and paste content on compressive strength and 

workability of various PFA/GGBS blends covering a wide spectrum of compressive 

strength and workability was studied. These data can help to provide more insight on
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the fresh and hardened properties of PFA/GGBS blended concrete. Using the data 

obtained from this study mix design guidelines for PFA/GGBS AAC were suggested.

Transferability of research results from the laboratory phase to the industrial 

application has always been a challenge for both academia and industry. As far as AAC 

is concerned, prototypal or pilot industrial projects are required to demonstrate the 

suitability of using AAC in various concrete products. This helps to foster the 

relationship between industry and academia and also boosts the confidence of the 

industry stakeholders in this relatively new material to the local UK construction 

industry. One of the recommendations of the recently published RILEM state of the 

art report was to carry out wide range field and advanced trial experiences in both non- 

structural and structural applications of AAC (Provis 2014). In this study full scale 

factory trials were carried out to produce AAC building blocks with the help of a local 

industrial partner (CBS Quarry Products Ltd). These trials were carried out using the 

existing partner facilities without any special adjustments to the routine business of 

the production practice of conventional Portland cement building blocks.

The conventional alkali activators (hydroxides and silicates) used for AAMs were 

found to be responsible for the majority of CO2 footprint of the AAC mix 

(Witherspoon et al. 2009). These activators are also the most expensive constituent of 

the AAC mix. Therefore, developing alternative activators from the waste stream can 

lead to considerable environmental and cost savings making AAMs more attractive to 

concrete producers and customers (Provis et al. 2015). In this thesis various alternative
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activators using domestic glass waste, rice husk ash (RHA) and microsilica were 

produced and their efficiency on neat GGBS and PFA and their blends was assessed. 

Moreover, cost analysis was carried out to evaluate the economical viability of AAC 

produced with these alternative activators.

Durability is an important factor in the design process of concrete. While AAC 

structures have performed well in service for decades in the former USSR, Belgium, 

Finland, China and recently in Australia, there is still limited data available on the 

durability prediction tests for AAC systems, and thus is one of the key factors limiting 

their industrial uptake (Provis 2014). The development of appropriate standardized 

testing methods suitable for AAMs is one of the main objectives of the RILEM 

Technical Committee on alkali activated materials (Provis 2014). The main focus of 

this thesis was on the development of the binder and suitable alkali dosages and their 

influence on compressive strength and consistency. Durability investigation on 

optimized concrete mixes can be carried out as a continuation of this research. 

Research on durability of AAC is currently ongoing at Queen’s University Belfast.

1.2. Aim and Objectives

This research aims to develop AAC using industrial by-products such as Pulverized 

Fuel Ash (PFA) and Ground Granulated Blast Furnace Slag (GGBS) as binders, and 

develop alternative alkali activators to replace the commercial sodium silicate activator

5
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in order to achieve engineering properties similar to or better than Portland cement 

concrete with reduced cost and CO2 footprint.

The objectives of this study include:

1. To investigate the influence of chemical dosages and GGBS content on the 

fresh and hardened properties of PFA/GGBS systems.

2. To examine the effect of chemical dosages and GGBS content on the 

reaction kinetics and reaction products of neat PFA and both low and high 

GGBS content blends.

3. To develop mix design guidelines for PFA/GGBS concrete.

4. To assess the competitiveness of an AAC product in terms of industrial 

production process, technical requirements and economic viability: AAC 

building blocks.

5. To assess the performance and economic viability of alternative activators 

from silica rich waste stream feedstocks such as glass cullet (GC), rice husk 

ash (RHA) and microsilica to replace the commercial sodium silicate 

solution.

6
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1.3. Structure of the Thesis

This thesis comprises of 9 chapters as follows:

• Chapter 1 highlights the research motive, aim and objectives and the structure 

of the thesis.

• Chapter 2 provides a literature survey on the environmental impact of the 

construction industry and a brief background of the AAMs focusing on 

pulverized fuel ash (PFA) and granulated blast furnace slag (GGBS). The 

research developments of alkali-activated materials focusing on PFA, GGBS 

and their blends are also discussed in this chapter. This includes the reaction 

mechanisms and reaction products of sole GGBS and PFA systems as well as 

their blends. The influence of type and dosage of activators on the properties 

of alkali-activated systems is presented in this chapter. Moreover, the 

development of alternative activators from silica rich waste stream materials is 

discussed. The effect of salient parameters such as chemical composition and 

mineralogy of the raw materials, curing and water-to-binder ratio on the fresh 

and hardened properties of alkali-activated concrete is also presented. Finally, 

a brief summary of the developments in both academia and industry and the 

challenges facing the AAC technology is discussed.

• Chapter 3 reports the characterization and the properties of the materials used 

and the experimental procedures adopted in this thesis.

7
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• Chapter 4 discusses the optimization of the chemical dosages (alkali dosage 

and alkali modulus) to achieve the highest possible compressive strength in 

100% PFA and a high GGBS blend. Furthermore, the assessment of the fresh 

and hardened properties of various PFA/GGBS blends i.e. workability, setting 

time and compressive strength is reported in this chapter. The influence of 

different curing conditions on neat PFA and PFA/GGBS blends is also 

discussed.

• Chapter 5 reports on the reaction kinetics and the mineralogical and 

microstructural characterization of various PFA/GGBS blends.

• Chapter 6 reports the study on PFA/GGBS alkali-activated concrete (AAC). 

The influence of paste content on workability and compressive strength of four 

PFA/GGBS blends namely 100/0, 80/20, 60/40 and 30/70 is discussed in this 

chapter. A preliminary mix design procedure covering compressive strengths 

in the range of 20 to 75 MPa with different workability classes is suggested. 

Cost analysis of AAC is reported and is compared with that of similar strength 

grade Portland cement concrete (PCC).

• Chapter 7 reports on the replication of the industrial process of the production 

of building blocks in the laboratory using a vibro-compaction rig and various 

alkali-activated PFA/GGBS blends. The selected blend from the laboratory 

trials was then used to carry out factory trials to produce AAC building blocks 

using the exiting equipment and procedures designed for conventional Portland
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cement concrete (PCC) building blocks. Subsequently the economical viability 

of AAC building blocks is discussed in comparison with PCC blocks.

• Chapter 8 presents a study on the assessment of alternative activators from 

silica rich materials including glass cullet (GC), rice husk ash (RHA) and 

microsilica. The optimization of the production process and the effectiveness 

of these alternative activators with different precursors is described in this 

chapter.

• Chapter 9 gives the conclusions drawn from this thesis and lists the 

recommendations for future work.

• A list of the references used is given at the end of this thesis.

9
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This chapter provides a literature survey on the current and the anticipated future 

worldwide use of Portland cement (PC) in conventional concrete. The environmental 

impact of the production of PC is also discussed. Moreover a brief background of 

alkali-activated binders is given focusing on pulverized fuel ash (PFA) and ground 

granulated blast furnace slag (GGBS) as those materials are within the scope of this 

thesis. This includes the reaction mechanisms and reaction products of neat PFA and 

GGBS systems as well as their blends. Furthermore, the influence of type and dosage 

of activators on the properties of alkali-activated concrete systems is presented in this 

chapter. Moreover, the developments of alternative activators from silica rich waste 

stream materials and their ability to reduce both the embodied energy and cost of 

alkali-activated materials are discussed. The effect of main parameters such as 

chemical composition and mineralogy of raw materials, curing and water-to-binder 

ratio on the fresh and hardened properties of alkali-activated concrete is also discussed. 

Finally, summary of the recent developments, applications and the challenges facing 

the industrial uptake of alkali-activated concrete technology is presented.

2.1 Cement Production and the Global CO2 Emissions

Concrete is one of the most extensively used materials worldwide- on average, around 

7.5 billion cubic meters of concrete are produced annually, more than one cubic meter 

for every person on our planet, making its use second only to water (A'itcin 2000).
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Portland cement (PC) is the main binder currently used in conventional concrete. 

Currently around 4 billion tons of PC is produced worldwide (CEMBUREAU 2014). 

The demand is also expected to rise driven by population and economic growth. In 

order to predict the future cement demand, the Intergovernmental Panel on Climate 

Change (IPCC) proposed four scenarios to anticipate the future cement demand for the 

century (Humphreys and Mahasenan 2002). The scenarios are shown in Table 2-1 

below:
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Table 2-1: 1PCC scenarios for the projection of the future demand of Portland cement

Scenario A1

Scenario B1

Scenario A2

“the income gap between developed and developing countries closes; the 

world experiences rapid economic growth and low population growth; new 

and more efficient technologies are rapidly introduced; and the world has 

high per-capita energy use”

“the income gap between developed and developing countries decreases but 

does not close; material intensities decline; the world experiences low 

population growth and a shift toward a service and information economy; 

and the world has low per-capita energy use”

“the income gap between developed and developing countries does not come 

close to closing; the level of economic growth varies among countries and 

the world experiences high population growth”

Scenario B2 “the income gap between developed and developing countries does not close;

the world experiences intermediate levels of economic growth and moderate 

population growth”

These scenarios are presented in Fig. 2-1. Three scenarios out of four have 

approximately similar cement demand by the year 2050. It is projected that the cement 

demand will jump from just under 2000 million metric tonnes in 2005 to around 5000 

million metric tonnes in 2050.
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Figure 2-1: Anticipated future cement demand for the century in million metric tonnes) 
(Humphreys and Mahasenan, 2002)

This massive rise in demand of PC in the future will have serious environmental 

impacts in terms of the availability of raw materials (limestone) and large carbon 

dioxide (CO2) emissions. Manufacturing of PC is an energy intensive process and 

massive amounts of carbon dioxide are released to the atmosphere from the calcination 

process of limestone and from combustion of fuels in the kiln. CO2 is one of the main
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gases that contribute to global warming, which is now scientifically recognized as a 

potential threat to our climate. It is estimated that the calcination process required to 

produce 1 tonne of cement clinker generates about 0.55 tonne of carbon dioxide, and 

if carbon fuel is used in the process an additional 0.44 tonne of CO: is released. Thus, 

the production of one tonne of cement clinker liberates around 1 tonne of CO: 

(Davidovits 1994a). It has been reported recently that the production of 1 ton of 

Portland cement releases around 0.68 ton of CO: (Mineral Products Association 2016).

According to the latest available data, the current cement industry is estimated to 

contribute around 8% of the global CO: emissions (Provis 2014). Fig. 2-2 shows the 

projected CO: emissions from cement industry and from all other human activities. In 

the first scenario i.e. low cement production, cement manufacturing is anticipated to 

contribute to 16% of CO: emissions whereas for high cement production, the cement 

CO: share is projected to triple compared to the current levels to reach 24% in 2050 

(Provis 2014).
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Figure 2-2: Projected CO2 emissions from cement industry and all other human activities 
(Provis 2014)

In both scenarios, the dependency on cement continues to rise and therefore 

contributes to CO2 emissions. Hence, there is a clear and urgent need for cement free 

concrete products with reduced CO2 footprint.

To reduce the environmental impact of the construction industry and shift towards a 

more sustainable construction future, novel eco-friendly alternatives to PC need to be 

developed. This can be achieved by the utilization of industrial wastes/by-products 

such as pulverised fuel ash (PFA) and ground granulated blast furnace slag (GGBS) in
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Portland cement-free concrete systems known as alkali-activated concretes (AAC) or 

geopolymers (GPC). These Portland cement-free systems can reduce the CO2 

emissions by up to 80% (Davidovits 1994a). Jiang and Chen (2014) recently reported 

that alkali-activated slag concrete has 73% lower greenhouse gas emissions, 43% less 

energy consumption and uses 25% less water than conventional Portland cement 

concrete (PCC). McLellan et al. reported that the broad range of AAMs sources 

(transportation impact) can lead to a wide range of variation of both the carbon 

emissions and cost. They reported that AAC emissions can range from 97% lower to 

14% higher compared to those of Portland cement concrete (McLellan et al. 2011).

2.2 Alkali Activation of Aluminosilicate Precursors

The work carried out by Purdon in 1940 and Glukhovsky in 1959 was considered as 

the earliest study in the alkali activation of slag (Davidovits 2008). Later, the French 

scientist Joseph Davidovits proposed that the structure of the binder was a three 

dimensional framework consisting of silicon (SiCL) and aluminium (AIO4) sharing 

oxygen atoms, and the negative charges on AIO4 tetrahedral are balanced by alkali 

cations (Na+, K+) after his investigation on the alkali activation of metakaolin as an 

aluminosilicate precursor (Davidovits 1991; Davidovits 1994b; Davidovits 1979; 

Davidovits 2008). Davidovits coined the term “geopolymer” to emphasize the 

association of this new system with earth minerals found in natural rocks. Recently, 

alkali activation of other raw materials has gained a great deal of interest. The
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bibliographic history of the development of alkali activation is tabulated by various 

authors (Pacheco-Torgal et al. 2008a; Li et al. 2010).

Terminologies such as ‘inorganic polymer’, ‘alkali ash material’, ‘inorganic polymer 

glasses’, ‘mineral polymers’ and a variety of other names have been used by different 

authors to refer to alkali activation of aluminosilicate precursors.

Van Deventer et al. (2010) classified the different alkali-activated materials based on 

the chemistry of these systems mainly their Ca and Al content (Fig. 2-3) as follows:

• Alkali-activated materials (AAMs) is a broad classification. Any material that 

can react with alkaline solution to form cementitious binder.

• Inorganic polymers are a subset of AMMs where the main binding phase 

consists of a disordered silicate network, with lower content of Ca compared 

to what is found in conventional PC chemistry.

• Geopolymers are classified as a further subset of inorganic polymers, 

consisting of a highly coordinated aluminosilicate binding phase that contain 

high Al content and lower Ca content.
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Portland-
based
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polymers
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Figure 2-3: Classification of various alkali-activated systems and comparisons with PC and 
calcium sulfoaluminate binder chemistry according to Van Deventer et al. (2010)
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2.3 Pulverized Fuel Ash as a Precursor

2.3.1 Research on Pulverized Fuel Ash

Pulverized fuel ash (PFA) is a fine grey powder consisting mostly of spherical glassy 

particles that are produced as a by-product in coal fired power stations. PFA is a silico- 

aluminate material consisting mainly of silica (SiCF), alumina (AI2O3), calcium oxide 

(CaO), and iron oxide (Fe2Ch) as the major constituents. It is routinely divided into 

two types, Class C and Class F fly ashes as per ASTM C618 (2008). The main 

difference is the lime (CaO) content. Class C PFA contains more than 20% CaO 

whereas Class F has less than 20% CaO. Low calcium PFA or Class F is more preferred 

as a source material in geopolymers due to its availability, reasonable setting properties 

and availability of silicon and aluminium in the precursor. Table 2-2 shows the main 

ASTM C618 (2008) classification for PFA. It is estimated that around 900 million 

tonnes of PFA is produced worldwide every year (Malhotra 2005). Europe is estimated 

to produce 100 million tonnes of PFA per year (Bech and Feuerborn 2011). Large 

quantities of PFA have been stockpiled over the years around the globe. It was reported 

that 50 million tonnes of PFA could be recovered from stockpiles in the UK alone 

(UKQAA Report 2016).
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Table 2-2: Chemical requirements of fly ash according to ASTM C6f8 (2008)

Chemical Requirements Class F

Silicon dioxide (SiCh) + aluminium oxide (AI2O3) + Iron 

oxide (FezOj), min, %

Sulfur trioxide (SO3), max, %

Moisture content, max, %

Class C

50

Loss on ignition, max, %

Amongst low calcium aluminosilicate precursors, PFA and metakaolin have been the 

most popular precursors used for the synthesis of geopolymers. Metakaolin was 

adopted at the early stages of the development of geopolymers by Davidovits (1991). 

Since then, metakaolin attracted a great deal of interest due to its pure aluminosilicate 

nature. However, obstacles such as limited availability and high cost can be considered 

as the main disadvantages of metakaolin as a precursor in geopolymers. Additional 

calcination of metakaolin at 500-800 °C also renders it less favourable in terms of 

global warming effects compared to PFA and GGBS based systems (Habert et al. 

2011). Thus, recent studies have utilized PFA as the main binder for the production 

of geopolymers (Palomo et al. 1999; Xie and Xi 2001; Swanepoel and Strydom 2002; 

Hardjito et al. 2004; Palomo 2004; Bakharev 2005; Hardjito and Rangan 2005; 

Fernandez-Jimenez and Palomo 2005; Fernandez-Jimenez et al. 2005; Wallah and 

Rangan 2006; Duxson et al. 2006; Skvara et al. 2006; Rangan et al. 2006; Catherine
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and Rees 2007; Yang et al. 2008; Andini et al. 2008; Criado et al. 2010; Williams and 

van Riessen 2010; Kong and Sanjayan 2010; Lloyd and Rangan 2010; Martin et al. 

2010; De Vargas et al. 2011; Bakri and Kamarudin 2012; Bignozzi et al. 2014; Ryu et 

al. 2013; Barnett et al. 2011). These studies focused mainly on the effect of salient 

parameters such as type and dosage of alkali activators, curing conditions, water-to- 

solid (w/s) ratio etc. on the mechanical properties as well as the microstructure and 

reaction products of this binder system.

2.3.2 Geopolymerization Mechanism and Reaction Products

A conceptual model for the hydroxide alkali activation process (shown in Fig. 2-4) 

was proposed by Fernandez-Jimenez et al. (2005). The dissolution process starts when 

the glassy spherical fly ash particles are attacked by the alkaline solution. 

Consequently the reaction product is formed both inside and outside the particle (Fig. 

2-4 (a-c)). Simultaneously, precipitation of reaction products takes place as the 

alkaline solution penetrates the larger sphere filling up the interior space with reaction 

products and forming a dense matrix (Fig. 2-4 (b)). As a result of the substantial 

precipitation of reaction products, some parts of the smaller particles are covered with 

products forming a layer that prevents the contact with the alkaline solution and leads 

to an unreacted fly ash particle (Fig. 2-4 (e)). Therefore, several morphologies can be 

found in the microstructure of the alkali-activated fly ash matrix i.e. unreacted 

particles, particles attacked by the activator but still retain their spherical shape, 

binding gel etc. (Fig. 2-4 (d)).
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Figure 2-4: Descriptive model of hydroxide alkali activation of fly ash according to Fernandez- 
Jimenez et al. (2005)

The mechanism of geopolymerization was also further explained by Duxson et al. 

(2006). They proposed a conceptual model for geopolymerization, consisting of five 

main stages as follows: (1) dissolution, (2) speciation equilibrium, (3) gelation, (4) 

reorganization and (5) polymerization and hardening as shown in Fig. 2-5. The 

dissolution of aluminosilicate species occurs upon the contact between the precursor 

and the activating solution. Then a complex mixture of aluminosilicate species is 

formed. The dissolution of the species is more rapid in high pH medium to form a
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supersaturated aluminosilicate solution. The oligomers in the solution then form large 

networks by condensation, leading to the formation of a multiple gel stages referred to 

as “Gel 1” and “Gel 2” as shown in Fig. 2-5. The strength development of geopolymers 

is attributed to the formation of these aluminosilicate gels. “Gel 1” is formed at an 

earlier stage of the alkali activation and it is rich in A1 (aluminium rich gel). “Gel 2”, 

which is rich in Si, is formed at a later stage and improves further the mechanical 

properties of the geopolymer system. The water, which is nominally consumed during 

the dissolution, is released in this process. After the gelation stage, further 

development of the system takes place and it continues to rearrange and reorganize 

resulting in further increase in the connectivity of the gel network. This leads to the 

formation of the three-dimensional aluminosilicate network known as geopolymers 

(Duxson et al. 2006).
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Figure 2-5: Geopolymerization conceptual model by Duxson et al. (2006)
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Silicate activation of low calcium binders was also reported to have much similarity 

with the hydroxide activated precursors. The main differences were observed in the 

Si/Al ratios of the binding gel at the atomic level. Silicate activated systems were also 

found to have lower tendency towards crystallization and formation of zeolites (Provis 

and Deventer 2014). The microstructure of such systems was also found to be more 

homogenous and compact at a length scale of microns (Duxson et al. 2005). Moreover, 

silicate activation of low calcium binders such as fly ash and metakaolin tends to yield 

more robust properties as they develop acceptable mechanical properties across a 

broad spectrum of mix design and curing regimes than hydroxide activated systems. 

Therefore, these systems have attracted a great deal of researcher’s attention over the 

past decade (Duxson et al. 2005; Granizo et al. 2007; Fernandez-Jimenez et al. 2007; 

Hardjito et al. 2004; Fernandez-Jimenez and Palomo 2005; Rangan et al. 2006; and, 

Adam and Horianto 2014).

Fernandez-Jimenez and Palomo (2005)’s investigation on fly ash-based geopolymer 

using scanning electron microscopy (SEM) revealed that the main content of the 

geopolymer mortar was amorphous aluminosilicate gel (Fig. 2-6 A, points 4 and 5). 

They also observed unreacted spheres (Fig. 2-6 A, point 3). On the other hand, some 

deposits of crystalline materials were observed over the main reaction product (Fig. 2- 

6 B, point 6) and small groups of bright particles which were believed to be zeolite 

crystals were detected (Fig. 2-6 D, points 7, 8). Furthermore, they also found some ash 

spheres partially covered with reaction products (Fig. 2-6 C).
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Figure 2-6: Scanning electron microscopy (SEM) images of sodium hydroxide alkali-activated 
fly ash mortars (NaiO = 8.68%) (Fernandez-Jimenez and Palomo 2005)
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2.4 Ground Granulated Blast Furnace Slag (GGBS) as a 

Precursor

2.4.1 Requirements as a Precursor

Ground-granulated blast-furnace slag (GGBS or GGBFS or BFS) is a by-product from 

the iron and steel-making industry. It is obtained by quenching molten iron slag from 

the blast furnace in water or steam to produce a mostly amorphous, granular product 

that is then dried and ground into a fine powder. It is estimated that around 200 million 

tonnes of GGBS is produced annually worldwide (IEA 2009). The UK annual 

production is estimated to be about 2 million tonnes (Mineral Products Association). 

The chemical composition of a slag varies depending on the composition of the raw 

materials in the iron production process. The reactivity of GGBS is assessed via the 

basicity coefficient which is known as the ratio between the total content of the basic 

and the acidic constituents of the slag (Wang et al. 1994) as shown in Eq. 2-1:

(CaO + MgO) Eq. 2-1
Kb~ (Si02 + Al203)

Based on this equation the slag is categorized into three types: acid (Kb<l), neutral 

(Kb=l), and basic (Kb>l). Neutral and basic slags are preferable in alkali-activated 

systems. The hydration modulus (HM) is also taken as a proxy of good hydration 

properties. It is calculated as shown below (Eq. 2-2) and should exceed 1.4 (Chang 

2003):
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(CaO + MgO + Al203) Eq. 2-2

(Si02)

2.4.2 Research on Alkali Activation of GGBS

Slag is the most common alkali-activated precursor reported in the literature. The 

history of alkali activation of slag stretches back to the 1940s with the early work of 

Purdon and Glukhovsky (Li et al. 2010; Provis and Deventer 2014) which is 

considered the earliest groundwork on slag alkali activation. Krivenko (1994) gave the 

earliest description of the reaction mechanism of the alkali activation of slag. In the 

last two decades, many studies have been carried out on the hydration products, 

microstructure, mechanical and durability properties of alkali-activated slag (AAS) 

systems (Krivenko 1994; Wang et al. 1994; Richardson et al. 1994; Shi and Day 1995; 

Wang and Scrivener 1995; Shi and Day 1996; Shi 1996; Fernandez-Jimenez 1997; 

Fernandez-Jimenez et al. 1999; Bakharev et al. 1999; Bakharev et al. 1999; Song et al. 

2000; Bernal et al. 2011; Burciaga-Dfaz et al. 2013; Hung and Chang 2013) and others, 

driven by the CO2 emissions of manufacturing of PC and the need for sustainable and 

low carbon footprint construction products.

2.4.3 Reaction Mechanism and Hydration Products

As mentioned earlier Krivenko provided the earliest description of the reaction 

mechanism of slag activation based on the composition of the hydration products 

(Krivenko 1994); he proposed that the alkaline aluminosilicate system (R-A-S-H)
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where R = Na or K are classified as “geocements” emphasizing the similarity of these 

systems with the natural process of rock and mineral formation. He also came up with 

another category where the hydration products are basic calcium silicate hydrate 

binder gel (C-S-H) with low Ca/Si ratio; these systems were referred to as “alkaline- 

alkaline earth systems” (R-C-A-S-H). Alkali-activated slag and alkaline Portland 

cements are examples of this category. Ever since, the scientific understanding of the 

alkali activation of slag and reaction mechanism has rapidly developed. Many studies 

reported that the alkali activation of high calcium oxide slag promotes the rapid 

dissolution of the precursor, to form species like calcium (Ca) and aluminium (Al), 

and therefore amorphous calcium silicate hydrate gel with aluminium in the structure 

(C-A-S-H) (Wang and Scrivener 1995; Escalante-Garcia and Sharp 2001; Chang 

2003; Haha et al. 2011, 2012; Al-Otaibi et al. 2001; Al-Otaibi 2008). Hydrotalcite was 

also detected as a reaction product in alkali-activated slags activated mainly with 

NaOH (Wang and Scrivener 1995; Haha et al. 2011, 2012; Chi and Huang 2013).

Hydration evolution of alkali-activated slag system was studied by Shi et al. (1995). 

Three models of hydration were proposed as shown in Fig. 2-7. In type I model, one 

peak occurs during the first few minutes and no peaks appear thereafter. Hydration of 

slag in water or in Na2HPC>4 at both 25 and 50 °C is an example of this category. In 

this case, the slag usually does not set or harden. For type II, an initial peak appears 

before the induction period and one accelerated hydration peak appears after the 

induction period. This type corresponds to hydration of slag activated with NaOH at
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25 and 50 °C. In type III, two peaks, the initial and the additional initial peaks appear 

before the induction period and one accelerated hydration peak appears after the 

induction period. This type of hydration is assigned to the slag activated by Na^SiCb 

and NaiCCb at 25°C and NaF at both 25 and 50°C.

Period

Minutes Hours
Hydration Time

Period

no other hydration features

Days

Hydration Time
Minutes

(a) Type I (b) Type II

Period

Minutes Hours
Hydration Time

(c) Type in

Figure 2-7: Types of hydration models of alkali-activated cements as proposed by Shi and Day 
(1995)
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The first initial peak is ascribed to the wetting of the slag and the dissolution of the 

species from the precursor (Shi and Day 1995, 1996). The second initial peak (in the 

case of silicate activation) and the peak after the induction period are attributed to the 

formation of C-S-H reaction product from the reaction between Ca2+ dissolving from 

GGBS particles and silica anions from the activators (Shi and Day 1995; 1996; and, 

Bernal et al. 2011). This reaction was reported to play an important role in setting and 

mechanical properties in slag cement pastes (Fernandez-Jimenez and Puertas 2003). The 

magnitude and location of the hydration peaks were found to depend on the type and 

dosage of activators and temperatures (Fernandez-Jimenez and Puertas 2003; 

Gebregziabiher et al. 2015; Ravikumar and Neithalath 2012b; Chithiraputhiran and 

Neithalath 2013). Higher water-to-binder ratio was also found to shift the position of 

the peaks to a longer time (Shi and Day 1996). Furthermore, similar hydration/reaction 

peaks were also reported elsewhere (Deir et al. 2014; Bernal et al. 2011).

2.4.4 Microstructure of Alkali-Activated Slag

Brough and Atkinson (2002) studied the microstructure evolution of liquid sodium 

silicate (also known as waterglass) activated slag mortars for a period of up to one year 

by means of scanning electron microscopy (SEM). They reported that early age 

samples i.e. 1 and 7 days contain a homogenous reaction product gel with no phase 

separation. Samples were also found to suffer notable microcracking especially against 

the aggregate paste interface. They attributed that to drying and shrinkage occurring 

during freeze drying of samples or during the preparation process of the specimens.
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However, 7 days old samples were found to have a denser matrix than 1 day samples 

due to the further hydration of finest slag material. After 14 days and one month, 

further hydration had taken place and a denser matrix was observed. Therefore, the 

degree of drying shrinkage microcracking had greatly reduced. One year old samples 

showed similar reaction products and features to those of 14 days and one month 

samples. Figs. 2-8 and 2-9 show backscattered electron microscopy (BSE) images for 

sodium silicate activated mortars hydrated for up to one year (Brough and Atkinson 

2002).
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Figure 2-8: Backscattered electron microscopy images of sodium silicate 
activated slag mortars hydrated for 7 days to one month (Brough and 
Atkinson 2002)
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Figure 2-9: Backscattered electron microscopy images of sodium silicate activated slag and 
Portland cement mortars hydrated for one year (Brough and Atkinson 2002)
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2.5 Blended Alkali-Activated PFA/GGBS Systems as 

Precursors

Unlike alkali activation of a sole binder i.e. neat fly ash (PFA) and blast furnace slag 

(GGBS), alkali activation of blended PFA and GGBS system is still relatively less 

discussed in the available literature. Blending PFA/GGBS can lead to refining the 

porous structure of PFA resulting in a more dense and compact matrix, and therefore 

better mechanical properties (Kumar et al. 2009; Ravikumar et al. 2010; Ismail et al. 

2014; and, Wang et al. 2015). Furthermore, curing at ambient temperature can be 

achieved by incorporating GGBS eliminating the need for elevated temperature curing 

which is generally required for neat PFA systems.

2.5.1 Reaction Mechanism and Products

Kumar et al. (2009) studied blended PFA and GGBS systems and reported an increase 

in the heat of reaction profile and the cumulative heat of reaction as the content of 

GGBS increases. They also observed slow reactivity in PFA-rich samples at ambient 

temperature (27 °C). On the other hand, PFA-rich samples showed much higher 

reactivity at 60 °C. These findings confirm the need for elevated temperature curing 

for low calcium PFA systems.

Puertas and Martinez-Ramirez (2000) studied the influence of GGBS content, NaOH

concentration and curing temperature on the strength development and reaction

products of PFA/GGBS pastes. Increase in GGBS content and NaOH concentration
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were found to improve the mechanical properties of PFA/GGBS systems. Curing at 

elevated temperature i.e. 65 °C was found to improve the early strength of PFA/GGBS 

blends. However, at longer curing ages the effect was inversed and curing at ambient 

temperature, i.e. 25 °C, yielded higher compressive strengths. Puertas and Fernandez- 

Jimenez (2003) also examined the microstructure of 50/50 (PFA/GGBS) paste. They 

found that the dissolution of GGBS and PFA upon alkali activation can produce 

hydrated calcium silicate gel with high amount of tetracoordinated aluminium and 

interlayer sodium ions in the structure (C-A-S-H) along with an amorphous alkaline 

three dimensional aluminosilicate hydrate gel (N-A-S-H) (Puertas and Fernandez- 

Jimenez 2003). More slag replacing PFA was also found to influence the reaction 

kinetics due to the dissolution and precipitation of C-S-H which was found to be the 

dominant reaction product coexisting with aluminosilicate gels, resulting in higher 

compressive strength and improved setting properties with the addition of GGBS 

(Kumar et al. 2009; Puligilla and Mondal 2013). Chi and Huang (2013) studied various 

blends of PFA/GGBS mortars activated with both sodium hydroxide and sodium 

silicate activators at 4% and 6% Na20 dosages. They reported that an increase in the 

slag content up to 50% increased the mechanical properties in terms of compressive 

and flexural strengths, with 6% Na^O dosage, and that 50/50 blend yielding the highest 

compressive strength. PFA/GGBS mortar blends were also found to be superior to PC 

mortar in terms of water absorption, which was reported to decrease further with the 

increase of Na20 dosage from 4% to 6%. However, PFA/GGBS blends suffered higher
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shrinkage compared to PC and the shrinkage was found to decrease with the increase 

in Na20 dosage (from 4% to 6%). They also identified an amorphous alkaline 

aluminosilicate and low crystalline calcium silicate hydrate gels as the main binding 

gel. Recently, Ismail et al. (2013, 2014) reported that the rate of the development of 

the binding gel phases greatly depends on the quantity of PFA, as the variations in the 

chemistry and mineralogy of these binders promote the formation of different binding 

gels. For ratios of slag > 50 wt. %, a calcium silicate hydrate gel with Al and Na in 

structure (C-N-A-S-H) was identified as the main reaction product. On the other hand, 

with the increase in the PFA content, a hybrid binding gel referred to as N-C-A-S-H 

type gel, with water held tightly in smaller pores, and with higher degree of 

crosslinking than C-A-S-H type binding gel was identified.

2.5.2 Microstructure of Alkali-Activated PFA/GGBS Blends in 

Comparison with Neat Systems

As previously mentioned, incorporating GGBS as a partial replacement for PFA leads 

to a more densified and compact matrix and better mechanical properties due to the 

evolution of the reaction products with the curing duration.

Backscattered electron (BSE) imaging study conducted by Ismail et al. (2014) on 

various PFA/GGBS blends after 28 days of curing showed more dense and 

homogenous matrix in pure GGBS paste (dark grey area), as shown in Fig. 2-10 (A), 

along embedded unreacted slag grains (angular light grey grains). The smaller slag
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particles were also found to have fully reacted after 28 days of curing compared to 

those of neat PFA paste (Fig. 2-10 (B)). It appears that the binding gel in the neat slag 

sample is denser and shows a more homogeneous and compact morphology than the 

neat PFA sample, where heterogeneous cavities are observed as black spots both inside 

and outside the unreacted PFA grains, and therefore yielding a more porous matrix. 

These observations have been reported by various authors who studied neat PFA 

systems (Palomo et al. 1999; Fernandez-Jimenez and Palomo 2005; Fernandez- 

Jimenez et al. 2005) and alkali-activated slag binders (Ravikumar and Neithalath 

2012a; Haha et al. 2012; Escalante Garcia 2006; Brough and Atkinson 2002).

In 25/75 (PFA/GGBS) blend (Fig. 2-11 (A)), the morphology is similar to that of neat 

alkali-activated GGBS system where C-S-H gel was dominant and unreacted slag and 

PFA particles were encapsulated in the gel. Increasing the PFA percentage to 50% 

(Fig. 2-11 (B)), the matrix appeared to be less dense than that of higher slag contents. 

It was also observed that the unreacted GGBS particles were not closely adhered to 

the binding gel as it was the case in systems with higher slag content (Ismail et al. 

2014). In the sample with higher PFA content 75/25 (PFA/GGBS) (Fig. 2-11 (C)), the 

binding gel was governed by geopolymer aluminosilicate type gel which is a common 

reaction product in PFA systems. Notable porosity can be also observed due to the 

nature of the N-A-S-H type gel which has been reported to be less space filling than 

C-A-S-H type binding gel associated with AAS systems (Provis et al. 2012; Ismail et 

al. 2014).
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One of the objectives of this thesis was examining the reaction kinetics and reaction 

products of various PFA/GGBS blends i.e. 95/5, 80/20, 60/40 and 30/70. This was 

carried out to provide more insight on the influence of both very low and very high 

GGBS content on the reaction kinetics, and reaction products. Furthermore, the 

influence of the type of activator on the microstructure of high GGBS blend (30/70 

blend) was also studied to understand the reason for the low compressive strength 

obtained when only NaOH solution was used as an activator.
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Figure 2-10: BSE images of (A) alkali-activated 100% slag and (B) alkali-activated 
100% PFA after 28 days of curing (Ismail et al. 2014)

Figure 2-ll:BSE images of PFA/GGBS alkali-activated blends after 28 days of 
curing: (A) 75%GGBS/25%PFA, (B) 50%GGBS/50%PFA and (C) 
25%GGBS/75%PFA (Ismail et al. 2014)
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2.6 Alkaline Activators

Various alkali activators have been used to activate aluminosilicate precursors. The 

most common activators used in the synthesis of alkali-activated binders are sodium 

and potassium hydroxides and sodium and potassium silicates or a combination of 

sodium hydroxide and sodium silicate or potassium hydroxide and potassium silicate. 

Sodium carbonate (NaiCCb), sodium sulphate (Na2S04), calcium oxide (CaO), and 

calcium hydroxide (Ca(OH)2) have also been used by some authors.

2.6.1 Type of Activator

Wang et al. (1994) studied the influence of various parameters on the compressive 

strength of alkali-activated slag mortars among which is the effect of alkali activators 

such as sodium sulphate (Na2S04), sodium carbonate (Na2C03), sodium silicate, also 

known as waterglass (Na2Si03), and sodium hydroxide (NaOH) as shown in Fig. 2- 

12. They concluded that sodium silicate activation was more effective than the other 

studied types, and waterglass activated basic slag yielded the highest 28-day 

compressive strength of 110 MPa (Fig. 2-12). They also concluded that basic and 

neutral type slags are more reactive and preferable for alkali activation than acid slags. 

An optimum modulus of activator (Si02/Na20) was found to be dependent on the type 

of slag i.e. the optimum modulus was found to be in the range of 1.0-1.5 for basic slag, 

0.75-1.25 for acid slag and 0.9-1.3 for neutral slag (Wang et al. 1994) as shown in Fig. 

2-13.
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Figure 2-12: 28-day strength versus different types of activators and various types of slags (20 °C; 
fineness 4500±300 cni2/g; alkali solution/slag = 0.41; sand/slag = 2.0) (Wang et al. 1994)
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Figure 2-13: Moduli of sodium silicate solution vs 28-day strength for different types of slag (W'ang et al. 
1994)
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Bakharev et al. (1999) also investigated the effect of different activators such as 

sodium hydroxide, sodium carbonate, sodium phosphate, sodium silicate and a 

combination of these activators on the compressive strength of an Australian slag 

precursor. They reported that sodium silicate activated slag pastes produced the highest 

compressive strength in the range of 30-40 MPa depending on the dosage and the 

modulus of the activator as can be seen from Fig. 2-14.

3 ^ y z
o y

Figure 2-14: 28-day compressive strength of slag pastes activated with different activators 
(Bakharev et al. 1999)

Sodium silicate or a combination of both sodium silicate and sodium hydroxide type

activator was found to yield higher mechanical properties and more developed and

denser microstructure than systems activated with only NaOH. This is attributed to

reduced porosity and finer pore structures in silicate activated systems (Bakharev et

al. 1999; Fernandez-Jimenez et al. 1999; Shi 1996; Wang et al. 1994; Fernandez-

Jimenez and Palomo 2005; Fernandez-Jimenez and Puertas 2003). Therefore, in this
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study a combination of sodium silicate and sodium hydroxide type activator was used 

as the main activator.

2.6.2 Effect of Chemical Dosage and Modulus of Activator

There is a general agreement amongst the research community that alkali dosage, 

expressed mainly as %Na20 which is the mass ratio of the total NaiO in the activator 

to the mass of the precursor or as molar concentration (M), and the modulus of the 

activator (Si02/Na20) are among the main driving parameters of the mechanical 

properties and microstructural development of alkali-activated systems.

Although expressing chemical dosages as molar concentration M for hydroxides i.e. 

sodium or potassium, and sodium silicate dosage as the mass ratio between sodium 

silicate to sodium hydroxide solutions has been adopted by some researchers 

(Kovalchuk et al. 2007; Somna et al. 2011; Gorhan and Kiirklu 2014; Yusuf et al. 

2014; Hardjito et al. 2004; Hardjito and Rangan 2005; Wallah and Rangan 2006; 

Rangan et al. 2006), molar concentration does not in fact reflect the influence of the 

concentration of sodium cation (Na+) on the mechanical properties of alkali-activated 

systems mainly when a combination of sodium hydroxide and sodium silicate 

activators are used. Furthermore, calculating the amount of sodium silicate in the mix 

as the mass ratio of sodium silicate to sodium hydroxide solutions can also be 

misleading due to the variation in the chemical composition of sodium silicate solution 

as it comes in different commercial grades with different moduli (Si02/Na20), which
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makes the mix design more difficult. Therefore, expressing the dosage of sodium as 

the mass ratio of Na^O to the total mass of the binder and the silica modulus Ms (ratio 

of SiCb/NaiO) in the total activators is more convenient and representative, and makes 

the mix design easier. This approach was widely used in the literature to dose the 

activators (Bignozzi et al. 2014; Xie and Xi 2001; Bakharev 2005; Fernandez-Jimenez 

and Palomo 2005; Barnett et al. 2011; Wang et al. 1994; Bakharev et al. 1999; 

Lothenbach et al. 2011; Bernal et al. 2013).

In this thesis alkali dosage (M+) which is defined as the mass ratio of NaiO to the 

mass of the total binder and alkali modulus AM which represents the mass ratio of 

NaiO/SiCb are adopted to express the activator dosages. The mass ratio is used here as 

it is more convenient and practical in terms of calculating the chemical quantities in 

the mix i.e. amount of the required NaOH and waterglass solutions.

Chemical dosages and activator modulus reported by various researchers are tabulated 

in Table 2-3. As can be seen, alkali-activated slag requires relatively lower alkali 

dosages (3-6%) compared to fly ash where higher dosages are required. This is mainly 

due to the fact that lower dosages can be sufficient to supply OH' anions to the slag 

than PFA system in order to provide an alkaline environment for the reaction 

(hydration of the slag). Alkaline environment is required to break down the coating 

(thin film) formed on slag grains after mixing with water which hinders the hydration 

process (Taylor 1997). Breaking this thin layer enhances the dissolution and the 

subsequent hydration of the slag. Taylor (1997) suggested that the role of alkalis in
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alkali-activated slag systems is similar to that of blended PC-slag where the alkaline 

medium is maintained by calcium hydroxide Ca(OH)2 from the hydration process of 

PC. However, when the level of replacement of slag increases, the amount of Ca(OH)2 

becomes insufficient and therefore an external alkali source is required to maintain the 

system alkalinity to ensure further hydration. Fly ash based systems (geopolymers), on 

the other hand, require highly alkaline solution to facilitate the dissolution of the silica 

and alumina species in the fly ash and therefore allowing geopolymerization to take 

place. The reported alkali dosages for fly ash geopolymers were in the range of 6 to 

15%, and moduli in the range of 0.75-2 (Table 2-3). The exact dosage can vary 

depending on the nature and the chemical composition of the fly ash. Using higher 

dosage of activators leads to higher environmental impacts in terms of CO2 emissions 

as the vast majority of CO2 emissions in the AAC systems is attributed to the activators 

(McLellan et al. 2011; Witherspoon et al. 2009). Moreover, higher dosages of 

chemicals lead also to higher unit cost of the AAC system. Thus significant savings in 

terms of CO2 emissions and cost can be achieved by the optimization of chemical 

dosages and mix proportioning of AAC.
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Table 2-3: Typical NazO dosages and activator modulus adopted by various authors

Authors Type of AAM Na20
Dosage %

Activator Modulus 
= SiO/NazO

Proposed Dosages 
(%Na20 : AM)

Wang et al. 
(1994)

AAS mortars 3.0-5.5 0.75-1.25 3.0-5.5% : 0.75-1.25 
(basic slag)

Xie and Xi 
(2001)

Fly ash pastes - 1.0, 1.64 AM = 1.0

Bakharev
(2005)

Fly ash pastes 2.0-10.0 2.0

Fernandez- 
Jimenez and 
Palomo (2005)

Fly ash mortars 5.55-14.9 0.037-1.28

Adam (2009) Fly ash mortars 3.0-15.0 0.75-1.5 15.0% : 1.25
Adam (2009) AAS mortar 3.0, 5.0 0.75-1.25 5.0% : 1.0
Barnett et al. 
(2011)

Fly ash mortars 7.5 0.83 7.5 : 0.83

Chi and Huang 
(2013)

Fly ash/slag 
mortars

4.0, 6.0 1.0 6.0% : 1.0

Duran Ati§ et 
al. (2009)

AAS pastes 4.0-8.0 0.75-1.5 8.0% : 0.75-1.0

Shekhovtsova 
et al. (2014)

Fly ash pastes 3.0-15.0 %Na20 = 9.0%

Escalante
Garcia et al. 
(2006)

Fly ash/slag 
mortars

4.0-8.0 0.0-2.0 8.0% : 1.0 
(100%PFA)
4.0% : > 0 
(100%GGBS)
4.0-8.0%: 1-1.5 (fly 
ash/slag) blends

Yang et al. 
(2008)

Fly ash mortars 3.8-16.4 -

Martin et al. 
(2010)

Fly ash pastes 6.0-9.0 0.0-3.2 AM = 1.25

Gao et al.
(2015)

Fly ash/slag 
mortars

5.6 1.0-1.8 AM = 1.2-1.6

Marjanovic et Fly ash/slag 4.0, 7.0, 10.0 0.5-1.5 10.0% : 1.0
al. (2015) pastes and 

mortars
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2.6.3 Alternative Alkali Activators

As mentioned earlier (Section 2.6.1), liquid sodium silicate or waterglass is considered 

as the most effective reagent to activate various aluminosilicate precursors such as 

PFA, GGBS, metakaolin and others. This is due to its ability to induce higher 

mechanical properties and better microstructural development. Nevertheless, the use 

of alkali activators such as NaOH and sodium silicate is blamed for increasing the 

embodied energy and CO2 emissions of alkali-activated binder systems (Tempest et 

al. 2009; McLellan et al. 2011; Witherspoon et al. 2009; Provis et al. 2015). The largest 

share of the embodied energy of geopolymers was linked with sodium silicate solution 

with a share as high as more than 75% of the total embodied energy of a geopolymer 

mix (Witherspoon et al. 2009). This is mainly due to the production process of sodium 

silicate as its manufacturing includes the calcination of sodium carbonate (Na2CCh) 

and quartz sand (SiCF) at high temperatures of around 1500 °C. Carbon dioxide (CO2) 

is liberated from this process as a result of the decomposition of Na2C03 and from the 

emissions of fuels required to reach this high temperature (Fawer et al. 1999). In 

addition to the above environmental disadvantage, sodium silicate is also considered 

as an economical hindrance to the industrial scale adoption of geopolymers as it is 

alone responsible for more than 60% of the total cost of geopolymer concrete 

(Pacheco-Torgal et al. 2005). Therefore, there is a great need for alternative low CO2 

footprint alkali activators to replace the current commercial reagents in order to make 

alkali-activated materials more competitive and attractive to the construction industry
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stakeholders. Alternative activators produced from silica fume and sodium hydroxide 

solution showed promising results to activate alkali-activated binders (Zivica 2004; 

Rodriguez et al. 2013; Rousekova et al. 1997). These studies showed promising results 

and motivated the search for other alternative activators from amorphous silica 

materials especially those from waste streams.

Rice husk ash (RHA) is one of the main promising candidates for the production of 

alternative alkali activators due to its high fineness and its high reactive silica content. 

RHA is produced by the combustion of rice husk (the hard protecting coating of rice 

grains). Large volumes of RHA are produced from the combustion process i.e. 13 to 

29 wt. % depending on the variety of the main product, the climate and geographical 

location where it is manufactured (Krishnarao et al. 2001). RHA is mainly composed 

of reactive silica (87-97%) along with small percentages of inorganic salts (Krishnarao 

et al. 2001; Sun and Gong 2001).

Bernal et al. (2011) studied the development of silicate activators produced by 

dissolving silica fume (SF) and RHA to activate blended slag/metakaolin pastes. They 

reported that these alternative alkali activators yielded comparable mechanical results 

to those of pastes produced using commercial sodium silicate solution. They also 

observed that there was a small delay in the release of Si in RHA-based activator 

compared to the SF-based activator. This was attributed to the less reactive nature of 

RHA compared to SF which influenced the rate of development of the two types of 

binding gels i.e. N-A-S-H and C-A-S-H formed in slag/metakaolin blended systems.
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Recently, Puertas and Torres-Carrasco (2014) conducted an investigation on the 

utilization of milled glass waste as a source of amorphous silica to produce alternative 

alkali activator to activate slag pastes. Various quantities of glass waste, with a particle 

size of smaller than 45 pm, were dissolved in 50% (wt.) NaOH/NaiCOs solutions by 

heating the suspension at 80 ± 2 °C for 6 hours. This study concluded that slag pastes 

activated with glass waste alkali solution yielded similar mechanical and 

microstructural properties to those activated with the commercial sodium silicate 

activator and therefore unlocking another potential alternative to conventional 

activators.

In order for these alternative activators to be adopted at a larger scale, more 

investigation on the optimization of the production methods, effectiveness on other 

aluminosilicate precursors and their cost effectiveness compared to the commercial 

activators needs to be carried out.

In this study, the production of alternative activators from silica sources such as silica 

fume slurry, rice husk ash (RHA) and glass cullet dissolved in aqueous sodium 

hydroxide solution will be carried out. The efficiency of those activators on neat slag 

and neat PFA systems as well as their blends, and cost analysis of these activators 

compared to the commercial ones will be assessed.
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2.7 Factors Influencing the Fresh and Hardened Properties 

of Alkali-Activated Binders

Factors affecting the fresh and hardened properties of AA binders will be discussed in 

this section. The focus will be on PFA and GGBS binders as these materials are within 

the scope of this thesis.

2.7.1 Chemical Composition and Mineralogy of the Starting 

Precursors

The chemistry and the mineralogy of the starting materials play a paramount role in 

the properties and characteristics of the AAC end product. Factors such as %CaO, 

%K20 and Si/Al molar ratio in the prime mineral are reported to have a strong 

correlation with the compressive strength of the alkali-activated product (Xu and Van 

Deventer 2000). However, others reported that the chemical and mineralogical 

composition of low Ca fly ash do not affect the alkali activation (Arjunan et al. 2001).

Fernandez-Jimenez et al. (2003) suggested that the main characteristics of fly ash 

which lead to optimal alkali-activated binding properties are: the percentage of 

unburned materials should be lower than 5%, iron oxide content (Fe20:?) not higher 

than 10% and low CaO content. They also suggested that the amount of reactive silica 

should be between 40-50% and has a high content of amorphous phase. In another 

study, several types of PFA were examined by Fernandez-Jimenez et al. (2006). They
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found that the Si/Al molar ratio of the reactive phase was in the range of 1.42 to 2.38, 

while the molar ratio was lower in the unreacted ashes. This indicated that the A1 part 

was less reactive than the Si part. Thus, the reactive Si/Al ratio is more representative 

for the degree of geopolymerization reaction than the Si/Al ratio of the starting (raw) 

material. Therefore, it can be concluded that awareness of the chemical and 

mineralogical composition of the starting materials is important as not all the 

components are participating in the reaction and only the glassy fraction is expected 

to take part in the reaction. This also helps in the interpretation of the reaction products 

formed by comparing them with the chemistry and mineralogy of the raw materials.

2.7.2 Curing Type and Duration

Different curing conditions have been suggested for various alkali-activated prime 

materials. There is a common understanding amongst the research community that 

elevated temperature curing is important for the strength development of low calcium 

systems among which is Class F PFA. Curing temperatures ranging from ambient to 

above 100 °C have been studied for activation of fly ash geopolymers (Criado et al. 

2005, 2010; Adam and Horianto 2014; Kovalchuk et al. 2007; Hardjito and Rangan 

2005; Katz 1998; Ati§ et al. 2015). Some authors suggested that there is a thermal 

activation barrier that needs to be overcome to kick start the reaction (Jiang and Roy 

1992). Slow reactivity and lower strengths were reported for ambient temperature 

cured fly ash geopolymer (Temuujin et al. 2009; Xie and Kayali 2013; Katz 1998; 

Rovnanik 2010; Ati§ et al. 2015; Shekhovtsova et al. 2014). Therefore, elevated
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temperatures in the range of 60 to 85 °C were reported as satisfactory for low calcium 

aluminosilicate precursors (Palomo et al. 1999; Fernandez-Jimenez and Palomo 2003; 

Hardjito et al. 2004; Bondar et al. 2011; Bakharev 2005; Shekhovtsova et al. 2014). 

The duration of elevated temperature curing varied generally from few hours to 3 days, 

and a general increasing trend in the mechanical properties was reported as the curing 

duration increased.

As far as GGBS is concerned, it was reported that elevated temperature curing caused 

strength drop when NaOH or a combination of sodium silicate and NaOH activators 

were used (Fernandez-Jimenez et al. 1999). They also found that using Na2C03 as an 

activator led to an increase in strengths with curing temperatures. Although heat curing 

can be beneficial in terms of accelerating setting, it cannot always be favourable for 

long-term properties; this can be due to the development of microcracks or due to the 

loss of water that facilitates the reaction and therefore the reaction is limited (Bakharev 

et al. 1999; Provis and Deventer 2014). Collins and Sanjayan (2001) reported that air 

cured alkali-activated slag concrete showed a lower strength at all the curing ages and 

slight strength retrogression after 28 days. They also reported that water bath and 

sealed curing conditions resulted in an increase in the strength with the testing period 

(up to one year). They also found that unlike the sealed curing where the strength did 

not increase after 90 days, the strength kept increasing in the case of water bath curing 

until the end of the testing duration.
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Izquierdi et al. (2010) studied the influence of sealed and uncovered curing on fly ash 

and slag blended systems. They reported that sealed curing led to a more compact and 

dense matrix and higher compressive strength. On the contrary, exposed samples 

resulted in a porous matrix with worse mechanical properties.

Hence, it can be concluded that there is almost an agreement within the research 

community that sealing slag based concrete at ambient temperature is beneficial for 

achieving more homogenous and compact matrix, and therefore better mechanical 

properties. On the other hand, elevated temperatures were found to be required for neat 

fly ash systems due to the higher activation energy requirement in fly ash (Pacheco- 

Torgal et al. 2008b; Puertas and Martinez-Ramirez 2000; Fernandez-Jimenez et al. 

1999; Fernandez-Jimenez 1997). Thus temperature curing requirement is less 

important in slag based alkali-activated systems.

2.7.3 Water to Binder Ratio

Water content in AAC is referred to as water-to-binder (w/b), liquid-to-binder (L/B) 

or water-to-solid (w/s) ratio. The latter will be adopted in this study. Water-solid-ratio 

(w/s) is defined as the ratio of the total amount of water to the total amount of solids 

in the mix (excluding aggregate). The total amount of water is the total amount of 

water in activating solutions and the amount of any added water. The total mass of 

solids is the amount of the binder and the mass of the solids in the activators. Water 

has been reported to function as a carrier for the dissolved aluminosilicate species and
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alkali ions in the geopolymeric system (Skvara et al. 2009; Ken et al. 2015); it also 

provides consistency for the fresh concrete (Hardjito and Rangan 2005). The influence 

of water content on strength was reported by Fernandez-Jimenez and Palomo (2005) 

for their study on alkali-activated fly ash. They found a decrease in strength with an 

increase in the water content. Similar observation was reported by Hardjito et al. 

(2005).

Skvara et al. (2009) reported that around 65% of the water in geopolymers was 

considered as “free” or weakly absorbed and evaporated at 180 °C. They also 

estimated that about 30% of the water evaporated between 180 and 600 °C. This water 

was presumed to come from the nano-pores of the geopolymer binding gel.

In the case of AAS systems, water plays a role in the reaction mechanism. The slag 

hydrates and the hydration process is promoted by maintaining a sufficient alkaline 

medium which helps to break down the outer layer of the slag grains aiding the 

hydration of the slag (Taylor 1997). However increasing the water was reported to 

cause significant deterioration of the mechanical properties of AAS concrete activated 

with Ca(OH)2 (Yang et al. 2012). Hung et al. (2013) reported that AAS concrete 

(activated with a mixture solution of sodium silicate and sodium hydroxide) was less 

sensitive to the increase of liquid/binder ratio than PCC.

The following section will discuss the fresh and hardened properties and the 

developments in PFA and GGBS AAC.
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2.1 A Fresh and Hardened Properties of Alkali-Activated Concrete

Concrete properties such as strength development, setting time, workability, durability 

and shrinkage are significantly influenced by mix proportions such as w/s ratio, dosage 

and type of activators, aggregate volume, etc. Thus in order to enhance the chances of 

the industrial uptake of AAC, sufficient experimental data banks are essential for 

establishing mix design procedures for AAC which meet the desired performances at 

lowest possible cost.

In order to develop mix design procedures for AAC to suit different applications more 

insight is required on both the fresh and hardened properties of this promising 

technology. Over the past decade researchers have started exploring the properties of 

alkali-activated concrete and comparing them with those of PCC. The majority of these 

studies were focused on fly ash based AAC (Sofi et al. 2007; Wongpa et al. 2010; 

Olivia and Nikraz 2011; Joseph and Mathew 2012; Sayyad and Patankar 2013; 

Hardjito et al. 2004; Hardjito and Rangan 2005; Rangan et al. 2006; Wallah and 

Rangan 2006). These investigations helped to provide fundamental knowledge on the 

parameters that influence the properties of fly ash based geopolymer concrete. There 

is a common understanding among researchers that factors such as type and dosage of 

activators, water-to-solid ratio (w/s), elevated temperatures curing (in the range of 60 

to 100 °C) and curing duration are the main factors that influence the properties of fly 

ash based concrete. Studies reported that reinforced structural elements such as full
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scale beams and columns showed elastic and strength properties similar to those of 

PCC (Rangan et al. 2006; Yost et al. 2012).

Recently a mix design procedure was proposed for fly ash based concrete cured at two 

different elevated temperatures i.e. 60 and 80 °C and dosed at different NaOH molarity 

(12 and 16 M) (Talha Junaid et al. 2015). The parameters considered in the design 

procedure to control the compressive strength and workability were w/s ratio, alkaline 

liquid/ fly ash and alkaline liquid/ water.

Fly ash based geopolymer concrete mainly requires both high chemical dosages and 

elevated temperature to achieve satisfactory mechanical properties. This may lead to 

practical limitations as a result for the requirement for elevated temperature treatment, 

and higher risks due to handling high concentration alkaline solutions. To overcome 

these hurdles, GGBS is used as a sole binder or blended with PFA to produce concrete 

cured at ambient temperature with good mechanical properties and relatively lower 

requirement for activator dosages. However, this option also imposed some practical 

challenges such as quick setting of high calcium AAC systems. The setting problem 

has been highlighted in the literature without pointing out conclusive solutions to 

tackle the issue. As the chemical admixtures used for PC appear either ineffective or 

detrimental when used in AAC (Provis and Deventer 2014), till date no admixtures 

have been developed (in the published work) to control the rheology and the reaction 

process of AAC systems. Thus more work is required on the fresh and hardened 

properties taking into account the technological features of AAC.
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Bernal et al. (2011) reported that at comparable binder content and water/binder ratio, 

the compressive strength for alkali-activated slag concrete (AASC) cured at ambient 

temperature (20 °C) was higher at both 28 and 90 days than those of Portland cement. 

They also reported that AASC was less affected by the binder content. Furthermore, 

AASC also displayed lower water absorption, total porosity and capillarity at 

comparable binder content, and these properties decreased with increasing the binder 

content. They also reported that the strength obtained was less sensitive to the binder 

content. Hung et al. (2013) also reported that the effect of liquid-to-binder ratio was 

less pronounced in AASC as it is in the case of PCC. They also found that variables 

such as sand/aggregate and paste/aggregate ratios showed similar effects on AAC fresh 

and hardened properties in a similar way that affects conventional PCC. The 28-day 

compressive strength was found to reach 80% of that of the 90-day strength, suggesting 

that the 28-day strength can be used for designing AAC in a similar way the PCC is 

designed.

Few studies can be found in the open literature on blending PFA/GGBS to produce 

AAC (Lee and Lee 2013; Deb et al. 2014; Xin et al. 2014; Ismail 2013). The main 

observations from these studies were as follows:

• Workability decreased with the increase in the GGBS content up to 30% by 

weight of the total constant binder content of 400 kg/m3. The decrease of the 

workability was attributed to the accelerated reaction of the calcium and the 

angular shape of GGBS particles compared to the spherical shape of the fly ash
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(Deb et al. 2014; Nath and Sarker 2014). The addition of slag was found to 

enhance the setting at ambient temperature. The compressive strength was 

reported to increase with the increase in the GGBS content. It was also reported 

that workability decreased with the reduction of the activator to binder ratio 

and was improved by the addition of extra water at the expense of strength. 

The slump recorded was always above 150 mm.

• Higher elastic modulus and excellent deformation performance were reported 

for sodium silicate alkali-activated PFA/GGBS formulation compared to 

NaOH and Na2C03 AAC (Xin et al. 2014).

• Compressive strength increased with the increase in slag content up to a highest 

studied ratio of 30% (Lee and Lee 2013). Setting time was reported to 

considerably decrease as the amount of slag and the concentration of the NaOH 

solution increased. The suitable slag content in an alkali-activated fly ash/slag 

blend was determined to be 15-20% of total binder by weight considering 

setting time, workability and strength development of the concrete (Lee and 

Lee 2013).

As can be seen from the previous literature survey on alkali-activated ambient 

temperature cured concrete, technical issues such as setting time and workability were 

highlighted in alkali-activated GGBS or PFA/GGBS blended systems. However, no 

comprehensive optimization of binder or paste content, water-to-solid ratio or 

PFA/GGBS blend was carried out to develop alkali-activated concrete with fresh and
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hardened properties deemed to be acceptable for concrete applications, in particular 

satisfactory setting time, workability and ranges of compressive strengths. In most of 

these studies fixed binder content was adopted and there was no control over the 

workability. Furthermore, the content of GGBS used was limited to lower than 30% 

of the total binder content due to setting related issues. Therefore, optimizing AAC 

mixes with minimum binder content, minimum or no heat treatment requirement and 

minimal chemical dosages can lead to sustainable concrete products with low 

embodied energy, low CO2 footprint, low cost and safe handling of chemicals (Ken et 

al. 2015; Provis et al. 2015).

2.8 Application and Challenges of Alkali-Activated 

Concrete

2.8.1 Applications and Case Studies

AAC was successfully used in several case studies and demonstration projects in West 

Europe (since 1950s), former USSR (1960s), Finland, China and USA (since 1980s) 

and Australia (since 2007) (Provis and Deventer 2014; Van Deventer et al. 2012; Shi 

et al. 2006). Varieties of projects from multi-storey buildings, concrete pavements, 

roofing tiles to sewer pipes and retaining walls were built using AAC. For instance a 

24-storey building (see Fig. 2-15) was constructed using GGBS activated with sodium 

carbonate. The exterior walls of the building were cast in situ, and the structural 

components such as floor slabs, stairways and other structural elements were precast.
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These projects were exposed to different climatic and service conditions. They 

demonstrated that, generally, the AACs which have been in-service have been capable 

of serving the purposes for which they were designed for. They also showed good 

durability properties without evident problems related to acid resistance, carbonation, 

freeze-thaw resistance, and protection of reinforcement (Provis and Deventer 2014; 

Shi et al. 2006). No evident signs of alkali silica reaction, mechanical and chemical 

stability or any other forms of concrete deterioration were detected. Moreover, 

measured strengths of samples taken from some of these structures after a decade or 

more were found to be well above the initial design strength requirements (Provis and 

Deventer 2014; Shi et al. 2006).
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Figure 2-15: 24-storey building built with AAS concrete,
Lipetsk, Russia, 1994 (Provis and Deventer 2014; Shi et 
al. 2006).

2.8.2 Challenges Facing Alkali-Activated Concrete

Despite the success in the industrial application of AAC in some parts of the world 

and the display of good in-service performances, there are some obstacles facing this 

promising technology. These challenges are discussed in depth in RILEM State-of-
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the-Art Report (Provis and Deventer 2014). Only the main challenges are summarised 

below.

• Availability of Raw Materials

Relatively long-time span, continuous and stable supply chain of quantity and 

quality raw materials is required in order to commercialize AACs. The raw 

materials include precursors which are mainly wastes/by-products and activators. 

Large markets such as India and China where by-products such as PFA and GGBS 

are abundant can appear as a driver for commercialization of AAC. These 

materials are in demand for blending with PC in Europe, and therefore larger 

industrial scale AAC is thought to be less likely in Europe (Provis and Deventer 

2014). However, there is a regional variation within Europe itself in terms of coal 

production. According to the World Coal Association (WCA, Coal Statistics, 

2013) Russia, Germany and Poland were reported to be in the top 10 coal 

producers worldwide. Moreover, Poland, Germany and UK were also reported to 

generate 83%, 44% and 39% of their electricity from coal, respectively (WCA, 

Coal Statistics, 2013).

• The Costs

The ecological drive alone may not be sufficient for promoting the industrial scale 

uptake of AAC. AAC would become more economically viable if carbon taxation 

is applied at a global or a regional scale. This would lead to an increase in the
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price of PC, and the costs of precursors like GGBS and PFA, other 

aluminosilicates and alkali activators could be lower than that of PC binder. 

Potential future limits on lime stone quarrying in some areas may also lead to cost 

advantages of AAMs over PC. Furthermore, the development of cheap alternative 

activators would also lead to a reduction in the unit cost of AAC as the activators 

were reported to be responsible for the largest fraction of the cost of AAC 

(Pacheco-Torgal et al. 2005).

• Long-Term Performance

Despite demonstrating of good in-service performance record for years in several 

applications as discussed in Section 2.8.1, more work is still required especially 

in the area of developing durability testing methods suitable for AAMs as an 

important step towards developing performance based standards (Provis and 

Deventer 2014). The existing accelerated testing methods were designed for 

conventional PCC and they are not always suitable for AMMs. Therefore, 

scientists and researchers need to propose reasonable amendments to the existing 

accelerated testing methods to suit AAMs. A RILEM Technical Committee (TC) 

is currently working in this area and more details can be found in Provis and 

Deventer (2014).
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• Standardization

Some standards/design guidelines do exist for AAMs in Ukraine and the former 

USSR, Australia and Canada. The absence of specific standards and certifications 

in many other markets around the globe for AAMs poses a serious challenge for 

the commercialization of AAMs. Detailed discussion of the existing standards and 

on the view of standardization of AAMs is available in RILEM State-of-the-Art 

Report (Provis and Deventer 2014). The process of standardization requires the 

agreement of the majority of the stakeholders (academia, industry, government 

bodies, certification bodies, customers etc.) participating in the standardization 

committee. To make this possible technical and economical obstacles are to be 

overcome first to boost the confidence of the market stakeholders and provide a 

solid body of evidence that AAMs have not only environmental benefits but also 

good technical performance and attractive commercial drivers. The concervative 

nature of the construction industry to new technologies especially with the 

relatively cheap price and the versatility of PCC known for many years makes it 

more challenging to convince customers to use AAC products. However, 

increasing awareness of the public authorities, customers and the industry on the 

evironemntal impact of PCC and the urgent need for sustainable products can aid 

the commercialization of low CO: technologies such as AAC; the vision of the 

UK government is to achieve 50% reduction in greenhouse gas emissions in the 

built environment by the year 2025 (HM Government 2013). This common
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understanding can foster the relationship between the construction industry 

stakeholders to facilitate and expedite the industial scale uptake of low carbon 

footprint products. In order to further enhance the customers confidence in these 

new cements more work is still required in the areas of rheology, mix design 

optimization, suitable curing conditions and long-term durability assessments. 

Therefore, fundamental research is required in these areas to further reinforce the 

current reputation and potential of AAMs as new binders in various concrete 

applications. R1LEM Technical Committee (TC) identifed in their report (Provis 

and Deventer 2014) the following requirements to enable a large scale 

commercialization of AAMs:

• Broad scale field experience in non-structural applications;

• Advance trial involvement in structural applications;

• International participation on performance standards;

• Quality research that focuses on the analysis and prediction of long-term in 

service performance.
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3.1 Starting Materials

3.1.1 Binders

The binders used in this study were Pulverized Fuel Ash (PFA) and Ground Granulated 

Blast Furnace Slag (GGBS). PFA was supplied by Power Minerals Ltd. - former 

Hargreaves Company, Drax Power Station, North Yorkshire. GGBS was dispatched 

by Civil and Marine Ltd - Hanson Company and member of the Heidelberg Cement 

Group, West Thurrock, Essex, UK. The chemical composition obtained by X-ray 

fluorescence (XRF) and chemical composition requirements are shown in Table 3-1. 

XRF chemical analysis was conducted at National Technical University of Athens 

(NTUA).

Drax PFA was selected based on the findings of a study conducted at the University 

of Liverpool on the reactivity of different types of UK fly ashes (Soutsos et al. 2015). 

The parameters investigated were the grain size distribution, amorphous content, Si02 

content and LOl. Drax PFA was found to have higher amorphous content, higher SiOi 

content and low LOL Therefore it was selected as a binder in this study.
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As far as the GGBS is concerned, it is currently commercialized as a building material 

and therefore its chemical composition and reactivity is ensured by the suppliers. 

GGBS from Civil and Marine, now Hanson Company, was available here at QUB and 

was therefore used in this thesis.

Table 3-1: XRF chemical composition and other chemical requirements for PFA and GGBS.

Elemental oxide PFA GGBS

Mass-% Mass-%

CaO 2.2 43.7

Si02 46.8 29.4

AI2O3 22.5 11.2

FezCb 9.2 0.4

Na20 0.9 1.0

k2o 4.1 0.9

SO) 0.9 1.8

MgO 1.3 6.9

Ti02 1.1 0.7
Loss on Ignition (LOI) 3.6 2.4

Main chemical requirements for PFA and GGBS

Si02+Al203+Fe203 78.5>70 -

Kb = (CaO+MgO) / (Si02+Al203) - 1.25>1 (Basic slag)

HM = (CaO+MgO+AhCH) / Si02>1.4 - 2.1 >1.4

As can be seen from Table 3-1 PFA is classified as Class F according to ASTM C618 

(2008) requirements listed in Chapter 2 (Table 2-2). The total SiCH+AbOj+FeiCb
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content is 78.5% higher than a minimum of 70% required for Class F PFA. Loss on 

Ignition (LOI) and the sulfur content are also within the allowable limits. GGBS was 

found to be of a basic type as its basicity coefficient (Kb) was 1.25>1.0. The hydration 

modulus (HM) was 2.1>1.4, which indicates that the slag possesses good hydration 

properties.

The physical properties of the precursors are presented in Table 3-2 below.

Table 3-2: Physical properties of the precursors

Physical properties Unit of measurement PFA GGBS

Density g/cm3 2.42 2.92

Grain size range pm 0.24- 105 0.24- 149

D50 pm 16.8 14.4

D90 pm 59.1 47.0

Amorphous content % 86 >95

Fig. 3-1 shows the particle size distribution of the binders (PFA and GGBS) obtained 

by means of laser diffraction particle size analyzer (Mastersizer 2000). GGBS is 

slightly finer than PFA with D50 values of 16.8 and 14.4 pm for PFA and GGBS 

respectively. The D90 values also showed that 90% of PFA and GGBS was found to 

be finer than 59.1 and 47 pm respectively.

The amorphous (glassy) content of PFA and GGBS was measured using a quantitative 

estimation of the amorphous and crystalline fractions by applying the Rietveld method.
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adding and blending 20% in weight of corundum (AI2O3) as an internal standard. It 

was found that the glassy content of the binders was 86 and >95% for PFA and GGBS 

respectively.

GGBS

Particle size (nm)

Figure 3-1: Particle size distribution of PFA and GGBS

3.1.2 Alkali Activators

The activators used in this study were commercial grade (99% purity) sodium 

hydroxide (NaOH), and sodium silicate solution with SiCbiNaiO ratio = 2:1 (NaiO
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12.8%, 8102 25.5%, water 61.7%), provided by Fisher Scientific UK. NaOH solutions 

with the required concentration was prepared by dissolving NaOH prills in tap water 

and the solution was then left to cool off for at least 24 hours before use as dissolving 

NaOH in water is an exothermic process and it is required to leave the solution to reach 

room temperature before use. Sodium hydroxide solution was used to adjust the 

activating solution in order to achieve the required Alkali Dosage (M+) which is 

calculated as the mass ratio of Na20 in the activation solution to the total binder content 

(Na20/binder) and Alkali Modulus (AM) which is defined as the mass ratio of Na20 

to SiCb in the activation solution (Na20/Si02).

3.1.3 Potential Retarders

Three retarders were tried to assess their ability to delay the setting time of AAC. These 

retarders include sucrose at a dosage of 3%, sodium chloride (NaCl) at a dosage of 8% 

and malic acid at a dosage of '/2% by mass of the total weight of the binder.

3.1.4 Potential Silicate Donors

Three materials were soaked in NaOH solution at 80 °C to produce alternative alkali 

activators to replace the commercial sodium silicate solution. These materials were:

• EMSAC 500 S which is a commercial microsilica slurry 50/50 (by weight) 

supplied by Elkem Microsilica. Less than 1% of the material is retained on 45 

micron sieve.
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• Rich Husk Ash (RHA) was supplied by a SUS-CON project partner 

(ACCIONA Spain). The product was calcined by increasing the temperature 

from 20 to 850 °C at 10 °C/min and maintained for 6 hours (SUS-CON project 

Deliverable 3.1). The silicon content was found to be >90% as can be seen 

from Table 3-3. The material was used as received in the first attempt which 

was with a D50 of 19.2 pm obtained by laser diffraction particle size analyzer 

(labelled as RHA). Then it was milled for 10 minutes at 300 rpm using Retsch 

PM400 Ball Mill shown in Fig. 3-2 (RHAlOmin).

• Glass cullet (GC) was sourced locally from the Glassdon Recycling, 

Northern Ireland and was composed of glass chips of different sizes, mixed 

colour, from domestic glass containers (bottles) and was milled by means of 

the Retsch PM400 Ball Mill. Three different batches of ground GC were made. 

The first batch was grinding around 110 g of GC in each of the four pots at a 

speed of 300 rpm for 5 minutes. The second batch was made with the same 

material quantity and milling speed as the previous batch but increasing the 

grinding duration to 10 continuous minutes. In the final batch, same milling 

conditions as in the second batch were maintained. After grinding the material 

for 5 minutes the pots were checked to ensure the homogeneity of the grinding 

process (this was done by scraping off the material adhered to the sides of the 

pot and putting it back within the reach of the grinding balls), and then the 

milling was continued for another 5 minutes. This means a total milling time
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of 10 minutes with a gap in between. Fig. 3-2 shows Retsch PM400 Ball Mill 

used to grind GC.

Figure 3-2: Retsch PM400 Ball Mill

RHA and glass cullet samples were analysed using XRF at University of Leicester, 

Department of Geology whereas the chemical and physical properties for microsilica 

slurry were obtained from the product data sheet. The main elemental oxide 

composition of these materials is shown in Table 3-3. The silicon content in both 

microsilica and RHA was higher than 90%, and in GC it was around 72%. GC also 

contains around 11% CaO and about 13% Na20. The particle size distribution curves 

and a summary of the size analysis of the three materials are shown in Fig. 3-3 and 

Table 3-4 respectively. The D50 values (Table 3-4) shows that the milling of GC 

improved the fineness of the material. The D50 reduced from around 17 pm (milling
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for 5 mins) to about 12 tim when the material was milled for 10 minutes. It is also 

worth mentioning that grinding GC for either 10 continuous minutes or for two stages 

of 5 minutes each had no considerable difference on the fineness of the material as can 

be seen from Fig. 3-3 and also from Table 3-4. Therefore, grinding the material for 10 

minutes at 300 rpm was considered as suitable and adopted in this study. Further 

milling of RHA for 10 minutes gave a much finer RHA powder with a D50 of 7.5 pm 

which is the smallest among all the considered silica donors (Table 3-4).

Tabic 3-3: Chemical composition of materials used to produce alternative activators

Elemental oxide Elkem Microsiliea (spec.)

(Manufacturer’s data)

Glass cullet
(XRF data)

RHA(XRF
data)

SiO: >90.0 71.5 91.0

TiCh 0.1 0.1

AhO., 1.7 1.2

Fe202 0.3 0.7

MnO . 0.0 0.1

MgO 1.3 0.6

CaO <1.0 10.7 0.8

Na20 <1.5 13.3 0.2

k2o 0.6 1.9

P2O5 0.0 1.3

SO3 <2.0 0.1 0.1

LOI <2.5 0.3 2.4

Total 100 100
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Figure 3-3: Particle size distribution of the silica donor materials

Table 3-4: Particle size distribution summary for the potential silica donors

Properties Unit GCSmin GClOmin GC (5+5)min RHA RHAlOmin

Grain size pm 0.98-250 0.98-149 0.98-125 0.98-105 0.98-62.5

D50 pm 16.7 12.1 11.6 19.2 7.5

D90 pm 64.9 47.6 41.6 43.5 26.8
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3.1.5 Water

Tap water was used in the preparation of NaOH solution and added to adjust the water- 

to-solid (w/s) ratio. The w/s ratio is defined as the ratio between total mass of water 

(i.e. tap water + water in the alkali solutions) and the total solid mass (i.e. mass of 

binder + mass of Na^O and SiCT solids in the activators).

3.1.6 Aggregate

Crushed basalt of two sizes (4/10 mm and 10/20 mm) and Lough sand (0/4 mm) were 

used as aggregate in the following proportions (in volume): 40% sand over total 

aggregate, ratio between coarse aggregate sizes equal to 40%/60% for 4/10 mm and 

10/20 mm. The grain size distribution of the aggregate mix is shown in Fig. 3-4. 

Aggregates were first oven-dried at 105 °C overnight for avoiding the inclusion of 

unknown water mass in the system. Subsequently, they were wetted with a mass of 

water calculated according to their 1-hour absorption rate (see Table 3-5), bringing 

them to saturated-surface-dry (SSD) condition. The aim of this process was to avoid 

aggregate to absorb water that should be available for the lubrication and for the 

chemical reaction of the system. The water used for the saturation of the aggregate was 

not considered in the overall w/s ratio. Bulk density of the aggregate mix was measured 

with a 7 1 container in a loose and vibrated state. Void contents in the two states were 

calculated accordingly and results are shown in Table 3-6.
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Particle size (mm)

Figure 3-4: Grain size distribution of aggregate mix

Table 3-5: Physical properties of aggregates

Material Density on an oven-dried basis 1-hour water absorption based

[g/cm3] on SSD condition [%]

Sand 0/4 2.69 0.92

Crushed basalt 4/10 2.79 1.45

Crushed basalt 10/20 2.75 1.24
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Table 3-6: Void content of aggregate mix

Packing condition

Loose

Vibrated

Bulk density (kg/m3) Void content (%)

1797.5 34.3

2125.8 22.3

3.2 Preparation of Isothermal Calorimetry (IC) Paste 

Samples

TAM Air Isothermal Calorimetry (IC) was employed to examine the reactivity of 

various PFA/GGBS blends namely 100/0, 95/5, 80/20, 60/40, 30/70 and 0/100. The 

pastes were activated by a mixture of sodium hydroxide and sodium silicate solution 

with an alkali dosage M+ of 7.5% and alkali modulus AM of 1.25. The following 

procedure was followed in the ex situ IC experiment:

• The IC equipment was calibrated and set at the required temperature (20 and 

70 °C) prior to the experiment;

• 50 grams of binder (PFA/GGBS) was measured in a glass beaker;

• For samples with PFA/GGBS ratios, the dry powder was thoroughly mixed to 

ensure the homogeneity of the material before adding the activator;

• The required amount of alkali activators i.e. sodium hydroxide and sodium 

silicate was prepared by weighing the required quantity of each reagent and 

they were mixed together before adding to the powder;
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• The alkaline solution i.e. sodium hydroxide and sodium silicate solution was 

then added to the powder (50 g) and thoroughly mixed,

• Around 5 grams of the paste was quickly transferred to the IC ampule and then 

was loaded to the IC chamber; then the equipment and the materials were 

allowed to stabilize for around 45 minutes before taking the measurements;

• The 20 °C samples were kept in the IC for 5 days and those tested at 70 °C 

were kept for 24 hours.

In order to monitor the reaction from time zero for the selected PFA/GGSB blends (the 

time when the alkali solution is injected into the powder) in situ IC at 20 °C was 

conducted. The following steps were followed for the in situ IC test:

« The dry powder (5 grams) was prepared and thoroughly mixed in IC ampule.

• The liquid portions i.e. sodium hydroxide; sodium silicate and the added water 

were measured and loaded into a syringe.

• After stabilizing the materials in the IC, the solution was injected into the 

powder and mixing with tapping of the paste was done internally for around 1 

minute and the readings were measured as soon as the reaction started.

3.3 Microstructural and Mineralogical Characterization

Microstructural characterization was carried out on pastes with various PFA/GGBS 

ratios i.e. 100/0, 80/20, 60/40 and 30/70 using X-ray diffraction (XRD), scanning
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electron microscopy (SEM), thermogravimetric analysis (TGA) and Fourier transform 

infrared spectroscopy (FTIR). The w/s ratio for all the pastes was kept constant at 0.37. 

Neat PFA samples (100/0) were cured at 70 °C for 7 days whereas PFA/GGBS 

blends were cured in sealed containers at 20 °C for 28 days. The fragments 

obtained from the crushed paste samples were powdered with the use of a mortar and 

pestle and then stored in airtight plastic bags and in a glass vacuum desiccator until 

testing.

3.3.1 X-ray Diffraction (XRD)

XRD is a tool used to identify crystal and amorphous phases of a given material. It has 

been extensively used in the characterization of cementitious materials. In this thesis 

it was used to detect the crystal phases of both the raw materials and the reacted 

samples. XRD was carried out using pure copper-K-Alpha 1 radiation with wavelength 

1.54 A. The X-ray generator was set to 40 kV and 40 mA. The recorded angular range 

was 5 to 70° (20) with a step close to 0.017°.

The crystalline phases observed in the unreacted (raw) PFA, see Fig. 3-5, were Mullite, 

Quartz and traces of Hematite. Corundum was also detected as it was used as an 

internal standard to obtain the percentage of amorphous content of PFA. A quantitative 

estimation of the amorphous and crystalline fractions was carried out by applying the 

Rietveld method, adding and blending 20% in weight of corundum (AI2O3) as internal
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standard. This quantification confirmed the presence of quartz (4.6%), Mullite (8.1%), 

Hematite (0.5%), Magnetite (0.8%) and a large majority of amorphous content (86%).

Fig. 3-6 shows the XRD pattern of the unreacted GGBS. The crystalline phases 

detected were Akermanite and Gehlenite. The amorphous content of the slag was 

larger than 95%.
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Q: Quartz 
M: Mullite
F: Hematite 
C: Corundum

0 10 20 30 40 50 60 70

20 (degrees)

Figure 3-5: XRD pattern for unreacted PFA

Ak: Akermanite 
Ge: Gehlenite

20 (degrees)

Figure 3-6: XRD pattern for unreacted GGBS
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3.3.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy is a tool used to determine the chemical functional groups of a 

material based on the characteristic bonds of vibrations and rotational energies of the 

atoms of a molecule. Since most of the reaction products of AAMs are amorphous or 

semi-crystalline, FTIR can be a useful tool to detect changes in the structure of the 

reaction products. In this thesis, attenuated total reflection (ATR) was carried out in 

the range 3960 - 650 cm"1. In the unreacted PFA the Si-0-(Si or Al) band was centered 

around 1057 cm'1 whereas in the unreacted GGBS sample this band was centred at 985 

cm"1 (Fig. 3-7). In this thesis ATR FTIR was employed to determine the chemical 

functional groups of the reacted PFA/GGBS samples. Tab 3-7 shows the wavenumbers 

for the common functional groups found in cementitious materials.

Table 3-7: FTIR wavenumbers for the common functional groups expected in cementitious 
materials (Lee et al. 2002)

Wavenumber (cm1) Functional Group

3699, 3653, 3622 9 (s) Stretching vibration (-OH)

3600-2200 (s)

1700-1600 

1570-1410

1200-950 (s) Asymmetric stretching (Si-O-Si and Al-O-Si)

Stretching vibration (-OH, HOH)

Bending vibration (HOH)

Stretching vibration (O-C-O)

1165 (sh) Asymmetric stretching (Si-O-Si)

795 (m) Symmetric stretching (Si-O-Si)

The abbreviations in brackets are as follows: s, strong; sh, shoulder; m, medium.
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Unreacted GGBS

Unreacted PFA

Wavenumber (cm-1)

Figure 3-7: FTIR spectra for unreacted PFA and GGBS

3.3.3 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a useful tool to analyze the water and hydroxyl 

environments in cementitious materials. It can be also useful to identify the reaction 

products by measuring the mass loss of these systems due to the decomposition of 

phases at different temperatures. In this thesis TGA was carried out using a 

thermobalance Netzsch TG 209 FI Libra. Powder was obtained from the samples with 

the use of a mortar and pestle. The powder was placed in an alumina crucible and then 

heated from 25 to 1000 °C at 20 °C/min in an inert environment. The thermobalance 

was coupled with a Pfeiffer mass spectrometer Vacuum Thermostat for the analysis of

84



Chapter 3: Materials and Experimental Methods

gases emitted during the heating process. There was no mass loss detected for raw 

GGBS as can be seen from Fig. 3-8. On the other hand, raw PFA had a mass loss of 

around 4% which is presumably due the unburnt carbon. LOI measured by XRF was 

3.6% as previously reported in Section 3.1.1.

Unreacted GGBS

Unreacted PFA

900 1000 1100
Temperature T (°C)

Figure 3-8: TGA graphs of the unreacted PFA and GGBS

3.3.4 Scanning Electron Microscopy (SEM) with Energy Dispersive 

Spectroscopy (EDAX)

SEM is a tool used to study the morphology of the cementitious materials. It provides 

information on the homogeneity and compactness of the matrix. The chemical
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composition of the resulted binding gels can be obtained using EDAX analysis. The 

paste samples were prepared at Queen’s University Belfast and cured for 28 days 

before being dispatched to a SUS-CON project partner (Acciona, Spain). At Acciona, 

the specimens were cut to obtain several cubes of Ixlxl cm. For each formulation, 6 

cubes of Ixlxl cm were analyzed by SEM microscopy. The specimens were immersed 

in isopropanol to try stopping the reaction (to 48 days).

3.4 Preparation of Mortar Samples

3.4.1 Mix Design and Mixing Procedure

Mortars were mixed in a plenary mixer shown in Fig. 3-9. The sand/binder ratio was 

kept constant at 2.75. A total binder content (PFA+GGBS) of 500 g was used. Alkali 

dosage (M+) and alkali modulus (AM) were taken as the parameters to dose the 

chemicals i.e. sodium hydroxide and sodium silicate solutions. M+ is defined as the 

mass ratio of sodium oxide (NaiO) to the total mass of the binder and AM is defined 

as the mass ratio of Na20 to SiCE as follows:

M+ = Na20
binder content

AM = Na20
Si02

Water-to-solid ratio (w/s) is calculated according to the following formula:
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w
s

Added water + water in sodium silicate solution + water in NaOH solution 
(binder content (PFA + GGBS) + Na20 solids + Si02 solids)

The following mixing procedure was adopted for mortars throughout the study:

• The measured quantities of PFA and GGBS were blended manually for 1 

minute to ensure the homogeneity of the binder;

• The sand quantity was added to the mix and the mixture was dry blended at 

speed 1 for one minute;

» Then added water, sodium hydroxide solution and sodium silicate solution 

were mixed together and added to the dry constituents and mixing continued 

for 2 minutes and then mixture was checked to ensure that constituents were 

well mixed and no dry materials were stuck at the bottom of the bowl or 

adhering on the sides.

• The mixing then continued for a further 3 minutes. This means a total wet 

mixing time of around 5 minutes.
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Figure 3-9: Planetary mixer used for mortars

3.4.2 Casting

50 mm PVC moulds were used to cast mortar mixes and the casting process is 

summarized as follows:

• The mortar was cast in two layers while being vibrated on a vibrating table for 

2 minutes. The PVC moulds resting on the vibrating table are shown in Fig. 

3-10;

• The moulds were then wrapped in a plastic film (Fig. 3-11) and were taken to 

the desired curing environment;
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• The samples were demoulded after 24 hours, labelled and were put back into 

the desired curing condition until the day of testing;

Figure 3-10: 50 mm PVC moulds on the vibrating table

Figure 3-11: Fresh mortar mixes wrapped in cling film
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3.4.3 Curing

• Neat PFA mixes were oven cured at 70 °C and PFA/GGBS blends were cured 

at a constant room temperature of 20 °C ± 2 °C and a relative humidity of 55% 

±5%;

• Some PFA/GGBS mortar mixes were cured in sealed plastic boxes with a little 

water at the bottom of the box to ensure a high relative humidity > 90%. The 

humidity was checked regularly through a portable digital humidity reader 

positioned inside one of the boxes (Fig. 3-12). This curing method was 

adopted to investigate the influence of different curing conditions on the 

compressive strength development of PFA/GGBS blends.
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Figure 3-12: Mortar samples in a plastic 
box with a humidity measurement device

3.5 Preparation of Concrete Samples

3.5.1 Mix Design and Mixing Procedure

Proportioning of the amount of activators and w/s ratio for concrete was the same as 

described for mortars (Section 3.4.1). An optimization of the paste content was carried 

out on various PFA/GGBS blends as will be discussed in detail in Chapter 6 of this 

thesis. The composition of the concrete, in terms of volumes of its constituents for 

60/40 blend, is shown in Fig. 3-13. Binder content is defined as the mass of solid
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precursors (PFA+GGBS) per cubic metre of concrete. Paste volume is defined as the 

volume of the solid precursor + activating solutions + added water, per cubic metre of 

concrete. Paste content is defined as the percentage of paste volume over the total 

concrete volume.

Concrete was mixed in rotary pan mixers with a capacity of 10 and 50 litres depending 

on the quantity of the mix (Fig. 3-14). The following steps were followed for concrete 

mixing:

• The required binder quantity (PFA+GGBS) is blended manually to ensure the 

homogeneity of the material;

• Aggregates were first oven-dried for avoiding the inclusion of unknown water 

mass in the system. Subsequently, they were wetted with a mass of water 

calculated according to their 1-h absorption rate (Table 3-5), bringing them to 

saturated-surface-dry condition. The aim of this practice was to avoid 

aggregate to absorb water that should be available for the lubrication and for 

the chemical reaction of the system. The water used for the saturation of the 

aggregate was not considered in the overall water/solid ratio;

• The dry materials were then added to the pan mixer starting by coarse 

aggregates then sand and finally the binder. The dry constituents were then 

mixed for about 2 minutes;
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• The required quantities of water, sodium silicate solution and sodium 

hydroxide solution were mixed together and then added to the dry materials 

and mixing continued for about 5 minutes.

>
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□ 20 mm gravel

□ 10 mm gravel

□ Sand

□ Water

■ Chemicals

□ Binder

-60%

- 40%
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60% (wgt) 
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Figure 3-13: Schematic representation of the composition of A AC mix (60/40)
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Figure 3-14: Different sizes of concrete drum mixers

3.5.2 Casting

• After mixing the fresh concrete was poured into 100 mm PVC moulds in three 

layers while vibrated for around 2 minutes. Fig. 3-15 shows the concrete 

moulds on a vibrating table;

• The moulds were then wrapped in a cling film prior to curing;

• The samples were demoulded after 24 hours, labelled and transferred to the 

curing plastic boxes.
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Figure 3-15: 100 mm PVC concrete moulds on the vibrating table

3.5.3 Curing

Neat PFA samples were oven cured at 70 °C, and PFA/GGBS samples were cured in 

sealed plastic boxes with a little water at the bottom of the box to ensure a high relative 

humidity > 90% as described earlier for mortars (Fig. 3-12).
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3.6 Fresh Properties of Alkali-Activated Mortars and 

Concrete

3.6.1 Workability and Fresh Density

The consistency of AA mortars was assessed using the flow table shown in Fig. 3-16 

in accordance with British Standard BS EN 1015-3: 1999, except the conical frustum 

that was used had different dimensions (90 mm in height, internal diameter: base 65

mm - top 40 mm).

Figure 3-16: Measurement of mortar workability by means 
of flow table

For concrete, the fresh density of the mix was measured by filling and vibrating a 

plastic beaker with a known volume with fresh concrete and measuring its mass on the
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scale. Using the formula Density = Mass / Volume, the density of each mix was 

determined. The consistence of the concrete was measured by means of the slump test 

according to British Standard BS EN 12350-2: 2009 (Fig. 3-17).

Figure 3-17: Slump test measurement for AAC

3.6.2 Setting Time Measurement

Measurement of the initial and final setting time was carried out on mortars. The 

method described in BS EN 196-3 including the use of the Vicat apparatus on paste 

was not suitable, since the water content necessary for achieving the required paste 

consistence was too low and resulted in rapid setting. As a result the first series of 

setting time assessment was conducted on mortars in accordance with the guidelines 

of BS EN 480-2: 2006. Wide spectrum of PFA/GGBS blends with GGBS ratios
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ranging from 5% to 70% were studied. This method was useful in the screening phase 

for suitable PFA/GGBS blends. However, since sand grains may interfere with the 

penetration depth of the needle the procedure described in the American Society for 

Testing and Materials (ASTM) standard C403M-08—Standard Test Method for Time 

of Setting of Concrete Mixtures by Penetration Resistance was considered more 

suitable for the assessment of the setting time of alkali-activated mortars. A manual 

penetrometer, consisting of a spring loaded device graduated from 1 to 100 

dekanewton (daN), coupled with needles of different print areas (650-16 mm2), was 

used. The initial setting time is conventionally read from the experimental curves when 

a pressure of 3.45 MPa is reached, whereas the final setting time is read when a 

pressure of 27.6 MPa is reached for the needle penetration.

3.7 Hardened Properties of Alkali-Activated Mortars and 

Concrete

3.7.1 Compressive strength

A 2000 kN capacity compression testing machine (Samuel Denison Ltd.) was used for

testing the compressive strength with a loading rate of 1.5 and 3.33 kN/s for mortar

and concrete samples respectively, within the range specified in BS 12390-3: 2009 and

BS 1881-116: 1983. Three cubes (mortars) and three or two cubes (concrete) were

tested in compression at each designated time (1,7 and 28 days). Average strength and
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standard deviation were calculated. Fig. 3-18 shows a mortar cube after testing to 

failure.

nm

Figure 3-18: AA mortar cube after 
compressive strength testing

3.7.2 Hardened Density

The hardened density of the AAC was estimated by weighing the hardened concrete 

cubes prior to testing and the volume was assumed to be 0.001 m3 which is the size of 

the concrete mould.

3.8 Preparation of Alternative Activators

In order to produce alternative activators, glass cullet, microsilica and RHA were 

soaked in NaOH solution with different concentrations. The effect of various variables 

on the dissolution of Si was examined. Mortars compressive strength and Si content
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obtained using Inductively Coupled Plasma (ICP) were used as measures to assess the 

efficiency of the produced alternative activators. Table 3-7 summarizes the 

experimental variables investigated in this study.

Table 3-8: Experimental variables adopted to assess the Si dissolution form different silica 
donors (NI means not investigated)

Experimental GC Microsilica RHA

Effect of the fineness X NI X
The effect of NaOH X X X
Effect of heating duration X X X
Effect of NajCOj content X NI NI
The effect of water content X NI NI
The effect of the solid content X NI NI

• Effect of the fineness of the silica donor: GC and RHA were milled into two 

fineness categories and the influence of the fineness on the dissolution of Si 

was assessed.

• The effect of NaOH concentration on the Si dissolution was studied. NaOH 

concentrations in the range of 3 to 20% were evaluated.

• Samples were heated in 500 ml round bottom flasks and stirred with a magnetic 

stirrer at 80 °C ± 4 °C. The flask was sealed with nitrile gloves and a rubber 

band to prevent water loss (Fig. 3-19). The influence of the heating duration in 

the range of 0 (control) to 16 hours on the dissolution process of Si was 

assessed.
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• The effect of the content of sodium carbonate (Na2CCh) on the Si dissolution 

of Si was assessed. At the first attempt a 50/50 molar NaOH/NaaCOr solution 

with a pH of 13.6 as recommended by Puertas and Torres-Carrasco (2014). 

This means for 300 ml of water 4.8 g of NaOH and 12.7 g of Na^CCb and 75 g 

of GC. 6 g and 18 g of Na2C03 were also used to investigate the effect of the 

quantity of Na2C03 on the dissolution of Si.

• The effect of water content of GC based activator on the performance of the 

activator were examined namely 75 and 60% water content.

• The GC suspension was filtered to study if this affects the efficiency of the 

activator.

The quantities of the silica donors (GC, RHA and microsilica) were decided based on 

a theoretical AM (Na20/Si02) of 1.0. This was achieved by assuming that all the Si 

content in the donor was dissolved in the alkaline solution. The typical composition of 

the alternative GC, RHA and microsilica activators is shown in Table 3-8.

Table 3-9: Typical composition of alternative activators

Silica source Water (g) NaOH (g) Na2C03 (g) Silica donor

GC 300 4.8 12.7 75

RHA 280 36 - 100

Microsilica slurry 190 36 - 180
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Figure 3-19: Sealed 500 ml round bottom flasks on heating plates

3.9 Alkali-Activated Concrete Building Blocks

The replication of the industrial process of the production of building blocks was 

carried out in the lab using a vibro-compaction rig. The optimized mix was then used 

for a full scale industrial scale production of alkali-activated building blocks. The 

details of experimental setup, the laboratory and the factory production processes are 

given in Chapter 7 of this thesis.
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Chapter 4 Effect of Activator Dosages and 

GGBS Content on Fresh and Hardened

Properties of PFA/GGBS Mortars

4.1. Introduction

This chapter presents the results of the study on the effect of different parameters on 

both the fresh and hardened properties of neat PFA and PFA/GGBS blends alkali- 

activated mortars. These parameters include:

• Activator dosage i.e. alkali modulus (AM) and alkali dosage (M+); the 

influence of activator dosage on compressive strength and workability was 

investigated.

• The effect of GGBS inclusion on the mechanical properties, workability 

and setting time of various PFA/GGBS blends cured at ambient 

temperature (20 °C).

• The influence of water-to-solid ratio (w/s) on compressive strength, setting 

properties and workability.

• The effect of four different curing conditions on the compressive strength 

development of PFA/GGBS mortars.
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4.2. Effect of Alkali Dosage (M+) and Alkali Modulus (AM) 

on Compressive Strength Development and Workability

4.2.1. Compressive Strength

The influence of activator dosage in terms of alkali dosage (M+) and alkali modulus 

(AM) on compressive strength of 100% PFA and PFA/GGBS mortars was studied to 

obtain suitable chemical dosages for both neat PFA and PFA/GGBS blends.

A parametric study was carried out to investigate the effect of alkali dosage (M+), 

which is a proxy for the concentration of the alkali activator solution was varied in the 

range of 7.5 and 13.5%, and alkali modulus (AM), which is a proxy for the amount of 

added silica in the activator solution, and was varied from 0.5 (corresponding to all 

sodium silicate) to all sodium hydroxide on compressive strength and workability of 

100% PFA mixes. 100% PFA samples were oven cured at 70 °C and tested at 1 day, 

7 days and 28 days for compressive strength. Mix proportions and compressive 

strength data are shown in Tables 4-1 to 4-6.
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Chapter 4: Effect of Activator Dosages and GGBS Content on Fresh and Hardened Properties ofPFA/GGBS Mortars

The compressive strength increased with the increase of the alkali modulus (AM) until 

a value of about 0.85-0.95 and decreased thereafter. The effect of the alkali dosage 

(M+) on strength was less evident; see Fig. 4-1 which shows the combined effect of 

AM and M+ on the compressive strength. A strength increase can be observed until 

M+ of 12.5% beyond which the strength decreased. This can be attributed to the 

saturation of the gel with alkali ions, i.e. less free water is available for speciation of 

silica and alumina oligomers from the dissolution of PFA.
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050

Figure 4-1: The combined effect of M+ and AM on compressive strength for 100% PFA mortar 
mixes

It was found that the 1-day compressive strength was around 25-50 % lower than that

of the 7 -days strength for most of the studied formulations; indicating the need for

longer curing duration at 70 °C. Curing for 7 days, on the other hand, resulted in more

than 90% of the total possible compressive strength in most of the investigated mixes.

Curing in the oven for 28 days was found to have no significant increase on the

mechanical properties in most of the cases, and it even caused a drop in the
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compressive strength in some formulations. This drop in compressive strength can be 

due to the water loss leading to porous microstructure and consequently a decrease in 

strength. Therefore, it was concluded that curing 100% PFA mixes at 70 C for 7 days 

is sufficient and no need for any further heat curing after this duration.

Maximum compressive strength of around 70 MPa was obtained at M+ of 11.5-12.5% 

and AM of around 0.8-1.0 (1-1.25 SiCF/NaiO ratio). The effect of AM was found to 

be more noticeable than the effect of M+; this can be seen as a cluster in the range of 

AM (0.7-1.0) where a compressive strength higher than 50 MPa was obtained 

regardless of the M+. The highest compressive strength was obtained at an alkali 

dosage of around 12.5 % and an alkali modulus (~ 0.90) resulted in strengths of around 

70 N/mm2. However, lower compressive strengths were obtained for extreme AM 

irrespective of the alkali dosage M+. Similar ranges for suitable silica modulus have 

been reported by (Martin et al. 2010; Xie and Xi 2001 and Adam 2009). This can be 

attributed to the enhancement of the degree of polymerization of the dissolved species 

in the alkaline/silicate solution at lower AM i.e. 0.8-1.0 (high soluble silicates), and 

therefore yielding better mechanical properties. On the other hand, a drop in the 

compressive strength was observed as AM increased (low silica in the mixes), being 

at its minimum when only NaOH solution is used as an activator. This can be due to 

the deficiency of soluble silicates which affected the geopolymerization process and, 

thus resulting in lower compressive strength.
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It is also worth pointing out that lower AM such as 0.5 which means only sodium 

silicate solution was used in the mixes, led to a considerable decrease in the 

compressive strength compared to that obtained at the optimum AM range (0.8-1.0). 

This drop in the strength of around 50% can be attributed to the decrease in the pH of 

the system with the increase in sodium silicate solution which is less alkaline than 

NaOH. A drop in the pH level from 14 to 12 was reported when SiCb/NaiO increased 

from 0.8 to 2 (Chang 2003). The decrease in the pH affects the dissolution of the glassy 

aluminosilicate species from the precursor (PFA) (Pietersen et al. 1989) which affects 

the geopolymerization process and, thus resulting in lower compressive strength.

4.2.2. Workability

The workability of PFA mortar mixes measured by means of flow table, and fixing the 

w/s ratio at 0.37, was found to be in the range of 140 to 180 mm (see Fig. 4-2). This 

consistence was found to be satisfactory for easy handling and casting of the mixes. 

The flow of the mortars was found to have no obvious correlation with the alkali 

dosage and alkali modulus, and it was in most of the investigated mixes above 140 

mm which can be considered as plastic (non-stiff) mortar.
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Figure 4-2: Workability (flow) for 100% PFA mortar mixes with different chemical dosages

There was no sign of setting at room temperature for up to 24 hours in PFA mixes with 

either low dosages i.e. M+ 7.5 or mixes with high M+ and sodium silicate content, e.g. 

, M+ 11.5 and AM 0.85; this was the reason for curing PFA mixes at elevated 

temperature (70 °C). However, in alkali dosages higher than 9.5% and especially with 

high AM (high alkaline medium) mixes were found to suffer flash setting while mixing 

and therefore it was not possible to obtain samples for such dosages i.e. mixes with
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M+ higher than 9.5% and AM higher than 1.0. This may be due to the rapid dissolution, 

reorganization and gelation of Si and A1 species in high alkaline medium leading to 

loss of plasticity and rapid hardening of mortar.

The maximum compressive strength of around 70 MPa was achieved with both high 

chemical dosage i.e. M+ = 12.5% and AM = 0.95 and high temperature curing 70 °C 

for 7 days. These conditions are considered disadvantageous from both economical 

and practical considerations; the high cost of chemicals and the requirement for 

elevated temperature curing can limit the large scale adoption of this technology.

4.2.3. PFA/GGBS Mortar Blends

Lower dosages can be used along with the inclusion of high calcium precursor i.e. 

GGBS to overcome the above mentioned hurdles. It is known, as mentioned in Table 

2-3 in chapter 2, that neat PFA systems require higher chemical dosages than neat 

GGBS systems. As far as PFA/GGBS blends are concerned, the ‘optimum’ chemical 

dosages are not yet well established. Few studies are available in the literature about 

blending PFA and GGBS to achieve ambient temperature cured geopolymer systems 

as discussed in Chapter 2. The main conclusions from these studies were that the 

inclusion of GGBS increased the compressive strength but decreased the setting time 

especially when higher chemical dosages are used.

Optimization of chemical dosages was conducted on a high GGBS formulation i.e. 

30/70 as it has been observed from preliminary trials that mixes with GGBS content

116



Chapter 4: Effect of Activator Dosages and GGBS Content on Fresh and Hardened Properties of PFA/GGBS Mortars

higher than 70% suffered from rapid setting and samples could not be produced at a 

constant w/s ratio of 0.37. The mix with 70% GGBS content showed satisfactory 

workability and reasonable working time for a w/s ratio of 0.37; samples were cast 

without any difficulty. Therefore, this mix blend was adopted to decide on the suitable 

chemical dosages for PFA/GGBS blended systems.

Optimization of chemical dosages was carried out on 30/70 blend to obtain a suitable 

alkali dosage (M+) and alkali modulus (AM). M+ of 4.5, 6, 7.5, 8.5 and 10.5%, and 

alkali moduli of 0.75, 0.95, 1.15, 1.25 and only NaOH solution were investigated. 

These alkali dosages were selected based on the requirements for lower dosages in 

100% GGBS systems (3-5%) and higher dosages in neat PFA systems as discussed in 

Chapter 2 (Table 2-3). Furthermore, the alkali modulus range was taken as the same 

range studied for neat PFA mixes. The same typical mortar mix proportions i.e. 500 

g/1 of binder and 1375 g/1 of sand were used in this investigation. Water-to-solid ratio 

(w/s ratio of 0.4 was adopted to ensure proper consistency of mixes. Tables 4-7 to 4-9 

show mix proportions and compressive strength results for the studied mixes.

As can be seen from Fig. 4-3, the 28 day compressive strength in the range of 30 MPa 

was obtained for NaOH activated mixes regardless of the dosage concentration. This 

can be attributed to the fact that the reaction in this case is mainly hydration of GGBS 

as this kind of reaction only requires the breakdown of the slag grain layer to allow the 

water to reach the slag and allow the hydration to take place (Taylor 1997). For this 

reaction to occur a higher pH is required and a lower dosage such as 4.5% has been
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reported to be sufficient for neat slag systems but inadequate for 100% PFA systems 

(Escalante Garcia et al. 2006). It is also worth mentioning that M+ 4.5% gave the same 

28 day compressive strength of around 30 MPa for all the investigated moduli i.e. 0.75, 

0.95, 1.15 and 1.25. This observation confirms that the reaction at this dosage is mainly 

due to the hydration of GGBS, and PFA seems not to play any major role at this lower 

dosage. This is due to the nature of PFA where higher alkali dosages are required for 

the dissolution of PFA particles. For higher alkali dosages of 6, 7.5, 8.5% and 10.5% 

(Fig. 4-3) the ‘optimum’ alkali modulus was found to be 1.25 (1/AM of 0.8). 

Furthermore, an alkali dosage of 7.5% was considered to be as the ‘optimum’ dosage 

from this investigation with a 28 day compressive strength of 74 MPa. The mix with 

an M+ of 8.5 % and 10.5% also gave a compressive strength similar to that of M+7.5%. 

Thus and since higher chemical dosages can cause reduction in the setting time, 

increase the CCF footprint and the cost of AAC, an M+ of 7.5% and AM of 1.25 were 

selected as a suitable dosage to be adopted to activate PFA/GGBS blends for further 

investigation.
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Chapter 4: Effect of Activator Dosages and GGBS Content on Fresh and Hardened Properties of PFA/GGBS Mortars

Figure 4-3: Effect of alkali dosage M+ and alkali modulus AM on 28 day compressive strength 
of 30/70 blend
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4.3. The Influence of GGBS Inclusion on Compressive 

Strength, Workability and Setting Time

In order to investigate the influence of GGBS addition on ambient temperature cured 

PFA/GGBS blends in terms of compressive strength, workability and setting times, a 

wide range of GGBS ratios was studied. GGBS contents starting from as low as 5% 

by mass (5% GGBS and 95% PFA) to mixes with 70% GGBS content were studied. 

The chemical dosages i.e. M+ and AM were taken as 7.5% and 1.25 respectively as 

obtained from the previous section. Sand/binder ratio was kept at 2.75 and water-to- 

solid ratio (w/s) was kept constant at 0.37. Table 4-10 shows the mix proportions for 

the mortar mixes investigated.

Mixes with higher content of GGBS i.e. above 70% exhibited setting within a very 

short time of around 5 minutes after mixing and therefore these mixes were considered 

unsuccessful and no samples were cast in this experimental series. Thus, 70% GGBS 

ratio was considered as the highest possible substitution ratio to be considered in this 

study.
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Chapter 4: Effect of Activator Dosages and GGBS Content on Fresh and Hardened Properties of PFA/GGBS Mortars

4.3.1. Compressive Strength

Compressive strength of ambient temperature cured PFA/GGBS blends was found to 

increase with the increase in the GGBS substitution % with PFA, see Fig. 4-4. 28-day 

compressive strength values in the range of 20 to 30 MPa were achieved for GGBS % 

up to 20% whereas values in the range of 40 to 50 MPa were achieved for GGBS % 

from 30 to 50%. Higher substitution ratios i.e. 60 and 70% yielded strengths in the 

range of 60 and 75 MPa respectively. The increase in the strength with the increase in 

GGBS (or other calcium-rich materials) has also been reported by others (Kumar et al. 

2009; Jang et al. 2014, Diaz et al. 2010). The increase in the strength at higher GGBS 

% is attributed to the densification of the matrix due to the formation of calcium silicate 

hydrate binding gel (Jang et al. 2014). The increase in the compressive strength upon 

calcium inclusion is also attributed to the coexistence of the geopolymeric gel (N-A- 

S-H) along with C-S-H type gel which can lead to merging the gaps between these two 

reaction products and encapsulating the unreacted phases; therefore denser and more 

homogeneous matrix is developed which leads eventually to better mechanical 

properties (Yip et al. 2005).
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Figure 4-4: 28 day compressive strength for different PFA/GGBS mortar blends

4.3.2. Setting Time and Workability

Considerable reduction of the initial setting time was observed as the content of GGBS 

increased. The initial setting time decreased from above 3 hours when 5% GGBS was
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used to as low as 10 minutes in the 70% GGBS mix, see Fig. 4-5. The reduction in the 

initial setting time was found to be linear and followed two different behaviours. The 

first linear trend was from 5% GGBS to 20% GGBS, and in this range the decrease in 

the setting time was steeper than that of samples with GGBS content higher than 20% 

(second linear behaviour) as can be seen in Fig. 4-5. The workability was also 

gradually affected as the slag dosage increased. A reduction of the flow from 170 mm 

for 5% GGBS mix to 135 mm in the case of 70% GGBS was observed as shown in 

Fig. 4-5. This trend has also been reported by others (Jang et al. 2014; Kumar et al. 

2009).
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Flow (mm)

Initial setting time (min)

GGBS %

Figure 4-5: Workability and setting time assessment for PFA/GGBS mortar mixes

PFA/GGBS formulations of 100/0, 80/20, 60/40 and 30/70 covered a wide spectrum 

of compressive strength in the range of 20 to 80 MPa, and demonstrated satisfactory 

workability. These combinations were chosen for further investigations. The influence 

of some recommended retarders and water-to-solid ratio (w/s) on compressive 

strength, workability and setting time will be presented in the following section.
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4.4. The Influence of Recommended Retarders on Setting 

Time, Workability and Compressive Strength of High 

GGBS Blend

As described in the previous section, higher mechanical properties can be obtained by 

increasing the GGBS content for ambient temperature cured PFA/GGBS formulations. 

Rapid setting of high calcium alkali-activated systems, on the other hand, is one of the 

technical obstacles that may lead to limiting the commercialization of this technology. 

Therefore, it is imperative to mitigate this disadvantage to enhance industrial uptake 

of this eco-friendly system. In this section, three potential retarders recommended for 

delaying the setting time of alkali-activated slags were assessed.

Neat PFA mixes did not harden at room temperature for up to 24 hours and therefore 

no rapid setting problems were encountered with neat PFA systems. As can be seen 

from Fig. 4-5, 30/70 blend exhibited a very short setting time of less than 30 minutes 

which is considered to be very short for the convenient handling and casting of 

concrete. In an attempt to overcome this problem, three recommended retarders which 

were claimed to retard the setting in alkali-activated slag systems (Brough et al. 2000; 

Rattanasak et al. 2011; Rashad 2013) were tried to assess their ability to delay the 

setting time. These retarders include sucrose at a dosage of 3%, sodium chloride 

(NaCl) at a dosage of 8% and malic acid at a dosage of 0.5% by mass of the binder. 

The w/s ratio was kept constant at 0.37. Similarly, the chemical dosages were fixed at
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M+ 7.5% and AM 1.25. As can be seen from Table 4-11, there was little effect of the 

investigated retarders on the initial setting time, but none of them delayed the initial 

setting beyond 40 minutes. The ineffectiveness of these retarders here can be attributed 

to the relatively higher dosage used in this investigation compared to the lower 

chemical concentration i.e. 1.5 M solution used by Brough et al. (Brough et al. 2000). 

They reported a substantial increase in the setting time of up to 6 hours in the case of 

8% NaCl and 16 hours in the case of 0.5% malic acid. It was found that these materials 

had little change on the setting time as they only increased slightly the initial setting 

time to around 20 minutes. However, with the exception of malic acid they also 

adversely affected the compressive strength as shown in Table 4-11.

As w/s showed some improvement on the rheology of GGBS mixes, it was decided to 

investigate in more detail the influence of different w/s ratios on the initial compressive 

strength in order to obtain the range where the impact on strength is minimal. 

Subsequently study the influence of different w/s ratios, within the selected range, on 

setting time and workability of the chosen PFA/GGBS formulations i.e. 80/20, 60/40 

and 30/70.
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Table 4-11: The influence of retarders on the initial setting time, strength and workability of 
30/70 mix formulation

Control
Sugar 3% Malic acid 0.5% NaCl (salt) 8%

Initial setting time 
(min) 10 40 30 20

Flow (mm) 135 135 115 170

7 day compressive 
strength (MPa)

4.5. The Effect of Water-to-Solid Ratio (W/S) on 

Compressive Strength of High GGBS Blend

In order to investigate the effects of different w/s ratios on the compressive strength, a 

wide range of w/s ratio was investigated on the 30%/70% PFA/GGBS mortar mix. The 

alkali dosages were kept constant at M+ = 7.5% and AM = 1.25. Water-to-solid ratio 

was varied in the range of 0.37 - 0.61. 500 g/1 of binder and a sand/binder ratio of 2.75 

were adopted in this investigation. Furthermore, the influence of different w/s ratios 

on workability of mortars was studied.

It was observed that w/s ratio of up to 0.43 can be used successfully in PFA/GGBS 

mixes without any major detrimental impact on the compressive strength, as shown in 

Fig. 4-6 (a). As expected, the workability measured by means of the flow table (see 

Fig. 4-6 (b)) increased gradually with the increase of w/s ratio due to the increase of 

water content associated with the increase in w/s ratio.
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In the next section, the influence of w/s ratio on compressive strength, setting time and 

workability of 80/20, 60/40 and 30/70 mortar formulations will be discussed. This is 

to assess the ability of water to retard the setting and identify minimum threshold levels 

for w/s ratio to achieve acceptable setting times, reasonable workability and minimum 

negative impact on the compressive strength.
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Chapter 4: Effect of Activator Dosages and GGBS Content on Fresh and Hardened Properties of PFA/GGBS Mortars

4.6. The Influence of W/S Ratio on Setting Time, 

Compressive Strength and Workability of PFA/GGBS 

Blends

In this section the water demand for various PFA/GGBS blends is discussed as it varies 

due to the nature of the two materials and the water requirement is expected to increase 

with the increase of GGBS in the blend. Moreover, the influence of w/s ratio on setting 

time, compressive strength and workability is investigated in detail for the selected 

blends i.e. 80/20, 60/40 and 30/70.

4.6.1. Water Demand for Different PFA/GGBS Formulations

In low calcium systems (geopolymers) such as 100% PFA mixes the water plays a 

different role from that of Portland cement systems. Water does not participate directly 

in the reaction when aluminosilicate species only are present (only at the very initial 

stages of alkaline hydrolysis), but it provides workability for handling and casting and 

facilitates the transportation of the reactive species in the mix (Skvara et al. 2009, 

Hardjito and Rangan 2005). The water from the geopolymeric matrix is eventually 

expelled during the curing and subsequent drying of geopolymers (Hardjito and 

Rangan 2005).

In high calcium alkali-activated systems, on the other hand, water takes part in the 

chemical reaction and in the formation of hydration products i.e. C-S-H gel. However,
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using excess water can cause shrinkage and cracking due to the loss of excess water 

during curing and drying of concrete. Thus, the water-to-solid ratio (w/s) should be 

decided carefully according to the actual need for water: (a) for the paste to be fluid 

enough to ensure that the alkaline activators and the binder powder get extensively in 

contact, (b) for the aggregates to be fully incorporated in the binder matrix, and (c) to 

achieve satisfactory workability for easy handling and casting of the mix.

In the previous section, it was verified that compressive strength was not adversely 

influenced by the increase in w/s ratio up to a certain limit. It has been observed that 

w/s ratios from 0.37 to 0.43 did not affect severely the compressive strength for 30/70 

blend. However, the water demand for different PFA/GGBS blends can differ due to 

the following reasons:

1. PFA and GGBS have different densities. Hence, if the w/s ratio which is a mass 

ratio is fixed at a certain value, the same amount of water is used to lubricate a 

higher volume of the powder in the case of the material with lower density. On 

the other hand, the same amount of water content is used to lubricate lower 

volume of the material with higher density.

2. PFA and GGBS have different particle shape. PFA has rounded (spherical) 

particles, while GGBS particles are angular in shape and possess a smooth 

surface. This morphology can influence the rheological behaviour of the two 

powders. The fineness of the material can also influence the water demand.
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3. PFA and GGBS show different behaviour when in contact with water. A 

possible way to assess this is to introduce the liquid limit concept from the soil 

mechanics. The liquid limit (LL) is often conceptually defined as the water 

content at which the behaviour of a soil changes from plastic to liquid. 

Different materials need different amounts of water to achieve sufficient 

fluidity.

Flow table tests were carried out to assess the water demand requirements for different 

PFA/GGBS blends namely 100/0, 80/20, 60/40, 30/70 and 0/100. Liquid limit (LL) 

tests were also conducted on 100% PFA and 100% GGBS and the LL for the various 

blends was calculated from this data. Flow measurement results are shown in Fig. 4- 

7. The linear regression for each data set showed a series of parallel lines, that have 

been extended until the limit represented by the base internal diameter of the cone (65 

mm). Water contents corresponding to the intersection between the interpolation lines 

and the limit line represent the minimum water content required for triggering the flow. 

In other words, water contents below this value are not sufficient for lubricating the 

material, whereas for higher value the paste starts flowing according to the water 

content.
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Figure 4-7: Flow table results for different PFA/GGBS blends

Combining the information obtained from the LL assessment and from the flow test, a 

general trend of the water requirement versus binder blend proportion can be observed. 

Table 4-12 shows the theoretical minimum water contents calculated from the LL for 

different PFA/GGBS blends and the results obtained by the flow test. These data show 

that as GGBS content increased the water demand also increased indicating the higher 

water demand for slag compared to fly ash.
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Table 4-12: Comparison between flow table and LL results

Blend PFA/GGBS 100/0 80/20 60/40 30/70 0/100

LL (%) 25.5% 27.6% 29.7% 32.9% 36.0%

Flow results (%) 26.2% 29.5% 30.9% 33.1% 37.8%

It is to be mentioned that activators and aggregates addition will lead to higher water 

demand than that obtained from LL for raw materials. Therefore these findings 

allowed observing general trends and can be used as preliminary guidelines on the 

water requirements for different PFA/GGBS blends. Achieving the desired 

workability may also require higher water than the minimum water required shown in 

Table 4-12.

The following section will explore the effect of various w/s ratios on setting time, 

compressive strength and workability of three PFA/GGBS blends namely 80/20, 60/40 

and 30/70.

4.6.2. Setting Time

The effect of w/s ratio on setting time, workability and compressive strength for 80/20,

60/40 and 30/70 mortar formulations was investigated. Alkali dosages were kept

constant at M+ = 7.5% and AM = 1.25. Water-to-solid ratio (w/s) was varied in the

range of 0.32 - 0.45 depending on the PFA/GGBS blend. The amount of sand was kept

constant at 1375 g/1 and paste volume was fixed at 49%. Furthermore, the influence
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of different w/s ratios on workability of mortars was examined. The aggregates (sand) 

were oven-dried and wetted at their 1-h absorption rate before mixing in order to bring 

them to saturated-surface-dry condition. Setting time was measured using a manual 

penetrometer according to (ASTM) standard C403M-08—Standard Test Method for 

Time of Setting of Concrete Mixtures by Penetration Resistance.

As can be seen form Fig. 4-8, the initial setting time for the three formulations i.e. 

80/20, 60/40 and 30/70 increased with the increase in the w/s ratio. The initial setting 

time for 80/20 mix was above one hour in all the investigated w/s ratios. It reached 

around 2 hours in w/s of 0.37.

60/40 formulation required higher w/s ratios compared to 80/20 blend due to setting 

problems encountered in w/s ratios i.e. less than 0.37; the setting time was prolonged 

from around one hour in the case of a w/s ratio of 0.37 to just under 2 hours when a 

w/s of 0.42 was used (Fig. 4-8).

The increase in setting time of the 30/70 formulation even at higher water-to-solid 

ratios (0.45) was less significant compared to the other blends i.e. 80/20 and 60/40. 

Initial setting time of around 90 minutes was obtained for w/s ratios of 0.45 as can be 

seen from Fig. 4- 8.

This investigation allowed obtaining threshold w/s ratios to avoid rapid setting of 

PFA/GGBS blends when developing mix designs with setting times that are deemed 

to be acceptable for industrial applications.
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4.6.3. Workability

As far as the workability is concerned, an increasing trend of the flow was observed 

with increasing w/s ratio. Apart from w/s of 0.32 where the mix was relatively dry 

and the cubes for testing the compressive strength were cast with some difficulty, 

mixes were workable and no problems were experienced during casting of samples. 

The increase of workability of fresh mortar mixes was more evident in the formulation 

with high PFA content (80/20). This is mainly due to the lower participation of water 

in low GGBS blends compared to high GGBS blends (60/40 and 30/70) where water 

plays a role in the reaction mechanism. The flow was in the range of 100 to 200 mm 

for 80/20 formulation, 200 to 220 mm for 60/40 mix and 180 to 200 mm for 30/70 

blend in the studied w/s ratio ranges (see Fig. 4-9).
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w/s ratio

Figure 4-9: Workability (flow) versus w/s ratio for: a) 80/20, b) 60/40 and c) 
30/70 mortar formulation

4.6.4. Compressive Strength

Compressive strength was measured here as a check to confirm the observation 

discussed in section 4.5 where a w/s ratio of up to 0.43 was found to have negligible 

negative impact on strength of 30/70 mix formulation. The compressive strength of 

80/20, 60/40 and 30/70 formulations versus the investigated w/s ratios are shown in
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Fig. 4-10. The compressive strength appeared not to be affected within the investigated 

range of w/s i.e. 0.32 - 0.37, 0.37 - 0.42 and 0.37 - 0.45 for 80/20, 60/40 and 30/70 

respectively as shown in Fig. 4-10. Strengths of around 40, 50 and 80 MPa were 

obtained for 80/20, 60/40 and 30/70 mortar mixes respectively. The insignificant effect 

of water on strength can be attributed to the role the water is playing in the chemical 

reaction of PFA/GGBS blends. Unlike low calcium systems such as 100% PFA where 

water does not play a major role in the geopolymerization reaction, GGBS consumes 

some water in the reaction process to form reaction products i.e. C-S-FI type gel. 

Therefore, no adverse impact on the mechanical properties was noted with increasing 

the w/s ratio in the studied ranges.
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4.7. Effect of Different Curing Methods on the 

Compressive Strength Development

Curing of concrete in general is of a paramount importance as it is required to enable 

the concrete matrix to mature through the development of hydration/reaction products 

and consequently gain sufficient strength in order to be able to successfully sustain the 

load that it is designed for. This is usually, in Portland cement concrete, achieved by 

providing a humid environment to prevent the water loss from the capillary pores. 

Curing is not only important for the strength development as it is critical also for 

durability as water evaporation can increase shrinkage and porosity and therefore 

affect the durability and the quality of the concrete.

When it comes to alkali-activated materials, the reaction mechanism is different from 

that of conventional Portland cement concrete where water is essential for the 

hydration process. It is well established that neat aluminosilicate precursors (low 

calcium materials) such as PFA require heat-curing in order to enhance the 

geopolymerization reaction and achieve good mechanical properties. It was reported 

that the reaction of PFA at ambient temperature is slow and no reasonable compressive 

strengths were achieved when cured at 20 °C (Xie and Kayali 2013; Temuujin et al. 

2009). These studies also reported a massive improvement in the mechanical 

properties when curing PFA at elevated temperatures i.e. above 60 °C and for longer
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durations. On the other hand, high calcium systems i.e. neat slag or PhA/GGBS blends 

can be cured at ambient temperature in a humid and sealed environment.

In this section the effect of different curing conditions on the compressive strength 

development of 100/0, 80/20, 60/40 and 30/70 is discussed; this investigation will help 

to understand the influence of various curing conditions on strength development and 

therefore suitable curing methods can be recommended for PFA/GGBS systems.

4.7.1. 100% PFA Mix Formulation

Neat PFA mortar mixes described in section 4.2.1 were cured at 70 °C for 7 and 28 

days and it was concluded that curing at 70 °C for 7 days was adequate and there was 

no need to extend the oven curing any further as there was no considerable change in 

strength between 7 and 28 days. In order to explore in depth the effect of the oven 

curing duration on compressive strength, curing of samples at 70 °C for different ages 

up to 7 days, and the strength development at room temperature was studied. In this 

study, 100% PFA mortar mixes were cured at 20 °C for up to 28 days and at 70 °C for 

different durations i.e. 8 hours, 24 hours, 3 days and 7 days. After each oven curing 

duration, the samples were kept uncovered at room temperature (20 °C) until the day 

of testing. The compressive strength development was assessed by testing at ages of 

3, 7, 14 and 28 days. As can be seen from Fig. 4-11, the strength development at room 

temperature (20 °C) was very slow during the first 2 weeks with a value of as low as 

4 MPa after 14 days of curing. However, a reasonable improvement was observed at
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28 days where a compressive strength of 12 MPa was recorded. The strength 

development of 8 hours of oven curing was very similar to that of room condition 

curing with a slight improvement in the early strength. The 24 hours curing duration 

gave a similar compressive strength value of around 15 MPa for all the four testing 

ages. A similar trend was observed for the 3 days curing regime where no major change 

in strength was noted after 3 days of oven curing at 70 °C for the different testing ages; 

a compressive strength in the range of 16 MPa was recorded for this curing regime. 

Curing for 7 days at 70 °C appears to be the optimal condition as it yielded the highest 

compressive strength among the 5 investigated scenarios; a compressive strength of 

around 25 MPa was recorded after 7 days of elevated temperature curing and remained 

unchanged up to 28 days. These results confirm the findings described in section 4.2.1 

where it was concluded that 7 days curing at 70 °C is sufficient in order for the mortars 

to gain the highest possible strength, and there is no need to cure the samples in the 

oven for more than 7 days. Furthermore, curing at 70 °C for lower durations than 7 

days gave a much lower compressive strength. Curing at room temperature and at 70 

°C for 8 hours gave 28 day strengths 55% less than those achieved when curing at 70 

°C for 7 days; similarly elevated temperature curing for 24 hours and 3 days gave 

around 30% lower 28 days strength compared to curing for 7 days at 70 °C. Therefore, 

oven curing at 70 °C for duration of 7 days can be recommended for 100% PFA mixes 

activated with a mixture of sodium hydroxide and sodium silicate activator at M+ 7.5% 

and AM 1.25 in order to achieve the highest possible compressive strength. The

strength loss at 14 days observed in the formulation cured at 70 °C for 7 days was due
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to the high standard deviation of samples tested at this age. Overlapping of error bars 

of 7 and 14 days strength results can be seen in Fig. 4-11

70 °C for 24 hours

70 °C for 8 hours

Curing days

Figure 4-11: Compressive strength development for 100% PFA mortars with various curing 
conditions
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4.7.2. PFA/GGBS Mortar Formulations

PFA/GGBS mortar formulations namely 80/20, 60/40 and 30/70 were subjected to 

four different curing methods by varying the humidity conditions at 20 °C; these 

methods were dry curing (RH ~ 55%), sealed curing for 7 days (RH>90%), sealed 

curing for 28 days (RH>90%) and water bath curing for 28 days.

In 80/20 blend (see Fig. 4-12 (a)), it appears that there was no significant difference in 

the compressive strength development in all the four investigated curing regimes; a 

compressive strength in the range of 35 MPa was achieved after 28 days in ail curing 

types except the dry condition, and remains unchanged in most of the curing 

conditions thereafter. However, sealing the samples in a humid environment for up to 

28 days seemed to favour the strength development especially at later ages i.e. 90 and 

180 days. Sealing the samples also can help to mitigate efflorescence arising from the 

reaction between the atmospheric CCF and the leached alkalis, and forming a salt 

deposit on the surface of the concrete especially during the early stages of the reaction 

until the matrix densifies. It was also observed that apart from 28 days sealing 

condition there was no major change in the compressive strength after 28 days of 

curing for all the curing conditions. Samples sealed for 28 days showed reasonable 

strength gain of around 10% at 90 days, and then a slight retrogression occurred at 180 

days.
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60/40 blend showed a very similar trend to that observed for the 80/20; there was no 

significant change observed among the four curing conditions with an exception of 

samples sealed for up to 28 days where a slight improvement in the strength at later 

ages was observed. The samples also appeared to mature after 28 days as there was no 

considerable rise in the compressive strength noted after this age as can be observed 

from Fig. 4-12 (b).

Fig. 4-12 (c) shows the compressive strength development for 30/70 mortar mix under 

the investigated curing conditions. Similar observations as in the previous two blends 

i.e. 80/20 and 60/40 were noted, where all the studied curing methods gave similar 

compressive strength development with the exception of 28 days sealed condition. 

Samples sealed for 28 days gave 10% higher strengths at 90 and 180 days than that of 

the 28 days. These results agree with Collins and Sanjayan (2001) data for air curing 

condition. They reported that slag samples dry cured exhibited the lowest strength 

compared to sealed and water bath cured samples. However, in their study water bath 

curing was reported as the most effective curing condition followed by the sealed 

condition. In the present study water bath curing appeared to give lower strengths 

compared to 28 days sealed samples. It is also worth noting that water bath curing gave 

slightly lower long term strength compared to the other investigated curing conditions. 

This was observed mainly in formulations with lower GGBS content i.e. 80/20 and 

60/40 as can be seen from Fig. 4-12, (a) and (b); this can be attributed to leaching of 

chemicals due to the slow nature of the reaction in these two formulations compared
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to mixes with higher GGBS content i.e. 30/70 mix. Furthermore, it was also concluded 

that there was no major difference in the strength after 7 days of curing. This can be 

attributed to the kinetics of reaction in mixes with high GGBS content and this 

observation is confirmed by the relatively shorter duration of setting time for this blend 

described in section 4.3.2 compared to 80/20 and 60/40 blends.

It is also worth mentioning that the standard deviation was relatively high for some of 

the mixes. In some cases, it was found that two cubes out of three gave a similar 

strength results while one sample was different. This resulted in a relatively higher 

standard deviation as can be seen from Fig. 4-12. It is thought that the variation could 

be mainly due to the deformation of some PVC moulds after being extensively used in 

oven curing at 70 °C in the earlier stages of this project. Deformation of moulds may 

have resulted in the change of the geometry of some samples and thus affected the 

compressive strength results, being more evident in small cubes rather than in larger 

ones. This conclusion was confirmed by the low standard deviation of concrete 

samples i.e. less than 1 MPa in most of the cases as will be discussed in Chapter 6 of 

this thesis. The size effect of samples has also been reported to have influence on the 

strength development for dry cured NaOH alkali-activated slag concrete (Hakkinen 

1993). It was found that the strength of 150 mm diameter cylinders was less affected 

than that of 100 mm diameter cylinders. In the current study 50 mm cubes were used 

and this may have led to higher strength variations due to the much higher surface area 

per unit volume for small samples i.e. 50 mm cubes compared to larger samples.
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4.8. Concluding Remarks

From the work described in this chapter, the following conclusions can be made:

• The effect of alkali modulus (AM) on compressive strength was found 

to be more evident than the influence of the alkali dosage (M+). This 

can be due to the sufficient availability of soluble silicates from 

sodium silicate solution especially at lower AM.

• The optimum chemical dosages that gave the highest compressive 

strength for 100% PFA mortar mixes cured at 70 °C were alkali 

modulus (AM) = 0.85 and alkali dosage ( M+) = 11.5% with a 7 day 

compressive strength in excess of 70 MPa;

• Inclusion of GGBS resulted in achieving high compressive strength and 

eliminated the need for high temperature curing;

• The above dosages are considered to be high, uneconomical, and may 

cause flash setting when GGBS is used; therefore a lower dosage was 

adopted based on the investigation carried out on high GGBS mix i.e. 

30/70;

• The optimum chemical dosages in terms of giving high compressive 

strength and lower environmental impact for PFA/GGBS blends were 

found to be AM =1.25 and M+ = 7.5%;
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• The compressive strength of mortars increased with the increase in the 

GGBS content whereas setting time and workability decreased; 

Suitable blends of PFA/GGBS were selected for further investigation 

based on the mechanical and rheological properties i.e. 80/20, 60/40 

and 30/70;

• The influence of w/s ratio and different curing conditions on 

compressive strength, workability and setting time of the selected 

blends as investigated:

o The increase in w/s ratio was found to have a negligible adverse 

impact on the compressive strength up to a certain threshold 

level (w/s = 0.43) beyond which a noticeable reduction in the 

strength was observed; the effect on the strength was more 

evident in the case of low GGBS formulations;

o Setting time was found to be influenced by w/s ratio and 

therefore the setting problem of high GGBS mixes could be 

mitigated by using the appropriate w/s ratio without affecting 

the strength;

o Curing using different methods was found to be less significant 

in terms of strength gain. However, sealing the samples at 

RH>90% for a duration between 7-14 days seemed to favour 

the strength development;

154



Chapter 4: Effect of Activator Dosages and GGBS Content on Fresh and Hardened Properties of PFA/GGBS Mortars

o There was no noticeable gain in the compressive strength after 

14 days of curing in the case of 80/20 and after 7 days of curing 

in the case of both 60/40 and 30/70 blends despite the curing 

method. Therefore, curing for 2 weeks can be recommended for 

low GGBS dosages and 7 days for higher GGBS content mixes.
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Chapter 5 Reaction Kinetics and 

Microstructural Characterization of 

PFA/GGBS Alkali-Activated Pastes

5.1. Introduction

Despite having been studied for decades, the reaction kinetics and reaction products of 

alkali-activated systems is still not yet well understood as the reaction process is more 

complicated than that of Portland cement. This is mainly due to the variation in the 

starting materials and the type and dosages of activators. Most of the work has been 

conducted on neat slag systems, and it has been reported that the reaction kinetics 

depend on several parameters such as type of activator, dosage of activator, activator 

modulus, water-to-solid ratio and hydration temperature. Blended or hybrid systems 

such as PFA/GGBS are still under development and more insight is still required on 

the reaction kinetics and microstructural development of these systems. PFA/GGBS 

blends may differ from neat slag or neat PFA binders in terms of reactivity and 

microstructure, as relatively higher chemical dosages than those reported for neat slag 

systems are required to achieve satisfactory mechanical properties when the system is 

cured at ambient temperature.
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The investigation of the microstructure of a neat fly ash and GGBS precursor has been 

studied extensively over the past few decades. As mentioned in Chapter 2, it has been 

reported that the main reaction product for fly ash based geopolymer is aluminosilicate 

hydrate type binding gel with sodium in the structure (N-A-S-H) (Bernal et al. 2013; 

Fernandez-Jimenez and Palomo 2005; Duxson et al. 2006; Ismail 2013). On the other 

hand, a calcium aluminosilicate hydrate gel (C-A-S-H) has been identified as the main 

reaction product in GGBS (slag) based systems (Richardson et al. 1994; Wang and 

Scrivener 1995; Yip et al. 2008; Gu et al. 2015; Jin et al. 2013).

When blending PFA and GGBS in various ratios, a more compact and hybrid 

microstructure is developed due to the coexistence of a 3D structure geopolymeric gel 

i.e. N-A-S-H and a calcium silicate hydrate gel rich in aluminium (C-A-S-H) (Puertas 

and Fernandez-Jimenez 2003), and therefore yielding better mechanical properties. 

Similar reaction products were also reported in metakaolin/slag blends (Yip and Van 

Deventer 2003; Yip et al. 2005). It has also been reported that the coexistence of these 

two gels depends on factors such as the amount of the slag included and the alkalinity 

of the system; low alkalinity systems favour the dissolution of Ca2+ leading to the 

formation of a dominant C-A-S-H binding gel (Yip et al. 2005).

In this Chapter, the microstructure of various PFA/GGBS blends is studied, using 

XRD, FTIR, TGA and SEM, to develop a better understanding of the microstructure 

and reaction products of neat PFA mixes dosed at two different activator dosages i.e. 

M+ 7.5, AM 1.25 and M+ 11.5 and AM 0.85. These dosages resulted in different
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mechanical strengths as previously mentioned in Chapter 4. Ambient temperature 

cured blends of PFA/GGBS systems with both low and high slag content were 

examined. This investigation will allow better understanding of the microstructural 

development of the reaction products formed in these systems. Isothermal Calorimetry 

(IC) was also employed to monitor the influence of GGBS content, elevated 

temperature and water-to-solid ratio (w/s) on the reaction kinetics.

5.2. Reaction Kinetics of PFA/GGBS Pastes

Reaction kinetics of various PFA/GGBS blends were monitored using both ex situ and 

in situ IC. Ex situ IC helped to understand the general trend of heat evolution with the 

increase of GGBS content at two different curing temperatures i.e. 20 and 70 °C. In 

situ analysis was adopted to monitor the reaction from time zero (the time when the 

activators were injected into the powderj.This is to ensure that no reaction peaks were 

missed due to the delay in measurements experienced in the ex situ experiment, due to 

the time required (around 45 minutes) for the machine to stabilize before taking the 

measurements.

5.2.1. Ex situ Isothermal Calorimetry

In this section reaction kinetics of 6 paste samples with various PFA/GGBS ratios at

two different temperatures namely 20 and 70 °C were studied; these pastes were 100/0,

95/5, 80/20, 60/40, 30/70 and 0/100. Fig. 5-1 (a) and (b) show the ex-situ IC heat

evolution curves for PFA/GGBS pastes normalized by the mass of the paste used at 20

158



Chapter 5: Reaction Kinetics and Microstructural Characterization of PFA/GGBS Alkali-Activated Pastes

°C. For the reaction at 20 °C, it has been found that pastes with higher PFA content i.e. 

80% and above didn’t show any noticeable reactivity as can be observed from IC heat 

evolution curves shown in Fig. 5-1 (a). However, as the content of GGBS increased 

(40% and above) one prominent peak was observed. This peak can be attributed to the 

dissolution and precipitation reaction leading to the formation of C-S-H type binding 

gel, and therefore the strength development of such systems (Kumar et al. 2009). The 

peak maxima increased in intensity and shifted towards shorter time as GGBS content 

increased. The maxima peak intensities occurred at around 4, 6 and 10 hours for 100% 

GGBS, 70% GGBS and 40% GGBS samples respectively (see Fig. 5-1 (b)). This can 

explain the rapid setting encountered for high GGBS mixes described in Chapter 4 as 

100% and 70% GGBS samples appear to harden and develop reaction products and 

possibly strengths in as early as 4 and 6 hours respectively. On the other hand, high 

PFA samples i.e. 100/0, 95/5 and 80/20 showed a very slow reaction rate and this is 

well in agreement with the compressive strength development discussed in Chapter 4 

where very low early strengths were obtained when these formulations were cured at 

20 °C.

Figure 5-1 (c and d) shows the heat evolution for the pastes cured at 70 °C. As can be 

seen from Fig. 5-1 (c), the reaction appears to have occurred very fast; it took around 

one hour to reach almost a steady state level as shown in Fig. 5-1 (d), unlike the 

reaction at 20 °C where around 20 hours were required. Similar shift of peaks toward 

shorter times as GGBS content increases was observed as mentioned before in samples
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cured at 20 °C. Nevertheless, at 70 °C the peaks maxima occurred at a much shorter 

time i.e. less than 30 minutes as can be seen from Fig. 5-1 (d). It was also noted that 

the peak intensity was much higher than those found in samples conducted at 20 °C as 

the reaction appeared to happen much faster and in a very short period of time. The 

behaviour of the sample with 5% GGBS was similar to that of neat PFA in terms of 

heat rate evolution. Samples with GGBS content of 20% and higher showed similar 

peaks that increased in magnitude as the slag content increased (Fig. 5-1 (c)).

The cumulative heat evolved during the reaction was also computed for each sample 

by calculating the area under the heat flow curves. The total heat of the reaction was 

found to be directly proportional to the GGBS percentage as shown in Fig. 5-2. The 

cumulative heat output for high PFA formulations e.g. 100/0 and 95/5 at 20 °C was 

very low indicating the poor reactivity of these blends at ambient temperature (see Fig. 

5-2 (a)). The cumulative heat generally increased with the increase in GGBS content 

suggesting better reactivity. These observations are similar to those by others 

(Chithiraputhiran and Neithalath 2013). However, moderate cumulative heat outputs 

were recorded even for high PFA formulations examined at 70 °C as can be seen in 

Fig. 5-2 (b). The cumulative heat output recorded for formulations with 20% GGBS 

and higher was comparable at both 20 and 70 °C with that obtained at 70 °C being 

slightly higher, indicating more accelerated reaction at this temperature as the reaction 

at 20 °C is slower and therefore needs much more time to reach steady state levels.
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5.2.2. in situ Isothermal Calorimetry (IC)

The quick setting behaviour observed in PFA/GGBS blends required the study of the 

reaction time from the early stages of the reaction, as the heat evolution rates discussed 

in section 5.2.1 did not include the very early part of the reaction. This was due to 

mixing the samples outside and then placing them into the IC machine, and the system 

then took around 45 minutes to stabilize before the measurements could start. In-situ 

IC was performed at 20 °C to monitor the reaction from time zero. The liquid portion 

was injected into ampules containing the powder and mixing for around one minute 

when the system in the IC was in equilibrium.

Fig. 5-3 shows the in-situ IC curves for the reaction up to 100 hours (a) with a zoom 

on the first 3 hours of the reaction (b). An instant initial peak was observed in all the 

samples within about five minutes upon the injection of the activators into the ampules 

containing the measured powder content. This peak can be attributed to the wetting 

and dissolution of species from PFA and GGBS. The highest magnitude of initial peaks 

was recorded for high PFA content samples and the lowest initial peak was recorded 

for the blend with the highest GGBS content i.e. 30/70. This can be ascribed to the 

wetting and dissolution of Si-O and Al-0 species from mainly PFA with some Ca2'*' 

cations from GGBS as its content increased in the blend (Shi et al. 2006; Bernal et al. 

2011). A second initial peak with a lower magnitude than the first peak occurred after 

around 30 minutes of reaction, over a period of about 2 hours, in all the samples except 

100% PFA sample. This peak increased in intensity with the increase in GGBS content
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in the blend, and this can be attributed to the formation of C-S-H product from the 

reaction between Ca2+ dissolving from GGBS particles and silica anions from the 

activators (Shi and Day 1995, 1996). This reaction was reported to play an important 

role in setting and mechanical properties in slag cement pastes (Fernandez-Jimenez 

and Puertas 2003). As can be observed from Fig. 5-3 (b), the magnitude of the peak 

for 30/70 blend was higher than that of 60/40 and 80/20 suggesting the formation of 

more C-S-H binding gel in samples with higher GGBS content, and therefore shorter 

setting time and higher compressive strength. This is consistent with the setting time 

and compressive strength observations discussed earlier in Chapter 4 of this thesis 

(Section 4.3).

A third peak was detected in samples with high content of GGBS i.e. 40% and 70% 

after a relatively short induction period (Fig. 5-3 (a)). This peak was identified at 

similar reaction times in the ex-situ IC analysis, therefore it can be concluded that only 

the two early peaks were missed in that analysis. This peak can be attributed to the 

subsequent precipitation and formation of reaction products mainly C-S-H in these two 

samples, as PFA rich samples i.e. did not show any exothermal heat output at this 

stage. Similar peak at longer reaction time i.e. 24 hours was reported for 50/50 fly ash: 

slag blend (Chithiraputhiran and Neithalath 2013). The number, magnitude and 

location of the peaks depend on various parameters such as the type and concentration 

of the activator (s), reaction temperature (Shi and Day 1996) and the nature and the 

reactivity of the raw materials.

164



Chapter 5: Reaction Kinetics and Micmtnictural Characterization of PFA/GGBS Alkali-Activated Pastes

The cumulative heat out profiles for the reaction shown in Fig. 5-3 (c) followed the 

same trend as that obtained from the ex-situ IC measurement discussed in section 5.2.1.
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Chapter 5: Reaction Kinetics and Microstructural Characterization ofPFA/GGBS Alkali-Activated Pastes

5.2.3. Effect of Water-to-Solid Ratio on Heat Evolution Rate of 30/70 

Blend

Water-to-solid ratio (w/s) was found to influence the setting behavior of PFA/GGBS 

blends as discussed in Chapter 4. Setting time was found to be prolonged with the 

increase in w/s ratio. In order to provide more insight on the effect of w/s ratio on the 

reaction kinetics in situ IC was used to monitor the reaction kinetics of a high GGBS 

blend (30/70) with a fixed activator dosage of M+ 7.5% and AM of 1.25 at water 

contents of 0.37 and 0.42. Fig. 5-4 shows the effect of increasing w/s ratio from 0.37 

to 0.42 on the heat evolution rate and cumulative heat output in 30/70 blend. As w/s 

ratio increased from 0.37 to 0.42 the same general trend of peaks observed in the 

previous section was also observed but with some differences in the intensity of the 

heat evolution peaks. The increase in w/s ratio lowered the magnitude of the peaks 

suggesting slower rate of reaction. A considerable shift of the accelerated “hydration” 

peak (~3 hours) towards later time was detected in the sample with high w/s ratio (Fig. 

5-4 (a)). The shift may indicate a delay in the formation of reaction products, mainly 

C-S-H gel, consistent with the increase in the setting time with increase in w/s ratios 

reported in Chapter 4 of this thesis. This confirms the GGBS dominance on the 

reaction in high GGBS blends as will be discussed later in this Chapter. It is also 

observed that the sample with the lower w/s (0.37) ratio gave higher heat evolution 

rate up to 12 hours, and then the sample with higher w/s ratio (0.42) started to catch 

up and it stayed slightly higher than that of the lower w/s for the measurement duration
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of up to 60 hours. The cumulative heat of reaction, as shown in Fig. 5-4 (c), was fairly 

similar in the two samples with the blend formulated with w/s of 0.37 started higher in 

magnitude until around 40 hours and thereafter the sample with higher w/s ratio 

showed slightly higher magnitude of heat released. This delay of the reaction with the 

increase in w/s ratio has previously been reported in GGBS activated with sodium 

silicate solution and was attributed to the dilution effect of the activators (Shi and Day 

1996).
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Chapter 5: Reaction Kinetics and Microstrudural Characterization ofPFA/GGBS Alkali-Activated Pastes

5.3. Microstructural Characterization of 100% PFA Pastes

Microstructural analysis was carried out on 3 sample pastes with the aim of observing 

the difference in reaction products and morphology when different chemical dosages 

were used. The samples were oven cured at 70 °C for 7 days then stored in tight 

containers at 20 °C until testing (after 28 days). Three samples were produced as 

follows: PI {M+ 7.5%; AM 1.25}; P2 {M+ 7.5%; AM 0.85}; P3 {M+ 11.5%; AM 

0.85}. XRD, FTIR, TGA and SEM techniques were used in this investigation. The 

details for the characterized samples are shown in Table 5-1.

Table 5-1: 100% PFA pastes used for microstructural characterization

PI P2 P3

PFA ratio (%) 100% 100% 100%

GGBS ratio (%) 0% 0% 0%

PFA quantity (g) 500 500 500

GGBS quantity (g) 0 0 0

Sodium silicate sol. (g) 118.0 173.0 265.3

NaOH (17% concentration) (g) 29.0 20.0 30.4

Added water (g) 140.0 110.0 70.2

Total water (g) 212.8 216.7 233.9

M+ 7.5 7.5 11.5

AM 1.25 0.85 0.85

w/s 0.37 0.37 0.37
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5.3.1. X-Ray Diffraction Analysis (XRD)

The crystalline phases observed in the three investigated samples i.e. PI, P2 and P3 

were the same phases identified in the unreacted (raw) PFA, namely Mullite, Quartz 

and traces of Hematite, see Fig. 5-5. Corundum was also detected in the raw PFA 

sample as it was used as an internal standard to quantify the amorphous percentage of 

the PFA. No crystalline reaction products were recognized in the reacted samples due 

to the amorphous nature of the typical reaction product expected in neat PFA systems 

i.e. aluminosilicate hydrated binding gel rich in sodium (N-A-S-H).

Intensity of peaks for the crystalline phases is noticeably reduced compared with the 

unreacted material due to the amorphous gel formation. Spectra of reacted samples did 

not show significant differences; therefore the investigation of the amorphous structure 

via FTIR was subsequently carried out.

171



Ch
ap

te
r 5

: R
ea

ct
io

n 
Ki

ne
tic

s a
nd

 M
ic

ro
str

uc
tu

ra
l C

ha
ra

ct
er

iza
tio

n 
of

 P
FA

/G
G

BS
 A

lk
al

i-A
ct

iv
at

ed
 P

as
te

s

(N
r-

U 3

Fi
gu

re
 5-

5:
 X

R
D

 pa
tte

rn
 fo

r 1
00

%
 PF

A
 sa

m
pl

es
 w

ith
 d

iff
er

en
t c

he
m

ic
al

 do
sa

ge
s (

PI
, P

2 a
nd

 P3
)



Chapter 5: Reaction Kinetics and Microstructural Characterization ofPFA/GGBS Alkali-Activated Pastes

5.3.2. Fourier Transform Infrared Spectroscopy (FTIR)

The amorphous structure of the reacted material was studied using FTIR spectroscopy 

analysis. The shifting towards a lower wavenumber for detected peaks (as can be seen 

from Fig. 5-6) is attributed to the change of microstructure and the formation of the 

amorphous reaction products, with the partial replacements of Si04 units by tetrahedral 

AIO4 units (Asadi et al. 2013). In unreacted PFA the Si-0-(Si or Al) band was centered 

around 1057 cm'1, whereas in all the reacted samples a shift towards 1004, 995 and 

995 cm"1 was observed for PI, P2 and P3 respectively. This indicates the reaction 

development in the three samples, giving P2 and P3 the same wavenumber of 995, 

whereas P1 showing a lesser extent of reaction. The peak observed at the wavenumber 

of 1650 cm'1 is attributed to the -OH bending vibration of chemically bound water, 

and it is present in all the three samples, which confirms the presence of the reaction 

products. In the range 3200-3600 cm 1 a hump that is due to the stretching vibration 

modes of H-OH groups has been identified for the reacted materials. This increased or 

broadened with the increase in the activator dosage, presumably due to the increase in 

the volume of reaction products. This corresponds well with improvement in 

mechanical properties of the samples. Quartz was observed in both the unreacted PFA 

and the reacted pastes with bands at 795 and 775 cm"1 respectively (Fernandez-Jimenez 

and Palomo 2005; Criado et al. 2007; Ismail 2013) in agreement with XRD analysis. 

The infrared spectroscopy highlighted differences among the three reacted samples,
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showing that PI (a lower dosage) underwent a lesser extent of reaction, and thus 

resulted in lower strength.

3400

3400

3400

Unreacted PFA

00 2500 20
Wavenumber (cm1)

Figure 5-6: FTIR spectra for 100% PFA samples with different activator dosages

5.3.3. Thermogravimetric Analysis (TGA)

PFA pastes showed moderate mass losses. In these materials the reaction products are 

mainly related to the N-A-S-H (sodium - aluminum - silicate - hydrate) binding gel 

system. The mass loss at 300 °C (when water from the aluminosilicate type-gel is 

removed) was between 7 and 9 %; see Fig. 5-7 (a) and Table 5-2. The amount of 

hydrated products in the paste is a proxy for the degree of reaction. PI on one hand
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and P2 and P3 on the other show different amounts of hydrated compounds according 

to the intensity of differential curve peaks centered at around 150°C, see Fig. 5-7 (b). 

Such increased intensity has been attributed to a higher amount of aluminosilicate gel 

formation (Rodriguez et al. 2013) and consequently leading to a higher compressive 

strength. It can therefore be concluded that PI reacted to a lesser extent compared with 

P2 and P3, and this is in agreement with the lower strengths obtained from mortars. In 

addition, PI showed a mass loss at high temperature (associated with CO2 emission at 

600 - 800°C) which was similar to that of the unreacted PFA, Fig. 5-7 (a). This 

behavior can be related to the relatively poor reactivity of PFA in sample PI, which 

resulted in higher proportion of unreacted fly ash particles in sample PI than in the 

other two samples i.e. P2 and P3.
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Chapter 5: Reaction Kinetics and Microstrudural Characterization ofPFA/GGBS Alkali-Activated Pastes

Table 5-2: Cumulative mass loss (in %') at different temperatures for the investigated 100% 
PFA samples. Paste compositions and dosage parameters are also reported in the first rows of 
the table

Sample ID PI P2 P3 P9 (PFA) P10 (GGBS)

PFA (%) 100% 100% 100% 100% 0%

GGBS(%) 0% 0% 0% 0% 100%

M+ 7.5 7.5 11.5 - -

AM 1.25 0.85 0.85 - -

100°C 1.5 3.7 2.3 0.1 0.1

200°C 6.0 8.2 7.8 0.2 0.3

300°C 7.3 9.3 9.1 0.3 0.4

400° C 7.8 9.8 9.6 0.3 0.4

500° C 8.2 10.0 9.8 0.4 0.5

600° C 8.8 10.2 10.1 0.8 0.7

700°C 9.5 10.2 10.1 1.4 0.8

800° C 10.4 10.4 10.3 2.4 0.8

900°C 11.2 10.6 10.5 3.7 0.8

1000°C 11.8 10.9 10.8 4.4 0.8
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5.3.4. Scanning Electron Microscopy (SEM) with Energy 

Dispersive Spectroscopy (EDAX)

Since the nature of the reaction products in geopolymers is mainly an amorphous or 

semi-crystalline aluminosilicate gel, SEM with EDAX attachment can be a useful tool 

to study the reaction products and the morphology of the geopolymeric matrix.

Three different morphologies of the studied samples can be seen in Fig. 5-8. The 

magnification 3000X (30 pm) allowed to observe much higher unreacted (or partially 

reacted) cenospheres in sample PI than those observed in samples P2 and P3. 

Furthermore, denser microstructures were detected in samples P2 and P3; these 

microstructures indicated better reactivity of PEA and therefore better mechanical 

properties as confirmed by higher compressive strength, FTIR and TGA results.
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Figure 5-8: SEM images (3000X magnification) for 100% PFA investigated samples (PI, P2 and 
P3) showing: unreacted PFA particles (1), partially reacted PFA particles (2) and geopolymeric 
gel (3).

EDAX analysis allowed detecting the presence of elements in the global image, as well 

as concentrating on specific points for the chemical determination of reaction products. 

Si was present in both the raw material and in the activating solution, whereas A1 and 

Ca were only present in the raw material and Na was only added in solution. Tracking
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the presence of these elements can provide some indication about the extent of 

dissolution of precursor solids as well as the composition of the binding gel.

It is generally accepted that the Al-O-Al bonds are thermodynamically disadvantaged 

in tetrahedral structures, therefore Si-O-Al bonds are preferred when sufficient Si is 

available (i.e. Si/Al higher than 1) (Provis 2013; Duxson et al. 2006). Since A1 cannot 

balance the global charge, alkali cations i.e. Na+ are incorporated in the gel structures. 

Fig. 5-9 shows SEM EDAX images with elemental mapping for the studied samples. 

In sample PI, the presence of Al was much localized at where cenospheres are. 

Consequently, Na is scarcely present indicating lesser extent of reactivity. Si was 

detected both in the unreacted solids and in the binding gel. It appears that Al did not 

fully participate in the formation of the gel structure and majority of it was left 

unreacted.

Sample P2: although the dosage of Na in the solution was the same as PI, it seems to 

be more abundant in the matrix than observed in sample PI. Al also followed the same 

trend observed for Na. This implies that more Al has been dissolved and it is localized 

in the gel matrix, capturing more Na cations in the geopolymeric structure. Si was 

abundantly available because of the increased dosage in the activating solution in this 

sample. The higher dissolution of Al with higher Si availability in the matrix is in 

agreement with findings from Hajimohammadi et al. (2011). They observed that, due 

to multiple aluminosilicate nucleation point opportunities with high Si availability, Al
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contributed more in the geopolymer gel formation. However, from the images it is still 

possible to correlate high concentration of A1 or Si with unreacted particles.

Fig. 5-9 also shows elemental mapping for sample P3: the distribution of Al, Na and 

Si was found to be homogeneous in the matrix, and the dissolution of solid 

aluminosilicates was nearly complete.

The SEM and EDAX analysis confirmed that PI did not fully react, whereas P2 and 

P3 showed higher levels of aluminosilicate gel structure formation. This analysis 

confirmed that it is not only the quantity of reacted particles that led to low mechanical 

properties, but also the different reaction products. The participation of Al in the N-A- 

S-H gel was enhanced with higher amounts of free Si. Na cations were able to bond 

more easily and this reduced the efflorescence phenomena in P2 and P3 samples. The 

higher strength of P3 appears to be due to the more developed and cross-linked Si 

tetrahedral structures when higher Si content was available.
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AI Na Si

Sn-4. *

Figure 5-9: Elemental mapping for PI, P2 and P3

Hematite crystals were also identified in sample PI as shown in Fig. 5-10. As can be 

observed from the EDAX analysis and the elemental mapping, Fe can only be spotted 

at the location of the hematite crystal and nowhere else in the matrix, therefore it can 

be concluded that iron existed only in the unreacted PFA. The presence of hematite 

was also identified by XRD as described earlier.
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Figure 5-10: Hematite crystals identified in sample PI

5.4. Microstructural Characterization of PFA/GGBS 

Blends

In order to understand the role of GGBS on the microstructural development and 

reaction products of ambient temperature cured PFA/GGBS blends, microstructural 

characterization using XRD, FTIR, TGA and SEM was carried out on mature pastes
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cured for 28 days. Pastes with as low as 5% GGBS and as high as 70% GGBS were 

studied. The details for the pastes investigated are shown in Table 5-3.

Table 5-3: The examined PFA/GGBS blends

P4 P5 P6 P7 P8

PFA ratio (%) 95% 80% 60% 30% 30%

GGBS ratio (%) 5% 20% 40% 70% 70%

PFA quantity (g) 475 400 300 150 150

GGBS quantity (g) 25 100 200 350 350

Sodium silicate sol. (g) 118 118 118 155 0

NaOH solids (g) 29 29 29 23 48

Added water (g) 140 140 140 120 200

Total water (g) 213 213 213 216 200

M+ 7.5 7.5 7.5 7.5 7.5

AM 1.25 1.25 1.25 0.95 NaOH

only

w/s 0.37 0.37 0.37 0.37 0.37

5.4.1. X-Ray Diffraction Analysis (XRD)

The XRD spectra of unreacted GGBS showed that only traces of Akermanite and 

Gehlenite were present as crystalline phases (see Fig. 5-11). In the reacted PFA/GGBS 

pastes, the sample P4, which contains 5% GGBS, showed a spectrum similar to that 

of 100% PFA samples discussed in the previous section. This indicates the absence of
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C-S-H type gel as a typical reaction product expected in slag systems. The main 

reaction product identified in samples with GGBS ratios of 20% and higher (P5 to P8), 

was a poorly ordered Calcium Silicate Hydrate (C-S-H) type gel which has been 

previously reported for alkali-activated slag (Wang and Scrivener 1995) and slag and 

fly ash systems in samples with a minimum slag content of more than 50% (Bernal et 

al. 2013; Ismail 2013). Hydrotalcite was also identified in the sample activated with 

only NaOH solution (P8). This may be attributed to the less availability/absence of 

gropolymeric gel (N-A-S-H) due to the lack of silica in the activators. The absence of 

geopolymeric gel can result in the Al to be available for the crystallization of 

hydrotalcite. Hydrotalcite has been also identified in slag systems activated with 

different activators (Wang and Scrivener 1995; Escalante-Garcfa 2003 and 

Lothenbach and Gruskovnjak 2007). The precipitation of hydrotalcite which was 

found to increase in amount with the increase of MgO content in the slag was reported 

elsewhere (Haha et al. 2011). Fig. 5-11 shows the XRD spectra for the studied 

PFA/GGBS pastes. The crystalline phases observed in the raw PFA i.e. Quartz and 

Mullite were also detected in PFA/GGBS samples.
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Chapter 5: Reaction Kinetics and Microstructural Characterization ofPFA/GGBS Alkali-Activated Pastes

5.4.2. Fourier Transform Infrared Spectroscopy (FTIR)

The band centred at 985 cm'1 in the unreacted GGBS sample is assigned to the 

asymmetric stretching vibration of T-O-T bond (T is tetrahedral Si or Al). In the 

reacted blended PFA/GGBS samples P4 to P8, the T-O-T band shifted toward a lower 

wavenumber as the content of slag increased. The bands were centred at 975, 965, 958, 

and 952 cm'1 for P4, P5, P6 and P7 respectively. Shifting of the peaks toward a lower 

wavenumber in GGBS rich blends has been ascribed to the simultaneous activation of 

PFA leading to the formation of a binding gel with more cross-linked aluminosilicate 

geopolymer gel (N-A-S-H) (Ismail 2013). In sample P8 (70 % GGBS sample activated 

with NaOH only) the T-O-T band was centred at a lower wavenumber (944 cm"1) 

compared to the samples activated with both sodium hydroxide and sodium silicate 

activators. In this particular case (P8), activation using NaOH only, and a relatively 

low M+ of 7.5% for PFA, may have hindered the reactivity of PFA, and therefore 

preventing the formation of either N-A-S-H or Al rich C-S-H binding gels. As a result, 

low Al C-S-H binding gel was formed along with hydrotalcite. SEM images of sample 

P8 which is discussed later in this chapter, revealed a larger extent of unreacted PFA 

particles confirming the above explanation.

A band centred at 1400 cm'1 was detected in all PFA/GGBS samples and was

attributed to CO3'2 probably due to some carbonation during the sample preparation.

As observed in 100% PFA reacted samples, the stretching bending mode of H-OH
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groups was centred at around 3400 cmand appeared to increase or broaden with 

increase in the GGBS content probably due to the evolution of the reaction products. 

Another band related to the reaction products is identified at around 1650 cm"'due to 

the bending vibration of O-H of the hydrated reaction products. Fig. 5-12 shows FTIR 

spectra for the different PFA/GGBS pastes.

1650

\3400

1650 14003400

1650 1400

1650 140(

3400
Unreacted GGBS-

Unreacted PFA

s.».‘

I 2500
Wavenumber (cm1)

Figure 5-12: FTIR spectra for different PFA/GGBS samples (P4-P8)

5.4.3. Thermogravimetric Analysis (TGA)

Fig. 5-13 illustrates the obtained curves for mass loss of the investigated PFA/GGBS

samples. From the analysis of the TG curves and the derivative TG (DTG) curves,
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showed in Figs. 5-13 and 5-14, it can be observed that the main mass losses occurred 

in the region 40 - 160 °C, with peaks centred in the range 90 - 130 °C. This region 

corresponds to the dehydration of physically bound water in the gel structure (mainly 

in the pore network). The water gas emission curves are the mirror image of the DTG, 

confirming that the main mass loss happens due to the dehydration process.

As far as raw materials are concerned, it can be observed that both PFA and GGBS are 

very stable. A mass loss of about 4% has been observed for PFA, which is presumably 

due to the loss on ignition of carbon compounds (L.O.I. from XRF analysis was about 

3.6%). Gas emission analysis obtained with the mass spectrometer confirms this 

hypothesis, since emissions recorded starting from 600 °C - i.e. in concomitance with 

the mass reduction - are attributed to CO2 gas emissions.

GGBS-rich pastes (high calcium pastes) show higher mass losses due to dehydration 

process. Figs. 5-13 and 5-14 show, respectively, the thermogravimetry data curves and 

the differential thermograms for the examined PFA/GGBS samples. In these materials 

the hydration products are mainly related to the C-(N)-A-S-H (calcium - aluminium - 

silicate - hydrate) systems, with sodium ions in the structure. The dehydroxylation 

occurs from around 300 °C to 600 °C (Brady J.P. 2011), with it being almost complete 

by 550-600 °C. The total mass loss up to 600°C can be taken as a relative measure of 

the degree of reactivity of the material.
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Chapter 5: Reaction Kinetics and Microstructural Characterization ofPFA/GGBS Alkali-Activated Pastes

The higher the quantity of GGBS in the sample the more the available hydrated 

products are (See Table 5-4), from 10% (P4, 5% GGBS content) to around 24% (P7, 

70% GGBS content). The increased intensity of the mass loss with the increase in 

GGBS content indicates a higher extent of reaction products, well in agreement with 

the high compressive strength obtained in these formulations. The correlation between 

compressive strengths and the mass loss at 600 °C (when dehydration is complete) is 

shown in Fig. 5-15.

Table 5-4: Cumulative mass loss (in %) at different temperatures for the investigated 
PFA/GGBS samples. Paste compositions and dosage parameters are also reported in the first 
rows of the table

Sample ID P4 P5 P6 P7 P8 P9(PFA) PIO(GGBS)

PFA (%) 95% 80% 60% 30% 30% 100% 0%

GGBS(%) 5% 20% 40% 70% 70% 0% 100%

M+ 7.5 7.5 7.5 7.5 7.5 - -

AM 1.25 1.25 1.25 0.95 NaOH only - -

100°C 5.2 9.4 8.5 8.6 9.5 0.1 0.1

200°C 8.9 16.3 18.3 18.7 17.0 0.2 0.3

300°C 9.6 17.4 19.8 20.3 18.2 0.3 0.4

400°C 10.0 18.0 20.7 21.9 19.6 0.3 0.4

500°C 10.1 18.3 21.3 23.1 20.0 0.4 0.5

600 C 10.3 18.5 21.8 23.6 20.3 0.8 0.7

700°C 10.4 18.6 22.5 23.8 20.4 1.4 0.8

800° C 10.9 18.8 23.1 23.9 20.6 2.5 0.8

900° C 11.3 19.1 23.2 24.0 20.8 3.7 0.8

1000°C 11.6 19.4 23.3 24.3 21.4 4.4 0.8
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100 n

Mass loss up to 600 °C (%)

Figure 5-15: Relationship between compressive strength 
(MPa) and hydrated products (observed as mass loss up to 600 
°C) for PFA/GGBS pastes (samples P4 to P8).

The comparison between samples P7 and P8 shows different features that are useful 

for the understanding of the reaction products. Sample P8 was activated with NaOH 

only, and shows a reduced amount of hydrated compounds when compared to P7 

(18.2% vs. 20.3% at 300 °C respectively), which indicates a lack of reactivity and 

therefore a deficiency in binding gel formation. Furthermore, an isolated peak at
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around 350 °C can be observed in sample P8 (Figs. 5-16 and 5-17); this peak is 

associated with the dehydration of hydrotalcite which has been reported to be 

decomposed in the range of 270 - 400 °C (Haha et al. 2011; Ismail 2013). 

Hydrotalcites are a class of anionic clays that are formed in highly caustic conditions 

(pH greater than 9), as hydrated compounds of Mg, Al and COs2'. The presence of 

hydrotalcite as a reaction product has been identified through XRD analysis in the 

present study when NaOH only was used as activator. A possible explanation for the 

formation of hydrotalcite in such condition is that NaOH activation alone is not 

sufficient for the complete development of hydration products in the form of N-A-S- 

H and C-A-S-H, and some Al is left available for the reaction with Mg from the slag 

under very high pH conditions. On the other hand, P7 differential thermogram shows 

a broader hump in the range 300 - 600 °C, that is reported in the technical literature as 

the dehydroxilation by condensation of the bound silanol (-Si-OH end group) groups, 

which is completed at around 600 °C (Zhuravlev 2000; Brady 2011), with no evidence 

of hydrotalcite.

It is also worth mentioning that there was a certain degree of mass loss detected in 

sample P6 (60%/40% PFA/GGBS) at temperatures in the range of 700 - 850 °C. From 

the gas emission curves, this mass loss corresponded to the CO2 emission with a peak 

at -720 °C. Since no main carbonate compounds have been found from XRD analysis, 

it is assumed that the carbonation occurred during the TGA sample preparation. In all
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other paste samples, the mass loss curves start to reach a plateau after a temperature of 

about 600 °C.
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Figure 5-16: Differential thermograms for P7 and P8 samples

Ion current (A)

1.00E-09
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2.00E-10
Hydrotalcite decomposition (= 350°C) in P8

0.00E+00
400 600
Temperature T (°C)

Figure 5-17: Thermogravimetry and FhO emission curves for P7 and P8 samples
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5.4.4. Scanning Electron Microscopy (SEM) with Energy Dispersive 

Spectroscopy (EDAX)

SEM/EDAX was carried out on various PFA/GGBS pastes to study the influence of 

GGBS addition on the morphology of these paste samples. The effect of activators on 

the morphology was also examined by activating the sample 30/70 using sodium 

hydroxide solution only and a combination of sodium hydroxide and sodium silicate 

solutions. Studying the morphology can allow detection of the following components 

of the matrix: (a) unreacted or partially reacted particles (cenospheres for PEA and 

flakes for GGBS); (b) matrix gels; (c) crystals from raw materials or from precipitation 

during reactions; (d) pores and cracks in the matrix. Furthermore, EDAX was carried 

out on the samples to analyse the chemical composition of the binding gel.

Fig. 5-18 shows that samples with lower GGBS content i.e. P4 (5% GGBS) and P5 

(20% GGBS) showed larger amount of unreacted particles. Therefore a less dense 

matrix was found in sample P4. When GGBS content was increased to 20%, the matrix 

became denser with smaller amount of unreacted particles and less visible pores. The 

structure of the matrix gets denser and more uniform with the increase of GGBS 

content; samples P6 (40% GGBS) and P7 (70% GGBS) as shown in Fig. 5-18 showed 

a developed microstructure with more glassy texture indicating more binding gels. 

This observation is well in agreement with the mechanical testing as higher 

compressive strength was obtained as the GGBS percentage increased.
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Figure 5-18: 30 microns SEM images for samples P4 to P7 with different GGBS content

The effect of different activating conditions on a sample containing 70% GGBS on the 

morphology was examined. The reason for this study was that much lower 

compressive strength was obtained for the sample activated with only NaOH solution.
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The result in the matrix formation is obvious (see Fig. 5-19): P8 presented a higher 

degree of unreacted (or partially reacted) particles, both from PFA and from GGBS 

precursors, with a coarse bonding with the gel. Sample P7, on the other hand, showed 

a very dense and uniform matrix. The difference in compressive strength was very 

high (80 MPa for sample P7 and around 30 MPa for sample P8), confirming a lack of 

reaction due to the lack of silicates in the solution that can form the binding gel.

Figure 5-19: Morphology of samples P7 (70% GGBS activated with a mixture of sodium 
hydroxide and sodium silicate solution) and P8 (70% GGBS activated with NaOH only)

EDAX elemental composition analysis was also carried out on two magnifications:

with the images at 3000X the EDAX was performed on the whole image, whereas on

the 8000X images two spot analyses were carried out, usually one on grains (or

observable crystals) and the other on the gel. Moreover, a mapping of elements was

carried out on 3000X images. Figures 5-20 to 5-24 show the morphology along with

EDAX elemental analysis and the mapping of elements for the investigated samples.
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As can be seen from these figures, unreacted or partially reacted PFA or GGBS 

particles can easily be distinguished from their shape as PFA particles are spherical 

(Fig. 5-20 C) whereas GGBS particles appear as flakes or irregular in shape (Fig. 5- 

21) and amalgamated in the matrix. The elemental mapping showed that the 

distribution of the main elements i.e. Al, Si, Ca and Na appeared to be more uniform 

as the GGBS content increased indicating the evolution in the reaction products or the 

gel as can be seen from Fig. 5-22 C and 5-23 C. Nevertheless, sample P8 (70% GGBS 

activated with only NaOH) showed morphology similar to that of low GGBS samples 

with larger extent of unreacted or partially reacted PFA and GGBS particles on the 

expense of the binding gel (Fig. 5-24).
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Figure 5-20: EDAX elemental analysis of sample P4 (5% GGBS): (A) spot analysis on a grain, 
(B) spot analysis on the gel and (C) elemental mapping
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Figure 5-21: EDAX elemental analysis of sample P5 (20% GGBS): (A) spot analysis on a grain, 
(B) spot analysis on the gel and (C) elemental mapping
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Figure 5-22: Figure 5—20: EDAX elemental analysis of sample P6 (40% GGBS): (A) spot 
analysis on a grain, (B) spot analysis on the gel and (C) elemental mapping
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Figure 5-23: EDAX elemental analysis of sample P7 (70% GGBS): (A) spot analysis on a grain, 
(B) spot analysis on the gel and (C) elemental mapping
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Na Ca Si

Figure 5-24: ED AX elemental analysis of sample P8 (70% GGBS activated with only NaOH 
solution): (A) spot analysis on a grain, (B) spot analysis on the gel and (C) elemental mapping
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The chemical composition of the reaction products shown in Fig. 5-25 and Table 5-5 

varied depending on the GGBS composition in the PFA/GGBS blend. In the sample 

with low GGBS content i.e. P4, Si/Al atomic ratios ranged from 2.5 to 2.9 with an 

average ratio of 2.8. On the other hand, Ca/Si ratios were in the range of 0.1 to 0.3 

with an average ratio of 0.2. The Si/Al ratio of sample P4 was similar to that of 100% 

PFA samples suggesting the dominance of PFA in these samples due to the low GGBS 

content. The reaction products in this sample (P4) consisted mainly of Si, A1 and Na 

whereas the content of Ca was relatively low in the matrix as shown in Table 5-5. As 

the content of GGBS increased in the sample the amount of Ca increased and the 

amount of Si and A1 appeared to decrease in the matrix. Furthermore, the amount of 

the main elements and their atomic ratios varied depending on the PFA/GGBS blend. 

As it can be seen in Fig. 5-25 and Table 5-5, Ca/Si and Si/Al ratios (in samples P4 to 

P7) increased with the increase in GGBS content. The highest Ca/Si ratio was obtained 

in sample P6 (Ca/Si = 0.7) which was similar to that of P7 (0.6) and the highest Si/Al 

ratio was found in sample P7 (Si/Al = 3.1). This explains the high compressive strength 

obtained for P7 (~80 MPa) which is due to the better geopolymerization or highly 

cross-linked structures of the binding gels (Ismail et al. 2014) leading to more compact 

and denser matrix and therefore better mechanical properties.

The chemical composition of the reaction product of sample P8 which was activated 

with NaOH solution only was different from that of the other blends, especially in the 

amount of Ca. The amount of Ca in the matrix was higher than that of the other samples 

including P7 which had the same GGBS content. Moreover, the Ca/Si ratio was 1.5;
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the highest amongst all investigated blends. This ratio is far higher than the typical 

ratio in the range of 1.0 to 1.2 for neat alkali-activated slag systems reported by various 

authors (Richardson et al. 1994; Escalante-Garcfa 2003 and Ismail 2013). This high 

Ca/Si ratio is more similar to that reported in C-S-H gel in Portland cement systems 

which varies from 1.2 to 2.3 (Richardson 1999). The reaction in this sample seems to 

be the hydration of GGBS leading to the formation of high Ca C-S-H gel, and very 

little contribution from PFA as can be seen from Fig. 5-24 C where unreacted PFA 

particles can be easily identified. This explanation is in good agreement with the 

compressive strength results discussed in Chapter 4 as compressive strength in the 

range of 30 MPa was obtained for 70% GGBS mortars activated with NaOH only 

regardless of the dosage (M+) suggesting that the reaction as suggested above is 

hydration of GGBS in the absence of soluble silicates.

207



Chapter 5: Reaction Kinetics and Microstructural Characterization of PFA/GGBS Alkali-Activated Pastes
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Figure 5-25: EDAX Ca/Si and Si /AI ratios for the gels in the studied PFA/GGBS samples

Table 5-5: Average values and the standard deviation in the brackets of the main elements and 
their atomic (%) ratios in the matrix of the investigated samples

PFA/GGBS Blend Ca Si Al Ca/Si Si/Al

P4 (5%GGBS) 2.5 (0.7) 13.3 (0.4) 4.8 (0.2) 0.2 (0.0) 2.8 (0.2)

P5 (20%GGBS) 4.3 (1.7) 12.0(1.0) 5.3 (1.4) 0.4 (0.2) 2.3 (0.4)

P6 (40%GGBS) 6.7 (1.4) 9.9 (1.6) 3.9 (0.4) 0.7 (0.2) 2.5 (0.6)

P7 (70%GGBS) 6.5 (1.9) 10.3(1.8) 3.3 (0.6) 0.6 (0.1) 3.1 (0.6)

P8 (70%GGBS NaOH only) 12.5 (4.2) 8.6 (2.5) 3.7 (0.9) 1.5 (0.6) 2.3 (0.3)
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The variation of the chemical composition of the main elements of the binding gel with 

the increase in the GGBS content suggests the development of different reaction 

products. In sample P4 (5% GGBS), the reaction product was mainly alkaline 

aluminosilicate hydrate geopolymer gel (N-A-S-H) with Si/Al ratios of (2.5-2.9) and 

a low Ca/Si ratio of (0.1-0.3). The chemical composition for sample P5 (20% GGBS) 

was different from that of P4 as higher Ca/Si ratio (0.2-0.6) was obtained indicating 

the availability of more Ca in the gel. This suggests the formation of C-A-S-H type 

binding gel along with the geopolymer gel (N-A-S-H). TGA and XRD analyses 

discussed earlier also confirmed the availability of C-S-H gel in sample P5. However, 

some studies reported that no prominent change to the chemical composition i.e. Ca/Si 

and Si/Al ratios of the reaction products with GGBS content up to 25% indicating the 

dominance of the geopolymer gel (N-A-S-H) (Ismail et al. 2014; Marjanovic et al. 

2015). In samples with high GGBS content i.e. 40% and 70%, the ratios of Ca/Si 

increased significantly compared to samples P4 and P5. The two samples yielded 

similar Ca/Si ratios in the range of 0.5 - 1.0 with average values of 0.7 and 0.6 for P6 

and P7 respectively. These ratios resemble the chemical composition of C-S-H gel in 

slag systems and therefore the dominant reaction product gel in this case was C-A-S- 

H possibly coexisting with geopolymer type binding gel N-A-S-H. These findings are 

in agreement with previous studies (Marjanovic et al. 2015; Kumar et al. 2009; Provis 

et al. 2012; Garcia et al. 2006). The evolution of reaction kinetics resulted in higher 

compressive strength and reduced setting time with the increase in GGBS content 

which can also be attributed to the co-existence of the above mentioned binding gels
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(Kumar et al. 2009). However, using morphological images and EDAX chemical 

analysis of the gels it was not possible to clearly distinguish the two reaction products 

as they appear to be intermixed at a very small scale to be spotted by EDAX analysis 

(Ismail 2013; Marjanovic et al. 2015; Lloyd et al. 2009). This suggests the formation 

of a hybrid binding gel (C-N-A-S-H) leading to better homogeneity and compactness 

of the matrix (Garcia-Lodeiro et al. 2011; Ismail 2013; Marjanovic et al. 2015).

The correlation of compressive strength and the average EDAX Ca/Si and Al/Si of the 

binding gels is shown in Fig. 5-26. Generally, the compressive strength increased with 

the increase in Ca/Si ratio which is in agreement with the increase in GGBS content in 

the sample (Fig. 5-26 (a)). The highest compressive strength was obtained at Ca/Si of 

0.6 in the sample with 70 % GGBS. This increase in compressive strength with the 

increase in Ca/Si ratio is ascribed to evolution of C-A-S-H binding gel with the 

increase in GGBS content in the blend leading to more densified and compact 

microstructure and consequently improving the mechanical properties. Similarly, 

Si/Al ratios generally increase with increasing the GGBS content (Fig. 5-26 (b)). This 

can be due to the higher dissolution of Si and Al from the precursors leading to a higher 

degree of crosslinking in the structure of the reaction products comprising of N-A-S- 

H and C-A-S-H binding gels (Puertas and Fernandez-Jimenez 2003). On the other 

hand, sample P4 showed lower compressive strength despite Si/Al ratio higher than 

that of P5 and P6. The lower compressive strength obtained for P4 can be attributed to 

the slow reactivity of PFA rich samples at room temperature as observed earlier in this 

chapter in the IC analysis. The slower pace of the reaction at room temperature may
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have hindered the dissolution of A1 from PFA leading to higher Si/Al ratio. This with 

the absence of C-A-S-H binding gel led to less compact matrix and therefore lower 

strength.

A P6 (40% GGBS) P6 (40% GGBS)

P4 (5% GGBS)

Si/ Al (Atomic)Ca/Si (Atomic)

Figure 5-26: Relationship between (a) Ca/Si and (b) Si/Al ratios and compressive strength for 
the different PFA/GGBS blends

A ternary diagram of the ratios of Al, Ca and Na normalized by the quantity of Si was 

created for both neat PFA samples (PI, P2 and P3) and PFA/GGBS blends (P4 to P8) 

as shown in Figs. 5-27 and 5-28 respectively. The theoretical composition of the gel 

calculated based on the chemical composition of the starting materials for neat PFA 

samples had higher Al and Na content than that of the gel obtained by EDAX analysis. 

This can be due to the poor dissolution of Al from the precursor especially in samples
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with higher AM (low soluble silicate) which hindered the availability of A1 in the gel 

nucleation (Hajimohammadi et al. 2013). The unreacted/partially reacted fly ash 

particles in the reacted matrix appeared to have similar composition to that of the raw 

material with lesser quantity of calcium suggesting that the latter was dissolved 

instantly upon activation. Moreover, the variation in theoretical and the EDAX 

measured gel composition of sample PI was found to be higher than the other two 

samples (P2 and P3). The quantity of Al in the binding gel of sample PI also appeared 

to be lower. This can be due the lower soluble silica which hindered the availability of 

Al in the gel nucleation as discussed above. As the activator dosage increased (samples 

P2 and P3) the gel composition obtained by EDAX were more clustered around the 

theoretical composition of the gel (see Fig. 5-27). This indicates better reactivity and 

homogeneity of the binding gel. Furthermore, the quantity of Al in the gel increased 

in samples P2 and P3 with lower alkali modulus (AM 0.85) compared to sample PI 

(AM 1.25). This is attributed to the above mentioned reason as more soluble silicate 

was reported to enhance the release of Al from the precursor and therefore aiding the 

nucleation and the formation of a binding gel rich in Al. An increase in alkali dosage 

(M+) from 7.5% (PI) to 11.5% (P3) increased the sodium content of the binding gel 

as can be seen from Fig. 5-27. Low calcium N-A-S-H binding gel was identified as the 

main reaction product in those formulations.
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Chapter 5: Reaction Kinetics and Microstructural Characterization ofPFA/GGBS Alkali-Activated Pastes

In the case of PFA/GGBS blends (Fig. 5-28), the unreacted GGBS particles obtained 

by EDAX showed similar chemical composition to that of the raw GGBS. However, 

the partially reacted GGBS particles resembled to a larger extent the composition of 

the binding gel. indicating that those particles have reacted to some degree that enabled 

the formation of the gel (C-A-S-H). Sample P4 had a chemical composition of the gel 

similar to that of neat PFA samples. Increasing the GGBS content in the system have 

led to the formation of binding gels with different calcium content as can be seen from 

Fig. 5-28.

Two main categories of the gel can be detected namely a low calcium gel which 

resembles the chemical composition of neat PFA systems and a binding gel with higher 

calcium content which increased as the GGBS content in the system increased. 

Moreover, it was also observed that both low calcium and high calcium gels were 

present in the same blend (P5 and P7) which may suggest the coexistence of both N- 

A-S-H and C-A-S-H from the activation of PFA and GGBS respectively. Furthermore, 

sodium silicate crystals were also detected mainly in sample P4. This can be due to the 

poor reactivity of the precursors in this sample at room temperature due its high PFA 

content (95%), leading to the formation of these crystals.
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Chapter 5: Reaction Kinetics and Microstructural Characterization of PFA/GGBS Alkali-Activated Pastes

5.5. Concluding Remarks

From the experimental work discussed in this chapter the following conclusions can 

be made:

• Reaction kinetics:

o The IC heat evolution rate for the investigated samples increased with 

the increase in the content of GGBS indicating better reactivity and 

better mechanical properties.

o Neat PFA samples showed very low IC heat rate output at ambient 

temperature (20 °C) confirming the limited reaction of PFA at this 

temperature with only one initial peak detected. This peak was 

attributed to the wetting and dissolution of PFA particles in the alkaline 

solution.

o PFA/GGBS blends with GGBS content higher than 20% displayed 

three peaks: initial peak which was attributed to the wetting dissolution, 

then the second initial peak detected after around 30 minutes for a 

period of around 2 hours of reaction and was ascribed to the reaction 

between dissolved Ca2+ from GGBS particles and anions or anion 

groups from the activators. The formation of C-S-H binding gel can 

start at this stage if sufficient Ca2+ is available. The third peak was
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related to the subsequent precipitation and formation of reaction 

products i.e. mainly C-S-H type gel.

o Increasing water-to-solid ratio (w/s) from 0.37 to 0.42 decreased 

noticeably the heat evolution rate especially the first initial peak. Also 

a shift in the third peak was observed to a higher reaction time in the 

sample with a w/s of 0.42, suggesting a retarding effect of water. This 

observation is consistent with setting time observations described in 

Chapter 4.

o IC curves for samples treated at 70 °C showed a very rapid reaction 

with sharper reaction peaks shifted to just under 30 minutes. This 

suggests the immediate formation and precipitation of reaction 

products upon the start of the reaction at this elevated temperature.

• Microstructure:

o XRD technique confirmed the amorphous nature of the reaction 

products of 100% PFA systems and no crystalline reaction products 

were detected in these samples. Microstructural characterization using 

FTIR, TGA and SEM confirmed that chemical dosages i.e. M+ 11.5% 

and AM 0.85 were required for better microstructural development and 

formation of sufficient binding gel as lower dosages such as M+ 7.5% 

and AM 1.25 was found to induce less developed microstructure with

217



Chapter 5: Reaction Kinetics and Microstructural Characterization of PFA/GGBS Alkali-Activated Pastes

larger extent of unreacted particles observed via SEM images. These 

observations were in good agreement with the mechanical properties, 

o The main reaction product in neat PEA samples was an amorphous 

aluminosilicate hydrate gel with sodium in structure (N-A-S-H). 

o PFA/GGBS blends with 20% slag and above showed similar trends 

with noticeable evolution of reaction products as the content of GGBS 

increased. More compact and dense matrix was observed as the content 

of GGBS increased in the blend. C-A-S-H was the main binding gel 

observed in these formulations.

o XRD and EDAX chemical analysis suggested the formation of C-A-S- 

H gel in the sample with as low as 20% GGBS content, 

o Detecting separately the geopolymer gel (N-A-S-H) and C-A-S-H gel 

using EDAX, in samples with high GGBS i.e. 60/40 and 30/70, was not 

possible due to the fact that these gels can be intermixed possibly at a 

nanoscale level, well below the spatial resolution of EDAX analysis. 

The formation of a blended or hybrid binding gel C-N-A-S-H is a likely 

possibility from the analysis of the chemistry of the gels, 

o Alkali activation of 30/70 mix with sodium hydroxide solution only 

showed different morphology, gel chemistry and reaction products than 

the mix activated with a mixture of sodium hydroxide and sodium 

silicate solution though keeping a fixed alkali dosage M+ of 7.5%. The
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morphology displayed a heterogeneous matrix with larger extent of 

unreacted PFA and GGBS particles indicating poor reactivity. 

Hydrotalcite was also identified in this sample through TGA and XRD 

techniques.

o Compressive strength was found to increase with the increase in Ca/Si 

and Si/Al suggesting the increase in the degree of cross-linking of the 

reaction products and therefore more homogenous and compact matrix.

o Compressive strength of the PFA/GGBS blends correlated well with 

the TGA mass loss suggesting the evolution of hydrated products with 

the increase in the GGBS content in the blend.
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Chapter 6 Mix Design Development and Cost 

Analysis for PFA/GGBS Alkali-Activated 

Concrete

6.1 Introduction

Geopolymers (GP) or Alkali-Activated Concretes (AACs) are considered as potential 

candidates to play the role of binders substituting Portland cement (PC) in concrete. 

However, these materials differ from PC in terms of fresh properties (setting time, 

slump), mechanical properties (strength development, elastic features), and mix 

proportions. Better understanding of these engineering properties can help to design 

low CO2 footprint AAC formulations for different construction applications. As it is 

well known, strength of Portland cement concrete (PCC) depends on water-to-binder 

ratio (w/b). The strength gain in PCC is attributed to the hydration process and as a 

result hydrated reaction products form i.e. C-S-H, C-A-H, Ettringite (CaAjCaSCE 

.32H:0) and Ca(OH)2. These hydrated compounds encapsulate the fine and coarse 

aggregates in the PCC matrix to give it its strength. The role of aggregates in both PCC 

and AAC is similar. However, the nature of the chemical reaction and the reaction 

products is different in the case of PFA/GGBS blends studied here, although some 

hydrated products can be formed in the case of some PFA/GGBS blends as discussed 

earlier in Chapter 5. In AAC water-to-solid (w/s) ratio is related to the strength and
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workability which resembles to some extent the function of w/b ratio used in PCC. 

The influence of w/s on strength and workability depends on the nature of the used 

precursors. For instance in neat PFA formulations the water plays no major role in the 

reaction process. It rather acts as a carrier of the chemical species and helps in the 

workability. On the other hand, slag hydrates when a suitable alkali medium is 

provided. Recently a design methodology was proposed for elevated temperature (60 

and 80 °C) cured 100% PFA AAC (Junaid et al. 2015). When it comes to blending fly 

ash and slag the strength development and the rheology differs from that of activating 

a sole precursor. Therefore, no explicit design methodology is available in the 

available literature for designing PFA/GGBS AAC. Consequently, the objectives of 

this chapter were as follows:

• To understand the effect of w/s, binder content and paste volume on the 

strength development and workability of PFA/GGBS AAC blends;

• To propose a preliminary mix design methodology for PFA/GGBS AAC;

• To carry out a cost analysis for the various PFA/GGBS blends and equivalent 

grades of PCC in order to assess the economical feasibility of AAC.

Several blends of PFA and GGBS were used as starting materials for the production 

of Portland cement free concrete. Alkali activation was achieved by combining sodium 

hydroxide and sodium silicate solutions according to the optimized dosages obtained 

for mortars as described in Chapter 4 of this thesis. Alkali dosage (M+) equal to 7.5% 

and alkali modulus (AM) equal to 1.25 were adopted in the production of concrete in
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this chapter. PFA/GGBS blends namely 80/20, 60/40 and 30/70 were cured at ambient 

temperature (20 °C) in sealed boxes where RH was kept higher than 90% by 

maintaining a thin layer of water at the bottom of the boxes. 100% PFA mixes were 

oven cured at 70 °C until the day of testing. Crushed basalt in two classes (4/10 mm 

and 10/20 mm) and Lough sand (0/4 mm) were used as aggregate in the following 

proportions (in volume): 40% sand over total aggregates, ratio between coarse 

aggregates classes equal to 40%/60% for 4/10 mm and 10/20 mm respectively. The 

particle size analysis and physical properties of these aggregates are shown in section 

3.1.6 of Chapter 3.

6.2 Phase 1: Preliminary Analysis of the Effect of Binder 

Content and Water Content on Workability and Strength 

Development

In phase 1 of the investigation, a preliminary batch of 10 mixes was carried out for 

investigating the effect of binder content, paste content and water-to-solid ratio on the 

fresh and hardened properties of the concrete. The PFA/GGBS ratio was set at 

60%/40% (by weight). This blend was selected at this stage to avoid any potential 

setting problems expected in high GGBS blends. The alkali dosages were M+ = 7.5% 

and AM = 1.25. Paste volume was calculated as the volume of binder + activating
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solutions + added water. 9 cubes (100 x 100 x 100 mm) were cast for each mix for 

testing at 1,7, and 28 days.

Table 6-1 summarises the key parameters for each mix in the 60/40 blend. The binder 

content was varied in the range of 350 - 514 kg/m3 and water-to-solid ratio (w/s) 

ranged from 0.30 to 0.45. This resulted in paste content in the region of 30 to 43% as 

can be seen from Table 6-1 below.
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As expected compressive strength increased as the binder content increased. 

Compressive strengths in the range of 65 to 70 MPa were obtained for binder contents 

400 - 450 kg/m3. The highest 28-day compressive strength was obtained for mixes C3 

and C8 with a binder content of 450 kg/m3. The paste content in these two mixes was 

around 37%. On the other hand, the mix with the highest binder content Cl (514 

kg/m3) gave a lower compressive strength of around 62 MPa. This decrease in the 

strength can be explained by the fact that the high paste proportion (43%) led to 

segregation effects of the aggregates, and the final strength was therefore affected by 

an uneven distribution of the aggregates in the matrix due to segregation. This 

observation was confirmed by examining a crushed concrete cube from this mix after 

testing. The formation of a coarse aggregate free layer at the cast face of the cube was 

clearly detected. Furthermore, concrete samples with lower binder content i.e. 350 

kg/m3 (C6 and CIO) gave the lowest compressive strength in this series of mixes. This 

can be attributed to insufficient binder content to encapsulate the aggregates in the 

matrix and therefore weaker matrix and consequently, lower compressive strength. 

The drop in compressive strength by reducing the binder content from 450 to 350 

kg/m3 was around 13 MPa. However, compressive strength in the range of 60 MPa 

was achievable with reasonable binder content and more control over the slump by a 

proper proportioning of paste content and w/s ratio. The effect of w/s ratio on 

compressive strength was insignificant, in the range of 3 MPa, for w/s ratios up to 0.4. 

The reduction was more evident thereafter.
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As shown in Table 6-1, the slump was always high (above 190 mm) and not under 

control in mixes with binder content higher than 350 kg/nv’ even at a w/s ratio as low 

as 0.34. On the other hand, formulations with binder content of 350 kg/m3 showed a 

stiff behaviour even at a high w/s ratio of 0.4. This observation confirms that alkali- 

activated concrete has different rheological characteristics than conventional Portland 

cement concrete and the relationship between w/s ratio and workability is not 

straightforward as it is in Portland cement concrete. Therefore, mixes with very low 

w/s ratio resulted in rapid setting, due to the effect of w/s ratio which was found to 

play a noticeable role in setting time as discussed in Chapter 4 of this thesis.

Paste content was found to slightly influence the compressive strength, as can be seen 

from Fig. 6-1 (a). Strengths in the range of 60 to 70 MPa were recorded for paste 

content between 30 and 43%. Similar observation for 100% GGBS concrete with 

binder content higher than 450 kg/m3 was reported elsewhere (Hung and Chang, 2013). 

Nonetheless, the workability of alkali-activated PFA/GGBS concrete was substantially 

influenced by the paste content (Fig. 6-1 (b)). Slump values increased with the increase 

in the paste content; wide spectrum of slump values ranging from 40 mm for a paste 

content of 30% to above 200 mm for paste contents above 33%. Mixes with paste 

content higher than 33% resulted in a very high slump i.e. above 250 mm. This may 

result in bleeding and segregation of the concrete. Thus, paste contents in the range of 

30 to 33% were selected for further investigation. The increase in slump as paste 

content increases was also observed by Hung and Chang (2013), where a correlation
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between the slump and the paste/aggregate ratio for 100% slag alkali-activated 

concrete was reported.
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Chapter 6: Mix Design Development and Cost Analysis for PFA/GGBS Alkali-Activated Concrete

The observation of crushed samples showed that at 28 days a stronger bond existed 

between aggregates and binder matrix: coarse grains were not easily detached from the 

matrix, fractures sometime involved aggregates and the crack patterns were bi-conical. 

Crushed samples from 1 day and 7 days testing did not show these features. Therefore, 

it is supposed that a further mechanism of reaction occurs between aggregates and 

paste after the 7th day. Bernal et al. (2011) suggested that the denser (compared to PC 

concrete) structure of the transition zone in alkali-activated concrete can be due to 

reduction of the porosity by the condensation of the excess SiCT supplied by the 

activator, and to a potential reaction of the surfaces of siliceous aggregates with the 

alkali solution, forming additional reaction products around the aggregate particles for 

increasing the bonding and therefore the strength of the concrete.

The density of the concrete increased with the decrease of the paste content due to the 

higher density of aggregates compared to that of the paste. Densities of samples ranged 

between 2400 to 2500 kg/m3, similar to those of normal density Portland cement 

concrete.
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6.3 Phase 2: Analysis on the Effect of Paste Content (30- 

33%) and Water Content on Compressive Strength and 

Workability

Based on the findings from the previous section, paste proportions of 30, 31 and 33% 

were selected for further investigation of the influence of paste content and w/s ratio 

on strength and workability. The void content of aggregate mix measurements (Section 

3.1.6 in Chapter 3) also confirmed that paste requirement would be 22 and 34% for 

loosely packed and packed by vibration aggregate mixture respectively. A second 

batch of 11 concrete mixes with the same aggregate proportions and PFA/GGBS ratio 

as described in the previous section were investigated. As can be seen from Table 6-2, 

water-to-solid ratio (w/s) of 0.33 was confirmed to cause rapid setting indicating a 

minimum threshold level for w/s ratio to achieve reasonable setting times for handling 

and placing of concrete. The minimum threshold values for w/s ratios for each 

PFA/GGBS mixture blend were discussed in Chapter 4. The highest compressive 

strength obtained was around 60 MPa in the formulation with paste content of 33% (~ 

380-400 kg/m3). It can be also observed that the 7 day strength was around 70% of that 

recorded at 28 day. The effect of paste content on the 28 days strength in the 

investigated range was found to be insignificant (reduction in strength of around 3 

MPa or around 5% in the examined range). Moreover, the early strength was also not
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affected by the different paste content and was in the range of 10 and 40 MPa for 1 

day and 7 days respectively. The influence of w/s ratio on compressive strength was 

negligible for a w/s ratio of up to 0.41, and then the drop in strength was more 

noticeable (Fig. 6-2 (a-c)). Strength drop of as high as 40% was observed when w/s 

ratio of 0.43 was used. This effect of w/s ratio on compressive strength was previously 

observed in mortars as described in Chapter 4.

As far as the slump is concerned, slump fall within the investigated paste range (30- 

33%) showed a range of variation over all the consistence classes (SI to S5) suggested 

by (BS 8500-1, 2015), as shown in Fig. 6-2 (d). Thus paste content can be tuned to 

tailor the required workability requirements. Paste content of 33% had higher slump 

values i.e. above 150 mm (even at low w/s ratio i.e. 0.36) which can be used if high 

workability concrete is required. A wider spectrum of slump can be achieved when 

using 30 and 31% paste contents. Slump values between 15 mm and 150 mm can be 

obtained using 31% paste content as shown in Fig. 6-2 (d). Thus suitable paste content 

and w/s ratio can be selected to achieve the required workability.

From all the above, it can be concluded that the rheology and the strength development 

were controlled by the combined effects of paste proportion and w/s ratio. As far as 

the investigated binder blend (60/40), the paste proportion of 30% can be considered 

sufficient for allowing development of compressive strength, with a variation of w/s 

ratio within the range 0.37 - 0.41, where 0.37 is to be considered as the minimum (in 

order to avoid fast initial setting) and 0.41 the maximum (in order to avoid
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considerable reduction of strength). Other blends may require different ranges of w/s 

ratio and will be discussed later in this chapter.

Increasing the paste proportion can be necessary for achieving slump higher than 100 

mm without compromising the compressive strength.
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Figure 6-2: The influence of water-to-solid ratio (w/s) and paste content on compressive strength and workability for 
60/40 concrete mix formulation: (a) 33% paste content, (b) 31% paste content, (c) 30% paste content and (d) 
workability.
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6.4 Phase 3: Influence of Paste Content and Water-to- 

Solid Ratio on Compressive Strength and Workability of 

Different PFA/GGBS Blends

The results obtained for the 60/40 PFA/GGBS blend were verified with various binder 

compositions namely 30/70, 80/20 and 100/0 blends. The aim of this phase was to 

check whether the results obtained in the previous phase were valid when binder 

composition changed, and, if not, to give some indications for the adjustment of mix 

proportions for achieving the desired properties of concrete.

• 30/70 blend: The 28 day compressive strength obtained for this blend was in

the range of 70 to 80 MPa with smaller influence of the water content up to a 

w/s ratio of 0.46 (see Table 6-3 and Fig. 6-3 (a-c). After that, a noticeable drop 

in strength was observed. An early 24 hours strength of as high as 30 MPa was 

achieved as shown in Table 6-3 (samples C22, C25 and C28). The 7 day 

strength was about 80% of that of the 28 days. This indicates the increase of 

the kinetics of the reaction of the GGBS content compared to other blends with 

lower GGBS content, and therefore resulting in a higher early compressive 

strength.
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The workability of the 30/70 concrete blend was in a narrow range especially 

in lower paste content i.e. 30%, where the slump fell in the workability class 

of S2 (50-90 mm) for all the investigated w/s ratios, as can be seen from Fig. 

6-3 (d). An increase in the paste content to 31% led to a wider spread of the 

slump over the workability classes (S2 to S4); the slump continued to increase 

with further increase in the paste content. Slump values of 100 to 220 mm were 

achieved with paste content of 33% (Fig. 6-3 (d)). Wider spectrum of slump 

classes (S2 to S5) can be achieved with adjusting both the paste content (30 to 

33%) and w/s ratio (0.42 to 0.46). This allows more flexibility in mix 

proportioning to avoid rapid setting, and satisfy the strength and workability 

requirements.
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Slump Slump range in

class mm

SI 10 40
S2 50 90
S3 100 150
S4 160 .....210
S5 220 300

90 1 
80 -

70 - 

60 

50 

40 - 

30 - 

20 

10 - 

0

Paste proportion 31%

A A l

»m • |

b)

350 n

300

250

| 200
a
| 150

SSl

100

50

0

0
55

54

S3

52

51

90 

80 - 

70 

60 - 

50 

40 

30 ■ 

20 - 

10 

0

Paste proportion 30%

1.4 0.42 0.44 0.46 0.48 0.5
w/s ratio

0.4 0.42 0.44 0.46 0.48
w/s ratio

33%

0.5

31%

30%

0.4 0.42 0.44 0.46
w/s ratio

0.48 0.5

Figure 6-3: The influence of water-to-solid ratio (w/s) and paste content on compressive strength and 
workability for 30/70 concrete mix formulation: (a) 33% paste content, (b) 31% paste content, (c) 30% paste 
content and (d) workability.

• 80/20 blend: the 28 day compressive strength of 80/20 blend, as can be seen

from Table 6-4 and Fig. 6-4 (a-c), was in the range of 35 to 40 MPa for the 

studied paste content range (30-33%). The strength appeared to be unaffected 

by the increase in w/s ratio up to 0.39. Afterwards, a noticeable drop in the 

strength was detected. The early strength was lower than that obtained in
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blends with higher GGBS content. The early, 1-day and 7 days strengths were 

around 7 and 25 MPa, respectively. In addition, the 7 day strength was about 

60% of that obtained at 28 days which was the lowest among the examined 

three blends i.e. 30/70 (80%), 60/40 (70%) and 80/20 (60%). This is attributed 

to the decrease in the kinetics of the reaction as the GGBS content decreased 

as previously discussed in the Isothermal Calorimetry (IC) section in Chapter 

5. The variation in compressive strength was insignificant in the studied range 

of paste content i.e. 30 to 33%. Workability, on the other hand, was 

considerably influenced by the increase in the paste content especially when 

33% paste content was adopted. As can be seen from Fig. 6-4 (d), the slump 

for 30% paste content was in the range of 0-40 mm (class SI) despite the 

variation in w/s ratio in the range of 0.35 to 0.41. Increasing the paste content 

to 31% slightly increased the workability to fall in class S2 (50-90 mm slump) 

which can be considered as a satisfactory workability for a wide range of 

concrete applications. Further increase in the paste content (33%) induced a 

wider range of workability classes (SI to S4 i.e. 10-200 mm) with a more 

noticeable effect of w/s ratio in the investigated range (0.35 to 0.41).
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Figure 6-4: The influence of water-to-solid ratio (w/s) and paste content on compressive strength and 
workability for 80/20 concrete mix formulation: (a) 33% paste content, (b) 31% paste content, (c) 30% 
paste content and (d) workability.

• 100% PFA (cured at 70 °C): the same experimental conditions adopted for

the previous PFA/GGBS blends were followed here with an exception that 

100% PFA concrete was cured at 70 °C. The effect of paste content on 

compressive strength was similar to that of PFA/GGBS blends discussed 

above. The highest strength recorded in this formulation was around 20 MPa.
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An overlapping of the 7 day and 28 day compressive strengths was observed 

(Table 6-5 and Fig. 6-5 (a-c)), indicating that 7 days curing at 70 °C is sufficient 

in order to achieve the highest possible compressive strength for the adopted 

alkali dosage (M+ 7.5% and AM 1.25), and beyond 7 days no strength gain 

was achieved. The 1 day strength was about 10 MPa. The influence of w/s on 

compressive strength was different in this formulation from that observed in 

PFA/GGBS blends, where a gradual drop in strength was noticed after a certain 

value of w/s ratio, as discussed earlier. The relationship between the strength 

and w/s in 100% PFA concrete was found to be linear and significant drop in 

7 days strength (~50%) was experienced when increasing the w/s ratio from 

0.35 to 0.39, as can be seen from Fig. 6-5 (a-c). Similar trend was reported 

elsewhere (Joseph and Mathew 2012; Talha Junaid et al. 2015). This 

considerable drop in the strength with the increase in w/s ratio can be attributed 

to the dilution effect of water which affects the alkalinity of the system, and 

therefore affecting the polymerization. Another possible reason can be the 

increased porosity created when water is dried out from the pores during curing 

and drying of the concrete.

The workability trend with the increase of paste content and w/s ratio was not

different for what was observed in the previous blends. Paste contents of 30

and 31% showed a narrow range of slump classes (classes S1 and S2) as shown

in Fig. 6-5 (d). Wider range of slump classes (SI to S4) can be achieved by

increasing the paste content to 33%. Nevertheless, the option of increasing w/s
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ratio may not be viable as it comes at the expense of compressive strength. 

Therefore, paste content may be increased further (>33%) if higher workability 

is needed without compromising the compressive strength.
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Paste proportion 30%Paste proportion 33% Paste proportion 31%

0.37
w/s ratio

Figure 6-5: The influence of water-to-solid ratio (w/s) and paste content on compressive strength and 
workability for 100% PFA concrete mix formulation: (a) 33% paste content, (b) 31 % paste content, (c) 
30% paste content and (d) workability.
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6.5 Preliminary Design Development for PFA/GGBS 

Alkali-Activated Concrete

6.5.1 Mix Design Philosophy and Procedure

Using the data obtained from various PFA/GGBS blends described in the previous 

sections, an attempt was made to propose mix design guidelines for PFA/GGBS AAC. 

It is worth mentioning that in this study the following parameters were not considered 

as the focus of this research was on the development of the binder formulation and the 

effect of paste content and w/s ratio on compressive strength and workability of 

different PFA/GGBS blends:

Effect of aggregates i.e. source, shape, quantity, fine to coarse aggregate ratio; 

Different types of activators (potassium, sodium carbonate etc.);

Admixtures.

Apart from 100% PFA formulation, the effect of w/s ratio on compressive strength 

was insignificant up to a certain level. The drop in the strength was found to be minor 

until a certain value (threshold) of w/s; this threshold was found to increase with the 

increase in the GGBS content, indicating the participation of water in the reaction 

mechanism as the content of GGBS increased. Moreover, the paste content was also 

found to have no major impact on the strength in the explored range (30-33%).
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However, paste content was found to significantly influence the workability of 

concrete; therefore, paste content can be modified to achieve the required class of 

concrete slump.

The 28-day compressive strength results for all the investigated blends can be 

summarised in a diagram; see Fig. 6-6 (a). It is worth noting that 100/0 mixes were 

oven cured at 70 °C, whereas other blends were cured at room temperature.

Dashed trend-lines were obtained for each blend by interpolation of the full dataset, 

i.e. irrespective of paste content, since it was observed that this latter parameter had 

little or no influence on the compressive strength development in the investigated 

range. The background lines were plotted from the BRE method (diagram 4) (Marsh 

et al. 1997) as a reference. It can be observed (see Fig. 6-6 (a)) that the effect of w/s 

ratio on strength for mixes containing GGBS is similar to the effect of water-to-cement 

(w/c) ratio discussed in (Marsh et al. 1997), as the trend-lines are approximately 

parallel to the background lines. On the contrary, the effect of water on neat PEA mixes 

is more severe, as the trend-line is steeper than the background lines. Note, however, 

that the BRE lines are for room temperature curing, different from the curing 

temperature for the neat PEA mixes here. It must also be noted that the w/s ratio is 

calculated by considering the solid binder plus the added solid alkalis (NaiO and SiOi), 

whereas the w/c ratio considers the solid binder only.
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Fixing the w/s ratio equal to 0.38, it was possible to obtain the compressive strength 

for the four investigated blends, and results confirmed the linear effect of GGBS 

inclusion on compressive strength development (see Fig. 6-6 (b)).
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Combining the above results, it was possible to define a simple method for the mix 

design calculation of concrete with defined properties such as final compressive 

strength, setting time (often the initial setting time is the most critical value) and 

workability class. Once these requirements are set, this procedure can be followed:

1) The value of the required compressive strength is inputted in Fig. 6-6 (a) for 

the definition of the PFA/GGBS blend. A first w/s ratio is also obtained from 

the same diagram.

2) The obtained w/s ratio is checked against the initial setting time in Fig. 6-7 for 

the defined PFA/GGBS blend.

3) The specified workability class and the w/s ratio are inputted in the diagram 

shown in Fig. 6-8 (according to the PFA/GGBS blend previously obtained) and 

the suitable paste proportion is determined.

4) When the three data are known (PFA/GGBS blend, w/s ratio, paste proportion), 

the binder content (expressed in kg/m3) can be obtained from the diagrams 

shown in Fig. 6-9.

5) From the binder mass the quantity of NaiO and SiCF can be determined 

according to the values of M+ = 7.5% and AM = 1.25. Quantities of chemicals 

should be then calculated according to the actual compositions of the utilised 

activators, which might differ from supplier to supplier.
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6) Binder mass, NaiO and SiOi masses, w/s ratio can be used for defining the 

quantity of water required. The added water is then calculated by subtracting 

from this value the water already included in the chemicals (i.e. the water in 

the silicate solution and in the NaOH solution).

7) From paste content, the volume percentage of aggregates can be determined, 

and the mass of each aggregate class can be defined according to the aggregate 

proportions.

Fig. 6-10 shows a flow chart for the proposed mix design guidelines for PFA/GGBS 

AAC. This procedure represents a simple method for the definition of the mix design 

for AAC that has approximately the required properties of strength, workability and 

initial setting time. As also discussed in (Marsh et al. 1997), the method is based on 

simplified classifications and it still remains to check whether or not the calculated 

binder blends, w/s ratio and paste proportion will actually give the predicted result. 

For this reason, it is advised to make a trial mix, and the subsequent feedback of 

information from the trial mix can help in refining the mix design process.
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Q___-O'"

>v/s ratio

Figure 6-7: Initial setting times for the various blends and w/s ratios
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Figure 6-9: Diagrams for the calculation of the binder content from w/s ratio and paste content, 
(a) 100/0 PFA/GGBS blend, (b) 80/20 PFA/GGBS blend, (c) 60/40 PFA/GGBS blend, (d) 30/70 
PFA/GGBS blend
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-Are the setting time and 
workability requirements 
satisfied?

Determine the added water to 
satisfy w/s ratio

Obtain the quantity of PFA and 
GGBSin kg/m3from paste 
content and binder content 
graphs

Select a suitable PFA/GGBS 
blend and an appropriate w/s 
from strength versusw/s 
graphs

Set requirements:

(a) Compressive strength

(b) Workability (slump)

Determine aggregate 
quantities according 
to the ratios 
described above for 
1 m3 of concrete.

Workout the q uantity of NaO FI 
and sodium silicate solution for 1 
m3 of concrete (M+ 7.5% and AM 
1.2S)

Check the initial setting time;

Check the slump from w/s versus 
workability graph (start with lower 
paste content i.e. J0%)

increase the w/s to satisfy 
the setting time

Increase the paste content 
by 1% to satisfy the 
workability

Figure 6-10: Schematic representation of the proposed preliminary mix design guidelines for PFA/GGBS 
blends
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6.5.2 Mix Design Example

The described mix design method can be applied for a range of applications of AAC. 

Mix designs for two concretes with different requirements were assessed. According 

to the BRE procedure, PC concretes with similar properties were defined.

The following concrete applications are defined:

1. Concrete #1 as a typical ready mix concrete, with compressive strength of 35 

MPa, initial setting time higher than 2 hours and workability class S2.

2. Concrete #2 as a high strength mix for prefabrication application, with 

compressive strength of 70 MPa, initial setting time higher than 1 hour and 

workability class S2.

For determining the mix design of the alkali-activated concrete 1 (AAC-1), the target 

strength is inputted in Fig. 6-6 (a), resulting in the binder blend 80/20 with w/s = 0.39. 

Checking the w/s ratio in Fig. 6-7, it can be observed that the required initial setting 

time is satisfied. From Fig. 6-8, it can be observed that the required workability class 

can be achieved with paste contents of 31% and 33%. Fewer paste content implies 

lower quantities of binder and activators. Since chemical activators have been 

identified as being responsible for the main cost and environmental footprint of AAC 

(Provis et al. 2015), choosing the lowest paste proportion has positive implications in 

terms of cost and carbon footprint of the alkali-activated concrete. Therefore the paste 

proportion is defined as 31%. With the obtained data (binder blend 80/20, w/s ratio
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0.39, paste proportion 31%), the binder content can be obtained from Fig. 6-9 (b) equal 

to 354 kg/m3. From this value the quantities of chemical activators and added water 

can be calculated according to the definition of M+, AM, w/s ratio and to the actual 

composition of the activating solutions that are used. Mix proportions are shown in 

Table 6-6.

The same method can be applied for defining the mix design for alkali-activated 

concrete 2 (AAC-2). Target strength is inputted in Fig.6-6 (a), resulting in the binder 

blend 30/70 with w/s = 0.45. Such w/s ratio satisfies the required initial setting time, 

according to Fig 6-7. The paste content of 30% appears suitable for achieving the 

required workability class as per Fig.6-8. With these data (binder blend 30/70, w/s 

ratio 0.45, paste proportion 30%), the binder content can be estimated from Fig. 6-9 

(d) equal to 330 kg/m3. Quantities of chemical activators and added water can be 

calculated accordingly. Mix data are shown in Table 6-6.

Table 6-6: Mix design quantities for the investigated AACs expressed in kg for the production of 
1 m'

Constituents AAC-1 AAC-2

PFA 283 99

GGBS 71 231

Sodium silicate solution 83.3 77.6

NaOH (solid) 20.5 19.1

Water 106 121

Aggregate 1898 1925
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6.6 Cost Analysis

The cost analysis for AAC is not an easy task, as it largely depends on the costs of the 

hinder, aggregates and the activators. Moreover, when a comparison with Portland 

cement concrete (PCC) is to be carried out, also the cost for ordinary Portland cement 

is to be included. Prices for constituents are not easily obtainable as they depend on 

several factors and can vary significantly from one region to another, particularly:

(a) Where they are bought: costs for materials can vary from one country to another, 

due to the internal market, the stock availability, the dealers and the producers of the 

commodity. This is particularly true for cement, which can show considerable 

differences between different locations even within the UK;

(b) When they are bought: price fluctuation over time is very high, since for most of 

the investigated materials the price is influenced by the cost of energy, in particular 

crude oil. This is mostly observed again for cement, which price is not easily disclosed 

since it can vary even on a weekly basis;

(c) The purchased quantity: bulk purchases usually result in lower cost, in particular 

for chemicals, and the difference between the price of small and large quantities can 

be huge. However, the bulk purchase usually is negotiated between companies and 

suppliers, and this information is not easily disclosed when required for research 

purposes.
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A general analysis can be carried out by expressing the AAC cost as a function of two 

variables (costs for sodium silicate solution and sodium hydroxide) for a certain mix 

proportion. The following assumptions are made:

Cost for PFA and GGBS are fixed: Cpfa = 42 £/t; Cggbs = 55 £/t;

Cost for water is fixed and assumed equal to 1.0 £/m3 (this value actually does 

not affect in a significant way the overall price composition);

Cost of aggregates is fixed: Cagg = 10 £/t;

Prices of Na-Si solution, NaOH and PC are variables.

Under these assumptions, costs for AAC (Caac) and for PCC (Cpcc) can be modelled 

as:

(-AAC ~ QNaSi ' Ci\iaSi T QnuOH ' ^NaOH "b ^

Cpcc = Qpc ' Cpcc + B 

Where:

Qnusi = quantity of sodium silicate solution per m3 of concrete, in tonnes 

CsjaSi = cost of sodium silicate solution, in £/t 

Qncioh = quantity of sodium hydroxide per m3 of concrete, in tonnes 

CmoH = cost of sodium hydroxide, in £/t;
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Qpc = quantity of Portland cement per m3 of concrete, in tonnes;

Cpc = cost of Portland cement, in £/t;

A = cost of other materials in the AAC mix;

B = cost of other materials in the PCC mix.

The first expression can be represented as a plane in a space where Cnusi, Cnuoh and 

Caac are the coordinate system, whereas the second expression is represented by a line 

in a plane with coordinate system Cpc and Cpcc-

For comparison purposes, four PFA/GGBS blends namely 30/70 (strength of 70 MPa), 

60/40 (strength of 55 MPa), 80/20 (strength of 35 MPa) and 100/0 (strength of 20 

MPa), and two strength grades of Portland cement (C35 and C70) were selected, i.e.:

The mix proportions for PFA/GGBS blends were formulated with a w/s ratio 

of 0.37, paste content of 30%;

Mix proportions for PCC with cement contents equal to 355 and 550 kg/m3 for 

C35 and C70 grades respectively.

Therefore, once the mix proportions are fixed, the cost analysis and the comparison

can be made for different PFA/GGBS blends as shown in Figs. 6-11 to 6-14. The cost

of AAC increased slightly with the increase of the GGBS content in the blend.

Considering the current cost of chemicals obtained from local suppliers i.e. 250 £/t for

sodium silicate solution and 100 £/t for NaOH prills, the cost per cubic meter for

260



Chapter 6: Mix Design Development and Cost Analysis for PFA/GGBS Alkali-Activated Concrete

PFA/GGBS blends was found to be around 62, 59, 57 and 56 f/m3 for 30/70 (Fig. 6- 

11), 60/40 (Fig. 6-12), 80/20 (Fig. 6-13) and 100/0 (Fig. 6-14) respectively. These 

charts can also be used for any price of sodium silicate ranging from 50 to 800 £/t and 

sodium hydroxide varying from 20 to 800 £/t.
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A sensitivity cost analysis was also carried out to assess the influence of the following 

parameters on the cost of AAC.

Cost of activators i.e. sodium hydroxide and sodium silicate (low and high cost

scenarios);

Cost of GGBS content;

Paste content variation in the range of 30-33%.

Water-to-solid-ratio (w/s) by considering low and high w/s ratio i.e. 0.37 and

0.43;

Figs. 6-15 and 6-16 show the cost variation of AAC considering the above listed 

factors. In the low cost of activators (Sodium silicate 250£/t and NaOH 100 £/t) 

scenario (Fig. 6-15), it was found that the effect of GGBS content on the cost per cubic 

meter was in the range of 5% moving from 30/70 blend to lower GGBS content blends 

(60/40 and 80/20). The cost variation increased to about 10% between 30/70 (highest 

GGBS content blend) and 100/0 (GGBS free formulation). This difference is due to 

the higher cost of GGBS compared to PFA. The effect of paste content (in the range 

of (30-33%) on the cost was found to be around 5% in all the four concrete blends. 

Increasing the paste content while fixing the w/s ratio resulted in an increase in the 

binder content, and therefore an increase of the amount of activators as they are 

proportionally related to the amount of the binder. Consequently, a rise in the cost of 

AAC. Similarly, varying the w/s from 0.37 to 0.43 resulted in a decrease in the amount
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of the binder and subsequently a drop in the cost as lower amounts of chemicals are 

required.

Fig. 6-16 shows the high cost of chemicals scenario (Sodium silicate 500 £/t and NaOH 

200 £/t). In this scenario, the prices per tonne of sodium hydroxide and sodium silicate 

were doubled compared to those used in the low cost scenario discussed above. The 

cost per cubic metre of concrete rose by around 30% as the prices of chemicals doubled 

(Fig. 6-16).

267



Chapter 6: Mix Design Development and Cost Analysis for PFA/GGBS Alkali-Activated Concrete

60/40 blend

w/s ratio

30/70 blend

w/s ratio

30% 100/0 blen

w/s ratio

80/20 blend

w/s ratio

Figure 6-15: The influence of paste content and w/s ratio on the cost of AAC in the case of low 
cost of chemicals scenario: (a) 30/70 blend, (b) 60/40 blend, (c) 80/20 blend and (d) 100/0 
formulation.
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82

30/70 blend

w/s ratio

60/40 blend

w/s ratio

Id 82

o 80

100/0 blend

w/s ratio

80/20 blend

w/s ratio

Figure 6-16: The influence of paste content and w/s ratio on the cost of A AC in the case of high 
cost of chemicals scenario: (a) 30/70 blend, (b) 60/40 blend, (c) 80/20 blend and (d) 100/0 
formulation.

In order to compare the cost of AAC with that of PCC, the two AAC grades obtained 

in the mix design example discussed in Section 6.5.2 namely AAC-1 (35 MPa) and 

AAC-2 (70 MPa) with equivalent strength PCCs are considered. Mix designs for 

Portland cement-based concretes PCC-1 and PCC-2 were estimated through the BRE
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procedure described in (Marsh et al. 1997). For PCC-1, a cement quantity of 355 kg/m3 

was defined, with a w/c ratio of 0.62, a water content of 220 kg/m3 and, assuming a 

density of 2400 kg/m3, an aggregate quantity of 1825 kg/m3 Similarly, for PCC-2 a 

cement quantity of 550 kg/m3 was obtained, with a w/c ratio of 0.4, a water content of 

220 kg/m3 and a total aggregate mass of 1630 kg/m3. Mix proportions and materials 

unit cost are shown in Table 6-7.

Table 6-7: Mix design quantities for the investigated concretes expressed in kg for the production 
of 1 m\ Estimated unit prices of constituents are also included in £/t. Unit costs (E/m1) for the 4 
concretes are given.

Constituents AAC-1 AAC-2 PC-1 PC-2 Estimated price
of raw materials

[£/t]
Portland cement - - 355 550 70

PFA 283 99 - - 42

GOBS 71 231 - - 55

Sodium silicate 83.3 77.6 - - 250

NaOH (solid) 20.5 19.1 - - 150

Water 106 121 220 220 1

Aggregate 1898 1925 1825 1630 10

Cost (£/m3) 58.2 58.3 43.3 55.0

The analysis showed that for AAC the main cost is represented by sodium silicate 

solution (see Fig. 6-17 (a) and (b)). It was also observed that there was almost no 

difference between the total cost of AAC-1 and AAC-2, being in the range of 58 £/m3.
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As far as PCC-1 and PCC-2 are concerned, the main cost was associated with the 

Portland cement, which accounted for 57% to 70% of the total cost respectively as 

shown in Fig. 6-17 (c) and (d).

Since sodium silicate solution and Portland cement represented the main cost, a 

sensitivity analysis was carried out for comparing the cost of 1 of concrete for each 

application (i.e. concrete #1 and concrete #2) in different market conditions. Unit price 

for sodium silicate solution was varied from 150 to 500 £/t, whereas Portland cement 

price was fixed at low (70 £/t) and high (110 £/t) unit costs. All other prices were kept 

constant. Results are shown in Fig. 6-18.
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PFA, 19.5

GGBS, 6.7

ii, ii ii. i

Water, 0.2 1 :J | | ®
j:i|i ib Si uj ijj, Sodium

^silicate
solution.

35.8

a)

water, 0.5

PFA, 6.8

Figure 6-17: Cost composition for investigated concretes, a) AAC-1. b) AAC-2. c) PCC-1. d) 
PCC-2.

It can be observed that Portland cement based concrete for relatively low strength 

applications (PCC-1) is generally less expensive than AAC-1. Cost per cubic metre 

can be comparable only in the case of a relatively high cost for PC and relatively low 

cost for sodium silicate solution, see Fig.6-18 (a). On the contrary, for high strength 

applications (concrete #2), AAC-2 is viable for a unit cost of sodium silicate solution
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of about 200 £/t even with a low price for PC (Fig. 6-18 (b)). In case PC price is high, 

AAC-2 can be considered viable for a very wide range of sodium silicate unit prices. 

These results confirm the findings described in (Sonafrank 2010), where AAC was 

reported to gain cost advantage over PCC when high performance concrete is 

specified.

PC hiah cost

r 70 ■

t 60 - PC high cost
PC low cost

SS --

PC low cost

150 200 250 300 350 400 450 500

Sodium silicate solution price 
(£/t)

Sodium silicate solution price 
(£/t)

Figure 6-18: Cost comparison for investigated concretes: a) Concrete #1 and b) Concrete #2

As can be noted from the cost analysis discussed above, the cost for AAC-1 and AAC- 

2 was similar i.e. in the range of 60 £/m\ This was mainly due to the fact that the 

binder content was comparable in the two concretes and accordingly the amount of 

chemicals required was similar as these are proportional to the total binder content of
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the AAC. Since each AAC gave different compressive strength ranging (35 MPa for 

AAC-1 and 70 MPa for AAC-2), cost analysis per cubic meter per MPa is of interest 

as shown in Fig. 6-19. The cost per MPa per cubic meter for PC and AACs was 

comparable when considering high compressive strength i.e. 70 MPa (PCC-2 and 

AAC-2). However, more noticeable variation was observed in the lower strength 

grades. Similar conclusions were reported elsewhere (Sonafrank, 2010), where AAC 

was found to have cost advantages over PCC in high performance concrete. On the 

other hand, lower strength grade PCC-1 was found to be around 25% cheaper than its 

equivalent strength grade AAC-1. Thus it can be concluded that ACC can be more 

economically viable in high strength applications and in order to make it also viable in 

lower strength concrete cheaper alternative activators are to be developed.
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Figure 6-19: Cost per cubic meter per MPa for PCC and AAC

This cost analysis was carried out in the context of the UK and variations are expected 

for different locations around the globe. For instance, the cost per cubic metre of AAC 

was reported to be similar to that of PCC in Alaska (Sonafrank, 2010). This was mainly
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due to the limited local production of Portland cement and the availability of a local 

fly ash. The cost of Portland cement considered in this analysis was aslo relatively 

low; this also boosted the cost competitivness of PCC. Savings in costs can be achieved 

by developing alternative activators mainly to commercial sodium silicate solution as 

it alone accounts for the highest fraction of the cost of AAC.
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6.7 Concluding Remarks

The results of an experimental investigation of the influence of paste content and 

water-to solid ratio (w/s) on the fresh and hardened properties of different blends of 

PFA/GGBS AAC were presented and discussed in this chapter. The following 

conclusions, presented according to the investigation phase of AAC, can be drawn as 

follows:

> Phase #1: Preliminary Analysis of the Effect of Binder Content on 

Workability and Strength Development of 60/40 PFA/GGBS Blend:

• High binder contents (more than 400 kg/m3) made it very difficult to 

control the workability of the AAC mix, although compressive 

strengths up to 70 MPa can be obtained with binder content of 450 

kg/m3.

• The influence of water-to-solid ratio (w/s) on compressive strength for 

PFA/GGBS AAC blends was found to be insignificant up to higher 

values (> 0.40).

• Paste content was found to moderately influence the compressive 

strength but considerably affect the workability of AAC.
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• Paste contents in the range of 30-33% were found suitable for achieving 

high compressive strength and controlling the workability.

• Unlike conventional Portland cement concrete, w/s ratio alone was 

found to have less effect on the workability especially at lower paste 

contents. Lower workability was obtained in high w/s ratios with lower 

paste content. On the other hand, the workability increased significantly 

with the increase in paste content even at lower w/s ratios.

• From the preliminary concrete investigation, paste content in the range 

of 30-33% was found to be adequate in providing a control over the 

workability to cover a wide spectrum of slump classes without major 

detrimental impact on the strength.

> Phase # 2: The Effect of Paste Content in the Range of 30-33% on 

Workability and Compressive Strength on 60/40 PFA/GGBS Blend:

• The workability and compressive strength can be controlled by the joint 

effect of w/s ratio and paste proportion in the range of 30-33%.

• The effect of paste proportions (in the examined range 30-33%) on 

compressive strength was insignificant.

• Increasing w/s ratio up to 0.41 displayed minor influence on the 

strength and larger decrease in strength was noted thereafter.
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• Paste proportion of 30% was found to be sufficient to achieve 

compressive strength in the range of 60 MPa and low to medium 

workability (slump varied between 60-100 mm with w/s in the range of 

0.39-0.41).

• The reduction of paste proportion has obvious positive implication in 

terms of the cost of AAC, since the reduction of binder content leads to 

a reduction of chemical activators, which are the most costly 

components of the alkali-activated concrete system.

• Increasing the paste proportion (31 and 33%) is essential if higher 

slump is required (slump higher than 100 mm).

> Phase # 3: Verification of the Influence of Paste Content and Water-to- 

Solid Ratio on Compressive Strength and Workability of Other 

PFA/GGBS Blends: 30/70, 80/20 and 100/0

• The influence of the paste content and w/s ratio on the compressive 

strength and workability of the rest of the studied formulations (30/70, 

80/20 and 100/0) was not different from that observed in phase 2 for 

the 60/40 blend.

• Water requirement measured by means of w/s ratio was found to 

increase as the quantity of GGBS increased in the blend. This was either 

due to workability or setting related issues.
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• 30/70 blend required higher w/s ratio (>0.42) compared to all the 

studied blends due to setting related problems.

• In 30/70 blend, the 28 day strength was not influenced by w/s ratio up 

to 0.46, and afterwards a significant loss in strength was detected. Paste 

content in the range of 30-33% had negligible influence on strength. 

Workability, nonetheless, was found to be significantly affected by the 

paste content i.e. 30% paste content yielded low workability despite 

increasing the w/s ratio, and 31-33% paste proportion induced medium 

to high workability AAC.

• In 80/20 blend, the 28 day strength was found to be unaffected by 

increasing the w/s ratio up to 0.39.

• W/s ratios in the range of 0.35 to 0.39 were found suitable for 

controlling the workability without affecting the strength. Paste content 

played the same role as described in the previous blends i.e. increasing 

the paste content to 31 and 33% can be essential if medium or high 

workability concrete is required.

• Unlike PFA/GGBS blends, 100/0 formulation (100% PFA cured at 70 

°C) displayed linear relationship between w/s and compressive 

strength. The strength drop in a narrow range of w/s ratio (0.35 - 0.39) 

was more severe than what was observed in the other PFA/GGBS 

blends. About 50% decrease in compressive strength was experienced
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when increasing the w/s ratio from 0.35 to 0.39. This behaviour can be 

ascribed to the nature of the reaction in this low calcium geopolymeric 

system, where no hydration takes place and water is eventually expelled 

during curing and drying of concrete leaving a porous matrix and 

therefore lower strength.

• Due to technical and economical considerations, it is more viable to use 

blended PFA/GGBS AAC that can be cured at ambient temperature and 

display more compact and dense matrix.

> A preliminary design procedure for PFA/GGBS AAC was proposed in this 

chapter. Compressive strengths in the range of 20 to 70 MPa with different 

slump classes can be achieved.

> A simple tool for carrying out some cost comparisons was developed. This 

allows the estimation of the cost for AAC if prices of sodium silicate and 

sodium hydroxide are known. Moreover, the cost of two strength grades 

namely C35 and CTO PCC was compared to that of AACs with equivalent 

strength. Under the hypothesis that PC cost = 70 £/t, and considering cost 

estimations for sodium silicate solution at 250 £/t and for sodium hydroxide 

prills at 100 £/t, the cost for AAC was found to be about 60 £/m3, whereas the 

cost for PCC varied in the range of 40-50 £/m3 according to the strength grade. 

Consequently, it can be concluded that, even with commercial silicate 

activator, and under the hypotheses of cost estimation obtained for bulk
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delivery, the price of AAC of class C70 is comparable to that of PCC in the 

same strength class. Lower strength PCC was found to be around 25-30% 

cheaper than similar strength grade AAC.

> Considering the price per MPa, the cost of AAC and PCC was found to be 

comparable in high strength formulations and therefore AAC can be 

economically viable in high performance specification concrete.

> To further unlock the possibility of the industrial uptake of this technology 

alternative cheap activators are to be developed to reduce the cost of AAC and 

make it more economically viable even for lower and medium performance 

applications.
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Chapter 7 PFA/GGBS Alkali-Activated 

Concrete Building Blocks

7.1. Introduction

The development of alkali-activated binders based on blends of Pulverised Fuel Ash 

(PFA) and Ground Granulated Blast furnace Slag (GGBS) activated with sodium 

hydroxide and sodium silicate solutions has been discussed in the previous chapters. 

In order to assess the feasibility of the practical application of the obtained binders, the 

production of AAC building blocks was carried out by replacing Portland cement (PC) 

with different blends of PFA and GGBS, aiming at achieving the same mechanical 

performance as those of commercial blocks. The choice of targeting building blocks 

as a demonstration product was based on three main factors:

1. The huge market of such product in the building sector, that could justify 

possible investments for the block production and selling; 570 million concrete 

blocks were made in the UK in 2014 including 250 million dense blocks (BIS, 

UK government, 2015);

2. The simplicity of product features (block geometry and composition), that 

allows a study phase to be carried out at QUB laboratories without major 

constraints in terms of available space and equipment;
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3. The availability of a local industrial partner (CES - Cyril Edward Stevenson 

Quarry Products Ltd, Saintfield, Co. Down, Northern Ireland), that produces 

concrete blocks and ensured full cooperation in sharing information on block 

mix proportions, provided aggregate, and offered the required support for the 

factory trials .

On the other hand, two negative aspects (one economical and one technical) were also 

outlined:

The low profit margin of such product does not leave room for alternative 

solutions that are not fully cost-effective;

The very porous structure of building blocks can exacerbate the efflorescence 

development that has been reported in technical literature.

Keeping in mind these two challenges, the study on AAC building blocks was carried 

out with the objective of producing PC free building blocks having the same technical 

performance as that of PC concrete building blocks. The key performance indicator 

(KPI) for assessing the fulfilment of the target objective was the 28 day compressive 

strength, which needs to be higher than 7 MPa. The study was divided into 3 phases:

• Phase 1: preliminary trials which included the assessment of the reliability of 

the compaction rig for the replication of PCC blocks. This stage also involved 

the familiarization with the production of AAC blocks as well as preliminary
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assessment of strength achievable with different binder contents and 

PFA/GGBS blends;

• Phase 2: main trials involved the extension of phase 1 with more emphasis on 

the optimization of the binder content of the preselected blends from phase 1 

(60/40 and 30/70);

• Phase 3: included the outcomes of the full scale factory trials.

7.2. Experimental Procedures

A vibro-compaction rig for the production of building blocks was set up as shown in 

Fig. 7-1. A downward dead load for compacting purposes was about 1 kN (about 100 

kg mass), acting on a chipping hammer with an output power of 800 W and rate of 

percussion 975-1950 min'1.

The aggregates were provided by CES Quarry Products Ltd as a mix of quarry dust, 6 

mm screenings, and 10 mm screenings. Actual mix proportion details are not given as 

requested by the industrial partner.

For the validation test series (phase 1), Portland cement GEM I and a liquid plasticiser 

formulated from a blend of refined lignosulphonates and high performance synthetic 

polymers was used as recommended by CES Quarry Products Ltd.
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The chemical dosages were fixed at the recommended M+ and AM obtained in 

Chapter 4 i.e. M+ 7.5% and AM 1.25.

The block production was carried out using stainless steel moulds with a section area 

of 225 x 100 mm, allowing to compact blocks with a height of about 220 mm (i.e. half 

the height of that of commercial blocks, which dimensions are approx. 440 x 215 x 

100 mm).
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About 48 sample data of PC blocks were provided by CES Quarry Products Ltd, in 

order to have a benchmark against the results obtained by the laboratory production. 

Average of the data is given in Table 7-1.

Table 7-1: Main features of Portland cement building blocks

Block features Average 7 days Average 28 days

Height (mm) 213.7 214.8

Width (mm) 96.1 96.0

Length (mm) 441.6 440.6

Volume (m3) 0.00907 0.00909

Weight (kg) 17.8 18.0

Density (kg/m}) 1961 1983

Failure load (kN) 329 397

Compressive strength (MPa) 7.8 9.4

The procedure followed for the block production was as follows:

a. Aggregates were mixed in a 100 1, vertical shaft paddle mixer, pre-wetting 

them with approximately 1% in weight of tap water;

b. Binder powders (PEA and GGBS) were added and blended for additional 3 

minutes;
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c. Alkali activator solutions (sodium hydroxide and sodium silicate) and the 

required water were then added; mixing was continued for further 5 minutes;

d. After a qualitative consistency test (by squeezing the dry mix by hand and 

observing its behaviour) if the concrete mix held together after squeezing it 

tightly in the hand then the mix would be of the required consistency and it can 

be compacted in the moulds (Soutsos et al. 2011). If it did not hold together 

then additional water was added. Moulds were then filled up to a pre

determined weight of 10 kg (Fig. 7.2 (a) and (b));

e. The mould was then placed under the vibro-compaction hammer (Fig. 7.2 (b)) 

and compacted at 1560 strokes per minute for 30 s (Fig. 7.2 (c));

f. The block was then demoulded (Fig. 7.2 (d)) and placed under the chosen 

curing condition.
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Figure 7-2: (a, b) Filling the mould with 10 kg of concrete: (c) Placing the mould under the vibro- 
compaction rig and compacting for 30 s; (d) Demoulding

7.3. Phase 1: The Replication of Portland Cement Blocks 

and Preliminary Trials on Alkali-Activated Concrete Blocks

This phase of the investigation had three objectives as follows:

To assess the reliability of the compaction rig through the replication of PCC 

blocks;

To get familiar with the production of Alkali-Activated Concrete (AAC) 

building blocks;

To obtain a preliminary assessment of the strength achievable with different 

binder contents and PFA/GGBS binder blends.
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The experimental variables considered for fulfilling the above objectives were the 

following:

a) PCC blocks were replicated as per the factory (CES Quarry Products) mix 

proportions;

b) AAC blocks were produced by varying both the binder content (160- 190 kg/m3, 

but also 300 kg/m3 was tested) and the PFA/GGBS ratio (80/20 - 60/40);

c) The influence of different curing conditions on the strength development and the 

possible occurrence of efflorescence was also investigated.

A total of 31 blocks were produced in this phase. Blocks were tested in compression 

under a load rate of 0.15 MPa/s according to the guidelines of BS EN 772- 

1:2011+A1:2015. Fibreboard bases were used below and above the sample for 

ensuring the full contact between samples loaded sides and the plates. Table 7-2 

summarises the test data and results for this phase.
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Table 7-2: 

Sample

BB1

BB2

BB3

BB4

BBS

Summary of phase 1 results

Binder 

content

(kg/m3)

160

300

190 PFA/GGBS

Binder No. of

blocks

7 days

strength

(MPa)

28 days

strength

(MPa)

Density

(kg/m3)

Remarks

2 3.7 1918 Unsuccessful due to

lack of admixture and

to lack of hydration

100% PC

3 7.3 (6.7) 1957 Successful (2 out of 3

blocks - 1 block gave

lower strength)

3 8.0(6.6) 2020 Successful (1 out of 2

blocks - 1 block gave

lower strength).

80/20

PFA/GGBS

3 9.1 11.9 2165 Good appearance, 1

block tested for each

testing time. 1st block

tested after 5 days.

80/20 3 1.4 - 1942 Sprayed with water.

Very bad condition 

due to salt 

efflorescence
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Sample Binder

content

(kg/m3)

Binder No. of

blocks

7 days

strength

(MPa)

28 days

strength

(MPa)

Density

(kg/m3)

Remarks

BB6 160 80/20

PFA/GGBS

3 1.3 1988 Sprayed with water.

Very bad conditions

due to salt

efflorescence

80/20
1 3.6 - 1985 Pre-wetted aggregates

BB6 160
PFA/GGBS 1 3.8 1942 Oven curing for 7

days

1 2.4 2052 Sealed bag curing for

7 days

1 2.1 1990 Room conditions

curing for 7 days

BB7 190

60/40

PFA/GGBS

3 3.5 1987 Sprayed with water.

Very bad conditions

due to salt

efflorescence

BBS

3 Sprayed with water.

Unsuccessful due to

severe salt

efflorescence

1 6.5 - 1933 Oven curing for 14
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Sample Binder

content

(kg/nr')

Binder No. of

blocks

7 days

strength

(MPa)

28 days

strength

(MPa)

Density

(kg/m3)

Remarks

60/40 days

BBS 160 PFA/GGBS 1 6.9 1966 Sealed bag curing for

14 days

1 6.9 1956 Room conditions

curing for 14 days

1 6.3 1958 Sprayed with water -

Cured at room

conditions 14 days

- PC blocks (samples BB1 to BB3).

The PCC blocks were produced using the same mix proportions used by the industrial 

partner (CES Quarry Products) for verifying the reliability of the compaction rig in 

the replication of the industrial procedure for building blocks. The first mix series 

(BB1) was not successful due to the lack of the chemical admixture (plasticiser) and 

to the unsuitable curing conditions (dry environment). Two further series (BB2 and 

BBS) were carried out by adding the plasticiser to the mix, and by keeping the blocks 

in a humid environment, also splashing them with water to ensure better curing. 

Results confirmed that the described procedure can allow the production of blocks 

with satisfactory strength and comparable density. However, a high scatter of results
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was observed.

- 80/20 PFA/GGBS blocks (samples BB4 to BB6).

A first attempt to produce a satisfactory strength with a blend of 80% PFA by varying 

the binder content in the mix was carried out. Results showed that for high binder 

content (300 kg/m?) the obtained blocks had high compressive strength i.e. 28-day 

compressive strength of around 12 MPa. However, the measured density was around 

10% higher than those of PCC blocks. Moreover, high binder content also involved 

higher dosage of chemical activators, with associated additional costs. When the 

binder content was reduced, a drop in compressive strength was observed. For a 

binder content of 160 kg/m3, which is the amount of binder used in PCC blocks, the 

obtained strength was about half of the target compressive strength of 7 MPa, 

irrespective of the curing conditions. Fig. 7-4 shows samples of the produced AAC 

building blocks.

Increasing the binder content to 190 kg/m3, the obtained strength was still lower than 

the target strength, and severe efflorescence problems emerged when blocks were 

splashed with water (Fig. 7-5). The term “efflorescence” refers to the formation of a 

crystalline salt deposit on the surface of masonry or concrete. The porous nature of 

products such as building blocks promotes the mobility of alkalis from the pores 

towards the surface where it reacts with atmospheric CO2 to form sodium carbonate 

compounds at different levels of hydration.
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When some blocks were splashed with water (see Fig. 7-5) a noticeable efflorescence 

development was observed. Some samples of the deposited salt were collected and an 

XRD analysis was performed in order to confirm the nature of such material. Resulting 

peaks were related to two different hydrated species of sodium carbonate, namely 

Na2C03- IOH2O and NaiCO.vVkFO (Fig. 7-3).

NaCl NaCl: Na2C03-7H20

NaC2: Na2CO310H2O
NaC2

NaC2
NaCl

NaCl
NaCl

NaCl
NaC2 NaC2NaC2NaCl NaC2 NaC2 NaC2

2 Theta (degrees)

Figure 7-3: XRD pattern for the investigated salt showing NCI: NaiCO.vTHiO and NC2: 
NazCOHOHzO

Summarising, the efflorescence development is due to the reaction of Na with the 

atmospheric CO2, and it is aggravated by the presence of water that can drain out Na 

from the concrete matrix especially in porous products like building blocks.

Controlled curing conditions appeared to mitigate the efflorescence problem. 

Measures addressing the acceleration of the reaction (oven curing) or the prevention
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of air contact during early curing period (sample sealed in a bag) were tested and 

appeared to be effective in reducing efflorescence (Figs. 7-6 and 7-7). A more 

detailed analysis of the efflorescence issue is provided in the subsequent section.

Figure 7-4: Samples for the produced blocks

Figure 7-5: Efflorescence development after splashing samples with water

- 60/40 PFA/GGBS blocks (samples BB7 to BBS).

Two binder contents were studied for this blend (160 and 190 kg/m3). Results showed 

severe efflorescence development on blocks splashed with water (sample BB7). The
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blend showed promising results in terms of compressive strength, even in the case of 

lower binder content (160 kg/m3). However, the obtained strength appeared to be 

lower than the target strength. As observed for 80/20 mixes, the control on curing 

conditions appeared to help to alleviate the development of efflorescence (Figs. 7-6 

and 7-7 for 80/20 and 60/40 blends respectively). Efflorescence seemed to decrease 

when the binder content increased. Densities were in the range of those of PC blocks 

provided by CES Quarry Products Ltd.

Figure 7-6: Effect of curing conditions on efflorescence development (80/20 blend)

Figure 7-7: Effects of curing conditions on efflorescence development (60/40 blend)
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The main conclusions from the above trials can be summarised as follows:

For obtaining the target strength with reasonable strength margin, it is 

necessary either (a) to increase the GGBS content in the blend, or (b) to 

increase the binder content for the 60/40 blend; increasing the binder content 

leads to an increase in the density of the blocks and also increases the unit cost 

due to the increase of the amount of activators associated with increased binder 

content. Therefore increasing the GGBS content can be more viable to achieve 

the required compressive strength and reduce efflorescence.

The control of efflorescence can be achieved with the adoption of appropriate 

curing procedures.

Phase 2 of the investigation is discussed in the subsequent section.

7.4. Phase 2: Main Trials for the Production of AAC 

Building Blocks

Building on the results obtained from phase 1, main production trials were carried out 

to investigate the strength development with either higher amount of binder or higher 

GGBS content in the binder blend, taking also into account the efflorescence 

development under different curing conditions. In this phase, two PFA/GGBS blends 

namely 60/40 with a binder content of 190 kg/m3 and 30/70 with a binder content of
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160 kg/m? were examined to produce AAC building blocks. The influence of 5 

different curing conditions on efflorescence development was also investigated.

This stage of the study included the following objectives:

To assess the strength development of two PFA/GGBS blends with the 

following binder contents (60/40 PFA/GGBS @ 190 kg/m1 and 30/70 

PFA/GGBS @ 160 kg/m3);

To qualitatively assess the efflorescence development under different curing 

conditions (oven curing at 70 °C for 1 and 3 days, sealed curing for 3 and 7 

days, room conditions);

To select the final binder blend to be used for the factory trial.

7.4.1. Rationale of the Blend, Binder Content and 

Curing Condition Choices

Possible countermeasures should therefore be considered to minimize efflorescence as 

follows:

1. Speed up the reaction processes: by increasing the rate of the reaction the 

sodium is more rapidly bonded in the reacted structure, and therefore the 

migration of Na ions and the consequent reaction with atmospheric CCh is 

reduced. This accelerated reaction can be achieved by curing the samples in 

oven at 70 °C; increasing the content of GGBS also helps in the acceleration 

of the reaction process which results in a denser matrix.
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2. Avoid the contact with atmosphere in the early curing time: sealing the 

samples for a sufficient period of time could help to avoid the contact with CO2 

until the reaction matures and therefore increasing the chances for binding Na 

in the matrix.

3. Increase the binder content: an increase in the binder content makes the 

matrix denser, and consequently reduces the air path for the leaching of Na 

ions.

4. Avoid the contact with water: this is the most straightforward action to carry 

out, but it implies special care both at production stage (casting and curing in 

a sheltered environment) and at utilization stage (indoor applications or 

plastering).

5. Bond chemically the Na in the matrix structure: this technique can reduce 

the availability of free Na ions that can leach out and form efflorescence. 

Adding high alumina additives was proposed by some studies (Najafi Kani et 

al. 2012). However, this option seems less feasible in building blocks mainly 

due to the increase in costs when adding additives to the AAC mix.

In this stage of the study, options 1 to 4 were considered. Therefore, different curing 

conditions and different binder contents were examined, and the efflorescence 

development was monitored visually.

Adopted curing conditions were:
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a) 1 day in an oven at 70 °C, remaining days at room conditions curing;

b) 3 days in an oven 70 °C, remaining days at room conditions curing;

c) 3 days in sealed bag, remaining days at room conditions curing;

d) 7 days in sealed bag, remaining days at room conditions curing;

e) Curing at room condition for the entire duration of the curing process, as a 

reference.

Fig. 7-8 below shows the adopted curing conditions

Figure 7-8: Different curing conditions: (a) oven at 70 °C, (b) 
sealing in plastic bags and (c) room condition
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7.4.2. Trial Results

A total of 60 blocks were produced in this phase. Blocks were tested in compression

under a load rate of 0.15 MPa/s. Fibreboard bases at top and bottom of the block were

used for ensuring the full contact between sample loaded sides and the plates. Table 7-

3 shows the test data and results which are also shown in Figs. 7-9 (a) and (b).

Compressive strength results were slightly scattered, probably due to the production

and testing processes of blocks (delay between the first and the last block cast in the

same mix batch that might affect the moisture and therefore the workability of the mix;

geometry of moulds which resulted in sharp edges that were smoothened during the

compression test by gentle tapping with a hammer) may also have contributed to the

variation in the samples’ strength. Figs. 7-9 (a) and (b) show 7 and 28-day compressive

strength for 60/40 and 3/70 blends respectively with a binder content of 190 kg/m'

(BB7) and 160 kg/m3 (BB9) under five different curing conditions. The target strength

of 7 MPa was achieved at both 7 and 28 days in most of the curing conditions.

Strengths in the range of 6 - 9 MPa were recorded in sample BB7 as can be seen from

Table 7-3 and Fig. 7-9 (a). Samples in BB9 series had strengths in the range of 6 - 13

MPa as shown in Fig. 7-9 (b). Oven curing at 70 °C (for both 1 and 3 days) and room

condition curing appeared to give the lowest compressive strength especially at 28

days. This can be due to the loss of moisture from the samples; the porous nature of

building blocks also contributed towards the loss of moisture from the samples, leading

to a smaller extent of reaction and subsequently a drop in strength. Sealing the blocks
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appeared to benefit the strength gain of the blocks especially with higher content of 

GGBS (BB9 with 70% GGBS). Sealing the samples helped to retain the moisture and 

therefore better hydration of the slag and consequently better compressive strength.
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Table 7-3: Summary of phase 2 results

Sample Curing
type

Binder
content
(kg/m3)

Binder
blend

No. of
blocks

7 days 
strength 
(MPa)

28 days 
strength
(MPa)

Density
7 days 
(kg/m3)

Density
28 days 
(kg/m3)

BB7_a Oven 70
°C for 1 
day

190 60/40 6 8.3 ±1.0 8.3 ±0.1 1988 ± 6 2007 ± 20

BB7Jb Oven 70
°C for 3 
day

6 8.0 ± 1.1 6.2 ± 1.8 1935 ±3 1944 ±36

BB7_c Sealed for
3 days

6 7.70 ± 1.0 9.4 ±0.9 2075 ± 22 2056 ± 20

BB7_d Sealed for
7 days

6 5.7 ±0.6 8.2 ±2.6 1990 ±26 1988 ±37

BB7_e Air curing 6 6.7 ±1.6 8.6 ± 1.4 1998 ±38 2002 ± 22

BB9_a Oven 70
°C for 1 
day

160 30/70 6 8.1 ± 1.1 7.9 ±0.8 1936 ±40 1968 ±6

BB9_b Oven 70
°C for 3 
day

6 6.2 ± 1.5 7.5 ± 1.2 1931 ±53 1908 ±3

BB9_c Sealed for
3 days

6 6 8 ± 1.8 9.8 ±0.8 1948 ±20 2001 ±3

BB9_d Sealed for
7 days

6 10.6 ± 1.91 13.2 ±2.9 2016 ± 1 2006 ± 1

BB9_e Room
condition
(air
curing)

6 6.2 ± 1.2 7.0 ±0.9 1933 ±20 1935 ±8
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Target strength of 7 MPa

28 days

dayOVEN 3dayOVEN 3dayBAG VdayBAG RoomCond
Curing condition

Target strength of 7 MPa

1 dayOVEN 3dayOVEN 3dayBAG VdayBAG RoomCond

Curing condition

Figure 7-9: Building blocks average 7 and 28 days compressive strength: (a) BB7 (60/40 with 
190 kg/m;' binder content) and (b) BB9 (30/70 with 160 kg/m-1 binder content
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Tables 7-4 and 7-5 show the visual appearance of samples after 7 and 28 days, cured 

under different conditions.

From a qualitative point of view, the following conclusions can be drawn:

Oven curing appeared to prevent completely the development of efflorescence 

on samples. One day in the oven was sufficient for hindering the development 

of salt deposits when the sample was exposed to the atmosphere.

The sealed curing condition was also effective in controlling the development 

of efflorescence. In one case (BB7_c) it was possible to observe a thin layer on 

the bottom part of the sample (in the figure blocks were rotated and therefore 

it was visible on the sides of the block), presumably due to the draining of some 

of the mix liquid downward.

The room condition curing allowed the development of some salt deposition, 

as can be seen from Tables 7-4 and 7-5 (samples BB7_e and BB9_e). 

Comparing the two cases, it can be observed that efflorescence in BB9 

appeared to be more noticeable than that in BB7. This was likely due to the 

different binder content (190 and 160 kg/m3 for BB7 and BB9 respectively). 

The lower binder content leads to a less dense matrix and consequently to a 

higher possibility for Na ions to come in contact with atmospheric CO2. This 

effect was also observed in samples BB6 and BBS (Figs. 7-6 and 7-7), which 

showed higher efflorescence development, while sample BB4 (obtained with a 

binder content of 300 kg/m3) showed no sign of salt deposition after more than
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one year of its production and kept at room conditions.

Table 7-4: Efflorescence development for different curing regimes - BB7 (60/40 with binder content of 
190 kg/m')

Sample 7 days 28 days

BB7_a

f ‘

■ —i

BB7Jj

j

BB7_c

^ \^

•iT - ‘SSK,

--------------- --------- --------
.  —1
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Table 7-5: Efflorescence development for different curing regimes - BB9 (30/70 with binder content of 
160 kg/nr')

Sample 7 days 28 days

BB9_a

!
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The following conclusions can be drawn from this stage:

The blend 30/70 PFA/GGBS with a binder content of 160 kg/m3 had the 

highest strength after 28 days. The 60/40 PFA/GGBS blend with a binder 

content of 190 kg/m3 yielded strengths within the range obtained for industrial 

blocks.

The best curing option for the 30/70 blend in terms of strength 

development was found to be sealing the blocks for a minimum duration

of 3 days, resulting in compressive strengths up to 13 MPa, higher than those 

of PCC blocks measured for factory products. Oven curing for one day did not 

improve the blocks’ strength, whereas longer oven curing was detrimental for 

the strength development due to the excessive evaporation of activators 

promoted by the porous nature of the blocks.

The controlled curing conditions allowed mitigating the efflorescence 

development on samples exposed to atmospheric air, while samples cured 

in air showed formation of salt deposition. Such efflorescence was more severe 

in lower binder content blocks. Excessive water contact with the blocks 

increased the efflorescence development even on matured blocks, irrespective 

of the curing regime adopted.

Considering the developed strength and the cost implication of a lower binder 

content mix, the binder blend chosen for the factory trials stage was the 

30/70 PFA/GGBS @ a binder content of 160 kg/m3.
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7.5. Phase 3: Full Scale Factory Trials 

7.5.1. Production Set up and Procedures

Full scale factory trials for the production of building blocks were conducted as the 

final stage of the study. The trials were carried out at the premises of CES Quarry 

Products Ltd, whose product range and services are mainly:

Ready-mix and mini-mix concrete 

Traditional and liquid floor screed 

Building and plastering mortar 

Blocks and bricks 

Lightweight insulation blocks 

Quarry stone and aggregates 

Recycled and secondary aggregates 

Decorative gravel 

Aggregate recycling facility

The main factory facilities used for the trials were the mixing station (Fig. 7-10 (a)), 

dry mix concrete loader (Fig. 7-10 (b)) and the vibration and compaction blocks 

machine or egglayer (Fig. 7-10 (c)). In order to reduce the volume of chemicals and 

binders to be used for the test, it was decided to cast bricks with dimension 95 x 210 x 

65 mm with the same mix proportions as the ordinary building blocks (whose 

dimensions are 440 x 215 x 100 mm). The required quantity of mix per each batch was 

therefore reduced from 0.42 to 0.18 m\
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Figure 7-10: Factory facilities utilized for the trials: (a) mixing station, (b) concrete loader and (c) 
the compaction and vibration blocks machine (egglayer)

Mix 1 (w/s ratio = 0.38)

30/70 PFA/GGBS mix “Wet mix” - 0.4 m3

Batch 1: Sealed curing (128 bricks)

Batch 2: Air curing (128 bricks)

(Total volume 0.8 m3)
Mix 2 (w/s ratio = 0.35)

Batch 3: Sealed curing (128 bricks)

"Dry mix” - 0.4 m3 -—Batch 4: Air curing (128 bricks)

As discussed earlier (section 7.4), the chosen blend for the factory trials was the 30/70 

PFA/GGBS. Two mixes were carried out with two different water-to-solid ratios and 

mixing procedures. Each mix allowed the cast of 2 batches of bricks, in order to 

compare two different curing regimes, sealed and in air. More than 500 AAC bricks 

were produced.

The factory produced on the same day of the trials, some batches of Portland cement
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(PCQ bricks with the same mix proportions as the commercial building blocks, in 

order to have a reference product against which the results from the AAC bricks would 

be compared.

The production and testing procedure was as follows:

1. Mixing stage:

a) Aggregates were weighted on the feeding conveyor belt according to 

the required quantity for the production of a 0.4 m3 batch;

b) Binder powder (30/70 PFA/GGBS previously blended) was added to 

the mix and the mixer was started;

c) Chemicals (NaOH and sodium silicate solutions) and water were then 

added to the dry constituents whilst mixing.

2. Casting stage:

a) The mix was discharged through a hopper into the loading vehicle (Fig. 

7-10 (b));

b) The loading vehicle transported the material to the egglayer to feed the 

machine hopper;

c) The material was vibrated in the mould until the mould was properly 

filled (Fig 7-11);

d) The material was then compacted with a pressure of about 14 MPa until 

the requested height of the bricks was obtained (Fig. 7-11);

e) The machine was then moved forward for casting a new batch of bricks 

(vibration, tampering etc.); freshly produced AAC bricks are shown in

313



Chapter 7: PFA/GGBS Alkali-Activated Concrete Building Blocks

Fig. 7-12.

3. Curing stage:

a) The first batch of each mix was covered with a wooden box and a 

plastic sheet was then placed on top of the wooden box (see Fig. 7-13);

b) The second batch for each mix was left to air-cure as shown in Fig. 7- 

13;

c) 30 samples from each batch and each mix (including the PC reference 

batch) were collected after 4 days from casting and kept in the lab until 

the day of testing.

4. Testing stage:

a) Bricks were tested in compression with a rate of 0.17 MPa/s on the 95 

x 210 mm face. Fibreboard bases were used on top and bottom of the 

block to ensure the full contact between the samples loaded sides and 

the plates.
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Figure 7-11: Brick cast procedure: Empty moulds, mould filling, vibration and tampering of the 
material

Figure 7-12: Freshly produced batch of AAC bricks

Figure 7-13: Mixes 1 (left) and 2 (right) air curing and box sealed curing conditions
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The differences between mix 1 and 2 were as follows:

Mix 1 was made with 10 1 of water added approximately at the same time with 

chemicals, then stirred for additional 5 minutes;

Mix 2 was made by stirring chemicals, binder and aggregates for about 10 min, 

then adding water in 2.5 1 batches for a total volume of 7.5 1.

The choice of changing the mixing procedure and the water quantity in mix 2 was 

taken after the casting of mix 1, observing that it was wet and it adhered to the block 

machine mould filling device. Therefore, a more dry mix was tried for improving the 

casting process.

7.5.2. Physical and Mechanical Test Results

About 30 samples from each batch (plus 30 samples from the PCC batch) were 

collected after 4 days from casting on the factory site. Samples were tested in 

compression at 4, 7 and 28 days. In order to assess the possible effects of water on 

mature bricks in terms of development of efflorescence and strength, 3 samples from 

each batch aged 14 and 21 days were soaked in water and left at room conditions until 

the 28-day testing age. Results for the factory trials are shown in Table 7-6.
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It can be observed that batch 1 showed a very high strength (17 MPa and 19.5 MPa 

after 7 and 28 days respectively) compared to the other batches and to the PCC samples 

(around 8 MPa and 10 MPa after 7 and 28 days respectively), as it shown in Fig. 7-14. 

Moreover, batches 1 and 3 (cured in boxes) showed better results than batches 2 and 4 

(cured in air), with a substantial increase in terms of strength (more than double 

between batches 1 and 2, between 26% and 50% between batches 3 and 4). This 

considerable difference in strength can be attributed to the difference in the density. 

Batch 1 had the highest recorded density presumably due to better compaction 

compared to the other batches. The higher density in batch 1 may be due to the 

prolonged pouring and the compaction effort during production as the machine 

operator was not fully familiar with the rheology of the AAC mix during the first batch, 

and therefore he might have excessively compacted the bricks. Moreover, mix 2 was 

kept in the mixer for longer time without adding water and consequently the reactions 

between binder and chemicals could have started before it was cast, hindering the good 

adhesion of the binder to the aggregate. Curing conditions and mix procedure, on the 

other hand, appeared less than convincing to explain the huge difference observed 

between batch 1 and the other batches. A further explanation can be that batch 1 was 

apparently more fluid than batch 2, and certainly more fluid than batches 3 and 4 (site 

operators found mix 1 slightly wet, and this was the reason why the water in mix 2 

was reduced). Since batch 1 was more fluid but had the highest density, the compaction 

reason seems more likely. These observations lead to the conclusion that the
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compaction stage resulted in a more dense structure for batch 1, because aggregate 

were more lubricated and more material was poured into the moulds. This was 

confirmed when densities were compared: the bulk density for batch 1 was between 

9% and 16% higher than the bulk densities for the other batches (see Fig. 7-15). Even 

if the difference between densities from batch 1 and batch 2 can be partially due to the 

different curing conditions (evaporation of liquid during the curing in open air for 

batch 2), this seemed not enough for explaining the huge difference recorded. The 

linear relationship between strength and bulk density is shown in Fig. 7-16. Therefore, 

it can be concluded that better (excessive) compaction leading to higher density and 

consequently higher compressive strength is more likely to explain the huge difference 

in strength between batch 1 and the other batches.

AAC bricks showed higher or at least similar strength to that of PCC bricks in all 

batches but for batch 4. This can be due, as already reported, to the combined effect of 

a poor mixing phase (chemicals and binder remained in the mixer for longer time 

without water addition, and this might have triggered the reaction before it was cast) 

and air curing.
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Figure 7-14: Strength development for different ages and conditions for the factory trial samples, wl: 
samples soaked in water at 14 days and then left curing at air until 28 days. w2: samples soaked in water 
at 21 days and then left curing at air until 28 days.
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Figure 7-15: Hulk density for different ages and conditions for the factory trial samples, 
vvl: samples soaked in water at 14 days and then left air cured until 28 days. w2: samples 
soaked in water at 21 days and then left air cured until 28 days

The effect of water soaking on mature bricks in terms of strength and efflorescence 

development was investigated by submerging samples from each batch at 14 and 21 

days and then left air-cured until comparing their appearance and their strength at 28 

days. Photos in Fig. 7-17 show the appearance of the soaked bricks. Qualitatively, it 

can be noted that curing in the sealed condition reduced the development of 

efflorescence for bricks soaked both at 14 and at 21 days. In terms of strength 

development, while this was beneficial for PCC bricks (as predicted), there was no
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clear trend for the water effect on strength of AAC bricks. However, it can be observed 

that there was no major strength drop due to water effects, with maximum recorded 

variation of 1 - 2 MPa for different submersion times as shown in Fig. 7-14.

28 days ■ 7 days • 4 davs

Y = 0.047lx 79.773
R- 0.9569

= 0.037s 62.229
RJ = 0.925

0.0316.\ 52.098 
R2 = 0.9907

1800 1850 1900 1950 2000 2050 2100 2150
Bulk density (kg/m3)

Figure 7-16: Relationship between compressive strength and bulk density at 4, 7 and 28 days
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Figure 7-17: Efflorescence development for the bricks produced during factory trials examined 
at 28 days: (a) bricks from batch 1, batch 2 and PC soaked after 14 days; (b) bricks from batch 3 
and 4 soaked after of 21 days; (c) bricks from batch 1 and 2 soaked after 21 days; (d) bricks from 
batch 3 and 4 soaked at 21 days and (e) bricks from batches 1 to 4 with no water submersion.

7.6. Cost Analysis

As was previously discussed in Chapter 6, the cost estimate of concrete is not an easy 

task as it largely depends on the costs of the constituents, mainly Portland cement for
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PCC blocks, sodium hydroxide and sodium silicate solution for the AAC blocks. Prices 

for these constituents can vary significantly from one location to another and are not 

easily obtainable as they depend on several factors listed in Chapter 6 (Section 6.6).

For these reasons, a simple and straightforward comparison between costs of 

conventional and innovative products cannot be carried out. Moreover, the 

composition and the unit costs obtained from CES Quarry Products Ltd cannot be 

disclosed since they are covered by an industrial NDA (Non-Disclosure Agreement).

However, a general analysis can be carried out by constructing a mathematical model 

of the cost composition. The following assumptions have been made for the 

development of a simplified model:

Cost for PFA and GGBS are fixed;

Cost for water is fixed and assumed equal to 1.0 £/t (this value actually does 

not affect in a significant way the overall price composition);

The same quantity of aggregates is used for the production of the two systems 

and the price of the aggregate is fixed;

Prices of sodium silicate solution, sodium hydroxide and PC are variables.

Under these assumptions, costs for AAC blocks (Caacb) and for PC blocks (Cpcb) can 

be modelled as:

Caacb = QnuSi ' CNasi + Qnuoh ' Cncioh + ^

Crcb = Qpc ' Cpc + B
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where:

QnuSi = quantity of sodium silicate solution per m\ in tonnes 

CnuSi = cost of sodium silicate solution, in £/t 

Qnuoh = quantity of sodium hydroxide per m\ in tonnes 

Cnuoh = cost of sodium hydroxide, in £/t;

Qpc = quantity of Portland cement per m\ in tonnes;

Cpc = cost of Portland cement, in £/t;

A = cost of other materials in the mix for the AAC blocks;

B = cost of other materials in the mix for PC blocks.

In order for the AAC blocks to be less expensive than PCC blocks, the following 

inequation should be satisfied:

Caacb — Cpcb 

That is:

QnuSI ' C/VaSi + QnclOH ' ^NaOH + ^ ^ Qpc ' CpC + B 

Consequently:

^ ^ QnuSi ^ , Qnuoh r A — B
LPC — ~p) LNaSi + ^NaOH + ~~7.

VPC YPC VPC

In Cartesian geometry, this inequation is represented as an infinite series of planes in 

a space where Cpc. CnoSi and Cnuoh are the coordinate system. When fixing a value of
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Cpc, one variable among the infinite number planes is defined. Points under this plane 

satisfy the inequation, but points over this plane do not. An easier representation on 

the 2-dimension plane Cnusi and CnuOh is obtained by drawing the lines that 

corresponds to the plane projections, as shown in Fig. 7-18.

This is a simple tool for carrying out some cost comparison. If the PC cost is known, 

all the points under its relative line represent couples of prices for sodium hydroxide 

and sodium silicate solution that satisfy the conditions of AAC building blocks being 

cheaper than PCC building blocks.

According to this diagram, it can be observed that, if the price of NaOH is 100 £/t and 

the price of sodium silicate solution is around 250 £/t, the AAC blocks are 

economically advantageous only when the cost of PC is equal or higher than 110 £/t 

(Fig. 7-18). Similarly, if PC price is around 110 £/t and the NaOH price is 100 £/t, the 

AAC blocks price is comparable for sodium silicate solution prices up to 210 £/t.

It must be pointed out that this diagram is valid for sodium silicate solution with a 

defined chemical composition (SiOi: NaiO ratio = 2:1, i.e. Na20 12.8%, SiO: 25.5%, 

water 61.7%), whereas for other compositions a conversion according to the actual 

SiO: quantity to be added and the related NaOH correction is required. Moreover, the 

diagram is valid only for the mix proportions used for the trial tests. Other mix 

proportions would requre different diagrams.
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Sodium hydroxide price (£/t)
Figure 7-18: Cost comparison diagram between AAC and PC blocks. Solid lines 
represent Portland cement cost in £/t. The red dotted line is an example of 
utilization: NaOH cost = 100 £/t, sodium silicate solution = 250 £/t, AAC blocks are 
cheaper than PC blocks when Portland cement cost >110 £/t.

A breakdown of the mix constituents for the building blocks and the cost fractions of a 

cubic metre of PCC and AAC is given in Fig. 7-19. The highest fraction of PCC and AAC 

building block mixes was occupied by aggregates i.e. around 90% (Fig. 7-19 (a) and (c)).
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The binder content fraction in both PCC (Portland cement) and AAC (PFA+GGBS) 

blocks was about 9%. The amount of activators in the AAC mix accounted for only around 

2% (Fig. 7-19 (a)). However, these activators were found to be responsible for about 34% 

of the total cost of a cubic metre of AAC mix, with sodium silicate alone responsible for 

31 % of the total cost per cubic metre (see Fig. 7-19 (b)). The binder content share in AAC 

was 27% with GGBS responsible for 20% of the total cost. Aggregates were found to be 

responsible for 39% of the total cost of AAC mix. The cost of PCC mix, on the other hand, 

was shared mainly by the binder (46%) and the aggregates (51%). The share of the 

admixture was 3% of the total cost per cubic metre of PCC mix (Fig. 7-19 (d)).
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Figure 7-19: Materials and cost breakdown for AAC and PCC building blocks: (a) materials 
fractions for AAC blocks, (b) cost fractions for AAC blocks, (c) material fractions for PCC blocks 
and (d) cost fractions PCC blocks.
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7.7. Concluding Remarks

The results of an experimental investigation on the industrial replication of the process 

for the production of AAC building blocks were presented and discussed in this 

chapter. The influence of different curing conditions on efflorescence development 

was also discussed. Finally, a simple cost analysis model was developed to assess the 

economical viability of AAC blocks compared to that of PCC blocks. The following 

conclusions can be drawn from this chapter:

• The preliminary experimental trials gave indications on the binder requirement 

both in terms of blends of PFA and GGBS and the amount of the binder in the 

mix. For obtaining the target strength of 7 MPa with a reasonable strength 

margin, a high GGBS content or higher binder content for the 60/40 blend was 

found necessary. Moreover, severe efflorescence development was observed 

when samples were put in contact with water and some countermeasures were 

evaluated, mainly considering appropriate curing procedures.

• The following conclusions were made from the main trials:

The mix 30/70 PFA/GGBS with a binder content of 160 kg/m3 had the 

highest 28 day strength. The 60/40 PFA/GGBS mix with a binder 

content of 190 kg/m3 yielded strengths within the range of the data 

obtained for industrial blocks.

Sealed curing conditions were found to be beneficial for both the
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strength development and for the control of efflorescence.

The binder blend selected for the factory trial stage was therefore the 

30/70 PFA/GGBS @ a binder content of 160 kg/m3.

• The full scale industrial trial production of building blocks made with AAC 

binder was successfully carried out and more than 500 bricks were produced 

at the premises of CES Quarry Products Ltd. The AAC blocks showed very 

good strength development and no major technical issues emerged during the 

production. Obtained strengths were compared with a control batch produced 

with PC binder, and in all cases but one they were superior. The AAC mix 

therefore was found to be fully suitable for block production.

• The compressive strength was found to be proportional to the density of the 

blocks. Mixes with higher lubrication were compacted to a higher degree, 

increasing proportionally the strength. The compaction effort of the operator 

may have led to better compaction, higher density and eventually much higher 

compressive strength.

• Controlled curing conditions showed considerable influence on the final 

performance of the blocks. Therefore, it is advised to consider high humidity 

and sealed environment curing for a minimum of 3 days for obtaining the 

highest strength and avoiding efflorescence development.

• The effect of water submersion on mature bricks was investigated, and the 

efflorescence development was observed for all cases, but to a much smaller
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extent when samples were cured in sealed conditions. Strength appeared not to 

be affected after the soaking of mature samples after 14 and 21 days, and 

differences between dry and soaked samples in terms of strength at 28 days 

were in the range of 1 - 2 MPa. Considering also the visual appearance of the 

blocks, it is anyway advisable to prevent the contact of bricks with water in all 

stages, from production to utilization. This can be achieved by plastering or 

coating of the blocks, or considering indoor applications.

• Costs for AAC blocks are difficult to calculate due to the variability of prices 

for the constituents. However, a diagram was developed for comparison 

purposes. With a price of NaOH about 100 £/t and a price of sodium silicate 

solution about 250 £/t, AAC blocks with the tested formulation were found 

economically viable when Portland cement price is higher than 110 £/t.

• Although the proportion of sodium silicate solution in the AAC building blocks 

mix was only 2%, it was found to be responsible for around 31% of the total 

cost of one cubic meter of AAC blocks mix. Possible savings in terms of cost 

could be achieved by sourcing or producing cheap alternative activators.
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Chapter 8 Development of Alternative and 

Potentially Lower Cost Silicate Activators

8.1 Introduction

Despite being attractive in terms of curbing CO2 emissions, the high cost associated 

with the commercial activators is considered among the obstacles hindering the large 

scale uptake of the alkali-activated materials. The commercial sodium silicate solution 

was found to be responsible for the highest fraction of the cost of the AAC mix. 

Furthermore, the high embodied energy linked to those activators (especially sodium 

silicate solution) has tarnished to some extent the reputation of AAC as a “green” 

alternative to PCC. Therefore, sourcing or producing alternative activators could lead 

to better chances towards the large scale commercialization of these promising binders. 

In this chapter three possible silica sources namely microsilica slurry, rice husk ash 

(RHA) and glass cullet (GC) were utilized to produce alternative activators that can 

replace the commercial sodium silicate solution. The study had the following 

objectives:

1) Optimize the production processes for the alternative activators i.e. NaOH 

concentration, heating duration and fineness requirements.

334



Chapter 8: Development of Alternative and Potentially Lower Cost Silicate 
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2) Assess the effectiveness of these alternative silicate solutions in terms of 

efficiency and suitability to activate different precursors (PFA, GGBS and 

their blends). Compressive strength of mortars was taken as a proxy of the 

dissolution of silica.

3) Analyse the cost of AAC mixes made with alternative silicate activators and 

commercial activators.

8.2 Glass Gullet Based Alternative Activator

8.2.1 Effect of Fineness and Heating Duration on Compressive 

Strength of GGBS Mortars

Table 8-1 shows the composition of the GC activator and the GGBS mortar strength 

data obtained using this activator. Glass cullet was milled for 5 and 10 minutes before 

using it as a source of silica. In the first attempt where GC was milled for 5 minutes 

(Coarse GC) the highest achieved compressive strength was around 38 MPa using the 

solution heated for 16 hours at 80 °C. Heating the GC solutions for 3, 6 and 8 hours 

appeared not to improve significantly the compressive strength of the slag mortar 

samples compared to the NaOH control mix. The strength was similar to that of the 

mortar mix formulated without GC solution (only NaOH solution) where a 28 day 

compressive strength of around 30 MPa was recorded as can be seen from Fig. 8-1.
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An additional control mix was produced similar to the one with only NaOH solution 

but the 75 g of GC powder was added at the time of mixing i.e. no time for dissolution 

was allowed. The reason for doing this control mix was to rule out any mechanical 

influence of GC as a filler. The 28 day strength for this control mix was similar to the 

one formulated with only NaOH and no GC. These findings indicate lower dissolution 

of silica from GC probably due to the coarser nature of the first batch of GC. The 

second batch of GC (Fine GC), which was milled for 10 minutes, was used in the next 

experimental series. Finer GC gave higher compressive strength compared to the 

coarser GC (Fig. 8-1). The difference in strength between the two GC batches was as 

high as more than 70% (65 MPa compared to 38 MPa) for the solution heated for 16 

hours at 80 °C. Moreover, a considerable influence of the heating duration can be noted 

from Fig. 8-1. It appears that heating the GC solution for 16 hours is essential to 

achieve compressive strength in the range of 65 MPa. Torres-Carrasco et al. (2015) 

and Puertas and Torres-Carrasco (2014) reported strengths similar to those obtained in 

this study for GC activated GGBS systems. Nonetheless, this strength is still well 

below that of around 90 MPa obtained using the commercial silicate solution with 

similar theoretical parameters (AM and M+) as shown in Fig. 8-1. Therefore, it can be 

concluded that the efficiency of GC activator is about 70% of that of the commercial 

sodium silicate solution based on compressive strength results. Table 8-1 shows the 

typical mix proportions for GGBS mortar mixes activated with GC and Table 8-2
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shows the composition of GC based activators and the GGBS mortar strength obtained 

using those solutions.

Table 8-1: Typical mix proportions for GGBS mortar mixes activated with GC based activator 
(standard deviation in brackets)

Control (comm. Coarse GC heated Fine GC heated for

Na-sil) for 16 hours 16 hours at 80 °C

GGBS (g) 600 600 600

Sand(g) 1650 1650 1650

M+ 6.0 6.0 6.0

AM 1.0 1.0 1.0

GC based activator (g) 260 260

Na-Si 141 - -

NaOH 30% 77.1 123.1 123.1

added water (g) 135 0 24

w/s ratio 0.41 0.42 0.42

7-day strength (MPa) 81.07 (4.2) 25.1 (0.4) 49.3 (1.0)

28-day strength (MPa) 92.5 (7.4) 38.0 (1.4) 64.7 (4.1)
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Control commercial sodium sil. solution

Fine GC 1

Coarse GC

Control NaOH only

Heating duration at 80 °C (hours)

Figure 8-1: The effect of GC fineness and heating duration on the 28 day strength of GGBS mortars
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8.2.2 Effect of Sodium Carbonate Content on Strength

Sodium carbonate (NaiCCb) was used as it was observed that some solutions produced 

at early stages of the study jellified and some solids precipitated. It was thought that 

the silicon from GC was captured by the calcium which was available in GC at a 

percentage of around 11%. The calcium and the silicon obtained from GC dissolution 

in NaOH solution and heat treatment at 80 °C may have contributed towards the 

formation of CSH gel. Therefore, Na2CC>3 was used to help in binding the calcium 

through the formation of calcium carbonate and improving the chances for the 

availability of Si in the solution. Na^CCb was recommended by Puertas et al. (2014) 

in the production of waste glass based activator. The effect of Na2CG3 content on the 

compressive strength was examined. The content of Na2C03 was 0, 6, 12.7 and 18 

grams as shown in Fig. 8-2. In this series the amount of water, NaOH, heating duration 

were kept constant at 300 g, 4.8 g and 16 hours respectively. Fine GC with D50 of 

about 12 pm was used in this series. Na2C03 appeared not to significantly influence 

the compressive strength of slag mortars. However, the optimum content of Na2C03 

was found to be 12.7 g as shown in Fig. 8-2.
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Sodium carbonate content (g)

Figure 8-2: Effect of sodium carbonate (NazCOj) on compressive strength of GGBS mortars

Filtered residues of GC solution with and without sodium carbonate were analysed 

using XRD, TGA and FT1R to examine if sodium carbonate used in GC activator had 

an effect in binding calcium from GC and preventing or limiting the formation of CSH 

gel which renders soluble silicates less available in the solution. The solid deposits 

were oven dried at 40 °C in a vacuum desiccator for a week before testing.
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XRD pattern showed the amorphous nature of the raw GC powder with the amorphous 

hump centred at 20 = 24° (Fig. 8-3). The amorphous hump centre was shifted to a 

higher 20 position in both the samples with and without sodium carbonate. The hump 

was centred at 20 ~ 29°. This 2 theta position is associated with the formation of semi

crystalline CSH hydrate gel (Escalante-Garcfa et al. 2003). Calcite (CaCCb) was also 

detected in the sample with sodium carbonate. This confirms to some extent the 

hypothesis that sodium carbonate can bind Ca from GC in the form of a precipitated 

calcium carbonate compound. However, CSH gel was also detected in both the 

samples with and without sodium carbonate. This suggests that sodium carbonate may 

have helped to bind some of the calcium but some of the calcium also were linked with 

Si to form CSH and this rendered soluble silicates less available in GC based activator. 

The insignificant effect of different sodium carbonate contents on compressive 

strength results and the low Si content obtained by ICP analysis which will be 

discussed later supports this interpretation.

TGA results (Fig. 8-4) showed that there was no mass loss for the raw GC sample for 

temperatures up to 1000 °C. A mass loss of around 6% was observed in the sample 

with sodium carbonate in the GC activator. Moreover, further mass loss was detected 

between temperatures 600 and 800 °C. This mass loss of around 1% was attributed to 

the decomposition of calcium carbonate which was also detected by XRD as discussed 

earlier. On the other hand, the sample with no sodium carbonate showed higher mass
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loss of around 10%. This may indicate the formation of more hydrated reaction 

products (CSH) than that in the case of the sample with sodium carbonate as more Ca 

and Si were available for the formation of CSH compared to the previous case where 

some of the calcium was bound in calcium carbonate.

FTIR spectra (Fig. 8-5) showed a shift in the Si-0 bond to a lower wavenumber in the 

filtered samples compared to the raw GC (1000 to 990 cm1). This indicates the change 

of the structure of the material suggesting the formation of a new reaction product i.e. 

CSH as previously detected by XRD and TGA. Similar behaviour in the Si-0 bond 

was observed in the reacted PFA/GGBS samples discussed in Chapter 5. Moreover, 

frequency bands centred at around 1650 and 3400 cm'1 were assigned to H2O bend 

vibration and the OH stretch vibration respectively. These bands appeared sharper in 

the sample without sodium carbonate which may indicate higher extent of hydrated 

reaction products. The shoulder detected at 876 cm'1 is attributed to the asymmetric 

stretch of AIO4 groups in the Al-O-Si bonds in the binding gel (Bernal et al. 2011 and 

Ismail 2013) which suggests the involvement of Al in the formed reaction products. 

CO3'2 absorption band was also observed at around 1430 cm‘! in the sample with 

sodium carbonate.
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8.2.3 Effect of Water Content of the Solution on Strength

In order to examine the influence of the water content of the solution on the efficiency 

of the GC based activator, water content values of 150 and 300 g were used in this 

series. The other components of the solution i.e. GC, NaiCCb, NaOH were fixed at 75, 

12.7 and 4.8 g respectively. The heating duration was kept at 16 hours at 80 °C. As 

can be seen from Fig. 8-6, both low and high water contents (150 and 300 g) of the 

GC solutions gave the same strength of around 65 MPa. Therefore, the effectiveness 

of the GC activator appears not affected by the variation in the water content during 

the dissolution process. However, this can be beneficial in case a lower overall w/s 

ratio is required when defining the mortar mix design.
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Water content (g)

Figure 8-6: The effect of water content of the solution on 28 day strength of 
GGBS mortars

8.2.4 Effect of the Solid Content of the Solution on Strength

The influence of the solid content of the solution on compressive strength was also 

studied. GC, Na2CC>3, NaOH were fixed at 75, 12.7 and 4.8 g respectively. Samples 

21a, 21b, 22a and 22b were produced for this purpose. Sample 21 was heated for 16 

hours at 80 °C, whereas sample 22 was heated for 8 hours at 80 °C. Samples 21a and 

22a were the typical unfiltered GC solutions used in mortar mixes, and 21b and 22b 

were the same as 21a and 22a but filtered using 1 micron paper filter and a vacuum
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pump to extract the liquid portion from the solution. Table 8-3 shows the details of 

those samples along with the 7 day and 28 day GGBS mortar compressive strength 

obtained using them as activators. It appears that filtered portions gave lower 

compressive strength both at 7 and 28 days. Compared to the unfiltered solutions, both 

the filtered samples (21b and 22b) gave 20-40% and 10-20% lower strength at 7 and 

28 days respectively. This can be due to the fact that the solid portion in the solution 

could be functioning as a reactive filler which helps to provide more compact matrix 

with some reactive Si species. These species became available upon contact between 

the binder particles and the alkaline solution leading to better interlinked 

microstructure and therefore higher compressive strength.

Table 8-3: The effect of the solid content on the compressive strength of GGBS mortars

Sample Solution (g) Strength 7 day Std Strength 28 day Std

(MPa) dev. (MPa) dev.

21a (Non- 260 49.0 3.8 58.7 3.3

filtered)

21b 153 liquid over total 29.4 2.5 44.9 5.2

(Filtered) of 260 solution

22a (Non- 260 41.5 2.0 58.5 3.1

filtered)

22b 161 liquid over total 33.1 0.5 51.3 2.7

(Filtered) of 260 solution
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8.2.5 Inductively Coupled Plasma (ICP) Analysis

ICP analysis was carried out on six filtered solutions namely 5, 6, 8, 19, 20 and 26. As 

can be seen from Table 8-4, the content of A1 and K was very low in the tested samples 

due to their lower concentration in raw GC. Moreover, Ca which exists in raw GC in 

a reasonable concentration (about 11%) was found to be very low i.e. far lower than 

1% in all the samples. This can be due the precipitation of C-S-H when Ca and Si are 

released from the GC. The sodium concentration was also found to be in the range of 

1-2%. This is slightly lower than the expected concentration of around 2.7%. Si 

content, on the other hand, varied between 1.0-2.4% which is considered very low 

compared to the expected amount to be dissolved. The expected content of Si in 75 g 

of GC which has a SiCb content of 71.5% is around 6.0%. This is around 3 times higher 

than the highest obtained value by ICP analysis. The highest obtained Si content was 

2.4% in sample 5 (see Table 8-4). The compressive strength of samples also correlated 

well with the Si content in the solutions as per ICP analysis. Fig. 8-7 shows the 

relationship between the Si content in the solutions and the 28 day compressive 

strength of slag mortars. The strength increased as the Si content increased and the 

solution with the highest obtained Si content gave the highest compressive strength of 

around 65 MPa.
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Table 8-4: ICP analysis data of elements detected in ppm for the selected samples

Sample ID/elements detected A1 Ca K Na Si

5 105 11 306 18180 24010

6 32 8 312 9910 10180

8 38 9 355 11970 12890

19 67 8 258 10390 15380

20 42 9 351 10630 10610

26 76 7 316 10310 17910
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E
S 20
>.
S5

■o
3C IQ

0.5 1 1.5 2

Si content (ppm)

2.5
x 10000

Figure 8-7: The relationship between the 28 day compressive strength and 
Si content from ICP analysis
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If 2.4% of Si (as detected by ICP) is considered for the liquid part of the solution, there 

is 3.84 g of Si in 160 g of liquid, which is the amount of liquid solution utilized in the 

mortar mixes. This means 8.21 g of SiCb. This quantity of SiCh was added to the mortar 

mix using the commercial sodium silicate solution. The obtained 28 day strength was 

around 45 MPa, similar to that of the filtered GC sample (21b). This finding confirmed 

the reliability of the ICP analysis. Moreover, taking the above into consideration 

backward analysis of the alkali modulus (AM) and alkali dosage (M+) revealed that 

the actual dosages were much lower compared to the assumed theoretical dosages of 

AM = 1.0 and M+ = 6%. The actual dosages were found to be as AM = 4.0 and M+ = 

5.4%. These dosages are considered too low and insufficient to give satisfactory 

strengths especially with neat PFA systems as discussed in the subsequent section.

8.2.6 Effectiveness of GC Activator on Neat PFA Systems

To assess the effectiveness of the GC activator on PFA based mixes, 5 GC activators

were used in this series namely samples 14-18 as presented in Table 8-5. The solutions

comprised of 75 g of GC, 278 g of water and 120 g of NaOH (10 M). The 10 M NaOH

solution was suggested by Torres-Carrasco and Puertas (2014). The solutions were

heated at 80 °C for 0, 3, 6, 8 and 16 hours. The obtained compressive strengths

appeared to be far lower than that obtained using the commercial silicate solution (35

MPa at 7 days) as shown in Table 8-5. This low strength can be ascribed to the low

dissolved Si content from GC as discussed earlier (Section 8.2.5). The Si content
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detected in the GC based activator was as low as in the range of 1-2.4%. The highest 

value detected in GC activator (2.4%) is around 4 times lower than that available in 

the commercial sodium silicate solution (considering AM = 1.0 and M+ 7.5%). The 

actual dosage as discussed in the previous section were found to be low and therefore 

yielded lower compressive strengths when used on neat PFA systems. AM higher than 

1.5 was found to give very low compressive strength when used with neat PFA systems 

as reported in Chapter 4. It is worth noting that most GC activated PFA mortar mixes 

were also found to be dry despite being designed to have the typical w/s ratio of 0.37. 

This required the addition of some extra water to the mixes to achieve a reasonable 

consistency and the actual w/s ratio was adjusted accordingly (Table 8-5). The 

obtained compressive strengths for samples 14 and 18 were similar to that obtained in 

PFA mortar samples activated with NaOH solution only. This confirms the deficiency 

of Si in the GC activator. Increasing the w/s ratio beyond 0.43 gave much lower mortar 

compressive strengths due to the increasing porosity as the water content increases. 

Torres-Carrasco and Puertas (2014) reported better performance for GC activated PFA 

pastes where a compressive strength in the range of 35 MPa was reported. They used 

a much lower w/s of 0.3.
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Table 8-5: The effect of GC activators on PFA mortar samples

Solution Heating

time @

80°C (h)

1 day

strength

(MPa)

Std.

dev.

7 day

strength

(MPa)

Std. dev.

18 (w/s =0.37) 0 13.4 0.6 13.8 0.9

14 (w/s =0.42) 3 0.0 - 12.2 2.6

17 (w/s =0.44) 6 7.8 3.1 8.6 0.9

16 (w/s =0.43) 8 5.6 1.1 5.9 2.1

15 (w/s =0.49) 16 2.9 0.5 4.4 1.5

Control (commercial

Na-sil solution) (w/s =

0.37), AM 1.0, M+

NA 23.2 0.7 35.1 1.3

Mix activated with

NaOH only

NA 7.0 2.5 8.2 2.7

An attempt was also made to increase the amount of GC in the solution to examine if 

this would help to increase the silica content of the GC activator and consequently 

improve its performance. The quantity of GC was increased to 100 and 150 g and 

NaOH solution concentration was kept at 30%. The samples jellified/crystallized in 

the glass flask. A sample of the solidified material was tested using XRD as shown in 

Fig. 8-8. XRD analysis revealed the formation of sodium silicate hydrate crystals along
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with crystallized calcium silicate. This can be due to the supersaturation of the mixture 

leading to the precipitation of Na-Si and Ca-Si hydrated compounds.

NSH: Sodium Silicate Hydrate 
CS: Calcium Silicate

20 (degrees)

Figure 8-8: XRD pattern for the solidified GC sample

8.3 Rice Husk Ash Based Activator

Rice husk ash (RHA) was used as a source of silica to produce alternative activator to 

the commercial sodium silicate solution. The details of the RHA samples are shown in 

Table 8-6. Since the requirements for soluble silicates are much higher in the case of 

PFA systems, PFA mortar mixes were used in this series to assess the efficiency of the 

RHA based activator. The alkali modulus (AM) was kept at 1.0, the alkali dosage (M+) 

was also fixed at 7.5% and a sand/binder ratio of 2.75 was maintained for all the mixes.
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It appears that a minimum heating duration of 3 hours at 80 °C is required in order to 

achieve satisfactory compressive strengths. Fig. 8-9 shows the 7 day compressive 

strength for PFA mortar mixes activated with RHA based activator. The highest 

achieved compressive strength was around 17 MPa. This strength is about 50% of that 

obtained using the commercial sodium silicate solution. Moreover, the unheated 

sample, which was prepared in the same way of the other samples but was left at 20 

°C for 24 hours before use, gave similar compressive strength to that of the sample 

activated with only NaOH solution. This indicates that there is some dissolution of Si 

in the solution but it is inadequate to achieve similar strengths to that of the commercial 

silicate solution. In order to try to increase the Si content of the solution, two methods 

have been verified: (a) to increase the reactivity by further milling of the powder; (b) 

to increase the RHA content in the solution. Grinding RHA for 10 minutes increased 

the fineness of the material considerably as can be seen from Fig. 3-3 in Chapter 3 

where D50 decreased from 19.2 to 7.5 pm. However it appears that there was no 

improvement in the compressive strength when finer RHA was used compared to the 

first batch (D50 = 19.2 pm). Furthermore, increasing the quantity of RHA in the 

solution from 100 g to 150 g also had no effect on the strength (Sample 40 in Table 8- 

6). Thus it can be concluded that RHA based activator studied in this thesis had an 

efficiency of around 50% on neat PFA mortars compared to the commercial sodium 

silicate activator. The efficiency is expected to increase in slag based systems as the 

demand for Si is lower than that in PFA systems. Bernal et al. (2015) reported better
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performance in high temperatures (up to 600 °C) for slag pastes activated with RHA 

and silica fume based activators compared to the commercial waterglass activator.

Table 8-6: The composition and strength data of RHA based activator samples

Sample Water NaOH RHA Heating 1 day Std. 7 day Std.

(g) (g) (g) duration strength dev. strength dev.

(hr) (MPa) (MPa) (MPa) (MPa)

30 280 36 100 8 11.1 0.2 15.3 1.8

31 280 36 100 6 11.2 0.3 16.6 0.5

32 280 36 100 3 10.9 0.3 17.1 0.7

33 280 36 100 16 11.9 0.6 15.6 1.4

34 280 9 100 8 0.0 0.0 3.6 0.5

35 280 9 100 3 0.0 0.0 2.8 0.5

36 280 9 100 6 0.0 0.0 3.0 0.4

37 280 9 100 16 0.0 0.0 5.9 0.6

38 280 36 100 0 0.0 0.0 3.4 0.2

39 280 36 100 3 9.1 1.1 15.0 1.6

40 280 36 150 3 8.5 0.7 15.9 0.7

41 280 36 100 3 6.9 0.2 10.9 0.2

42 280 72 100 3 6.9 0.1 11.5 1.3
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Control sodium sil. solution

Heating duration (hours)

Figure 8-9: The effect of heating duration on the 7 day compressive strength of PFA mortar 
mixes (solutions 30, 31, 32, 33 and 38)

The effect of NaOH concentration on the dissolution of RHA was also examined. Fig. 

8-10 shows the influence of NaOH concentration i.e. 11% (36 g NaOH in 280 g water) 

and 3% (9 g NaOH in 280 g water) on the efficiency of the RHA based activator. It 

seems that 3% NaOH concentration is not effective as the obtained compressive 

strength was considerably low, and was equivalent to that of mortars activated with
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only NaOH solution. The compressive strength increased by 300% when the 

concentration of NaOH in the RHA solution increased to 11% (Fig. 8-10).

20 n

a
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5 10 15 20

Heating duration (hours)

Figure 8-10: The effect of NaOH concentration of the RHA solution on the 7 day compressive 
strength of PFA mortar mixes

Further increase in NaOH concentration to 20% (72 g NaOH in 280 g water) showed 

no increase in the compressive strength (Sample 42 in Table 8-6). It even gave lower
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compressive strength than that of 11% NaOH concentration. This can be due to the 

precipitation of sodium silicate hydrate crystals with the increase of the alkalinity of 

the solution reducing the availability of soluble silicates and therefore yielding low 

strength. See Section 8.2.6 for the discussion on the precipitation of sodium silicate 

compounds in oversaturated conditions.

8.4 Microsilica Based Activator

Microsilica slurry 50/50 w/w was used as a source of silica with NaOH solution to 

produce an alternative alkali activator. The influence of heating duration and NaOH 

concentration on the Si dissolution was studied and is discussed in this section. Table 

8-7 shows the composition of microsilica samples and the compressive strengths of 

PFA mortar mixes made with this activator. The details of PFA mortar mixes were 

kept the same as mentioned in Section 8.3. Heating at 80 °C for 1.5 hours was found 

necessary for microsilica activator in order to give a compressive strength of around 

30 MPa which is around 86% of that obtained using commercial sodium silicate 

solution (Fig. 8-11 (a)). The higher Si content and the finer nature of microsilica 

compared to GC and RHA might have led to higher dissolution of Si with a shorter 

heating duration and therefore higher compressive strength. Also the more 

homogeneous chemical composition might have had an effect on the dissolution 

process. Heating the solutions for longer durations i.e. more than 1.5 hours appears not
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to benefit the Si dissolution as the 7 day compressive strength remained unchanged 

after 1.5 hours of the heating treatment.

Table 8-7: The composition and strength data of microsilica based activator samples

Sample Water NaOH Heating Microsilica 1 day Std. 7 day Std.

(g) (g) duration slurry strength dev. strength dev.

(hr) (g) (MPa) (MPa) (MPa) (MPa)

43 190 36 8 180 17.2 1.5 25.6 1.6

44 190 36 6 180 21.5 0.6 30.6 1.7

45 190 36 3 180 19.1 2.7 27.1 1.0

46 190 36 1.5 180 20.3 1.4 28.5 1.0

47 190 36 0 180 4.7 0.2 9.2 0.2

48 190 20 1.5 180 15.7 1.1 24.7 2.8

49 190 20 3 180 16.0 1.2 24.5 1.1

50 190 50 1.5 180 19.3 1.1 31.5 2.9

51 190 50 3 180 18.6 0.3 29.3 1.8

52 190 50 0 180 5.9 0.7 11.2 0.6

53 190 36 3 200 20.6 1.7 27.6 3.0

Increasing slightly the quantity of the microsilica slurry was explored to examine if 

this will lead to an increase in the strength. 200 g of microsilica slurry was used 

(sample 53 in Table 8-7) and the obtained compressive strength was in the range of 30 

MPa which was similar to that achieved with 190 g of microsilica slurry.
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10 and 15% NaOH concentration of the microsilica based solution gave similar 

compressive strength of around 25 MPa. Increasing the concentration to 20% led to an 

increase in the compressive strength by around 17%. This gave strength of about 30 

MPa (Fig. 8-11 (b)) which was around 86% of that obtained using commercial silicate 

solution.
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Chapter 8: Development of Alternative and Potentially Lower Cost Silicate 

Activators

8.5 Effect of Alternative Activators on PFA/GGBS Blends

In order to assess the efficiency of the developed alternative activators on PFA7GGBS 

blends three mortar mixes were carried out using the most effective alternative 

activator produced in the previous stage. These solutions were 23, 32 and 46 for GC, 

RHA and microsilica respectively. The mortars were cured uncovered at a RH of 55% 

and formulated with sand/binder ratio of 2.75 and 500 g/1 of binder was used. Water- 

to-solid ratio was fixed at 0.37 for 80/20 and 60/40 and a ratio of 0.4 was used in the 

case of 30/70 blend. However, during mixing these w/s ratios were found unsuitable 

for microsilica based activator as the mixes were too fluid. Therefore, the amount of 

water was reduced and a w/s ratio of 0.3 was found suitable for achieving good 

consistency. It was observed that even with this low w/s ratio the mixes were still more 

workable than mixes formulated using GC and RHA activators although the latter were 

formulated with a higher w/s ratio. As discussed earlier, microsilica based activator 

was found to be more effective with neat PFA systems than RHA activator as can be 

seen from Fig. 8-12. Although microsilica was more effective than RHA with neat 

PFA mortars, it was observed that both RHA and microsilica activators gave the same 

strength in the case of 80/20 blend. As the GGBS content increased it appears that the 

efficiency of alternative activators increased, and the strength gap between the 

commercial and the alternative activators narrowed significantly. The 7 day strength
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was comparable in 60/40 and 30/70 blends with strengths in excess of 40 and 70 MPa 

for 60/40 and 30/70 formulations respectively. However, the strength obtained using 

RHA activator was slightly lower in the case of 30/70 blend (around 63 MPa).

The efficiency of glass cullet based activator also improved with the increase in the 

slag content, but it was much lower than that of RHA and microsilica based activator. 

The strengths obtained using GC based activator was around 50, 30 and 40% lower 

than that of the commercial sodium silicate activator for 80/20, 60/40 and 30/70 

respectively.

At 28 days (see Fig. 8-12), the compressive strength of all the three alternative 

activators i.e. RHA, microsilica and GC was similar to that of the commercial silicate 

(around 30 MPa) in 80/20 blend. In higher GGBS blends (60/40 and 30/70) the 

efficiency of RHA and microsilica based activators was comparable or even better than 

the commercial silicate activator. GC based activator, on the other hand, gave lower 

compressive strength than the commercial silicate activator. The gap between the 

commercial and GC activators increased with the increase in GGBS content from 

around 6% in the case of 60/40 blend to about 22% in the case of 30/70 blend. 

Nonetheless, compressive strengths in the range of 45 and 60 MPa can be reached for 

60/40 and 30/70 blends respectively using GC based activator. Bernal et al. (2012) 

reported similar performance of RHA and silica fume based activators on 

slag/metakaolin blends. Recently, RHA and silica fume activators were also found
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superior to commercial sodium silicate activator on neat slag pastes and were found 

stable in temperatures up to 600 °C (Bernal et al. 2015).
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Chapter 8: Development of Alternative and Potentially Lower Cost Silicate 

Activators

8.6 Cost Analysis

An estimation of the cost of the AAC produced with commercial activators and three 

different alternative activators and that of Portland cement concrete (PCC) was carried 

out. The following parameters were considered in this analysis:

• 35 and 70 MPa strength AACs and equivalent PCCs were considered in this 

analysis;

• Two scenarios of the materials cost were considered i.e. high and low cost 

scenarios as shown in Table 8-8;

® Glass cullet (GC) was milled for 10 minutes and the energy used to grind 1 ton 

of GC was taken as 50 kWh;

• The cost of electricity in Northern Ireland is 15 pence per kWh;

Q = Cp * m * A0

Cp = specific heat = 4200 J/kg*°C for water and 795 J/kg*°C for GC 

m = mass of the material

A0 = change in temperature in °C, the heat required to raise the temperature from 20 

°C to 80 °C. It was assumed that at an industrial level the system is well insulated and
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therefore there is no need to keep heating the system for the whole duration i.e. 16 

hours. An efficiency of 70% was assumed for heating energy.

Table 8-8: Raw materials high and low cost scenarios

Raw material Low cost scenario (£/t) High cost scenario (£/t)

Portland cement (PC) 70 110

Sodium hydroxide (NaOH) 100 300

Sodium silicate solution 250 400

Glass cullet (GC) 0 0

Rice husk ash (RHA) 100 300

Microsilica 200 350

PFA 42

GGBS 55

When considering high strength concrete (70 MPa), as can be seen from Fig. 8-13, 

cost per cubic meter of AAC produced using the commercial sodium silicate solution 

was similar to that of PCC in the case of low cost of raw materials scenarios (Table 8- 

8). The cost of AAC using the commercial silicate solution was 10% cheaper than PCC 

when higher cost of materials was considered. Moreover, replacing the commercial 

sodium silicate solution by RHA and microsilica based activators reduced the cost of 

AAC by around 20% and 30% for low and high cost of raw materials respectively (Fig. 

8-13). As can be seen from the compressive strength data above (Fig. 8-12), the 28 day
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strength of AAC achieved using GC activator was just under 60 MPa and therefore it 

could not be considered as 70 MPa concrete.

As far as the intermediate strength concrete is concerned i.e. 35 MPa strength concrete, 

AAC activated with commercial sodium silicate solution was similar to that of the high 

strength AAC discussed above (70 MPa AAC). This is due to the fact that similar 

binder content was used in the case of the two AACs, which means same quantities of 

activators and consequently the same cost of concrete per cubic meter. The cost of a 

35 MPa AAC using commercial silicate solution was around 25-30% higher than that 

of equivalent strength PCC in both low and high cost scenarios of primary materials 

(see Fig. 8-14). On the other hand, the cost of the AAC activated with alternative 

activators was similar to that of PCC in the case of low cost of materials scenario 

(around 44 £/m3). Furthermore, in the case of high cost of raw materials scenario, 

AACs were about 10% (RHA and microsilica activators) and 20% (GC activator) 

cheaper than PCC as shown in Fig. 8-14.
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Figure 8-13: Cost estimation of 70 MPa AAC and PCC using different activators

Figure 8-14: Cost estimation of 35 MPa AAC and PC concretes using different activators
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8.7 Concluding Remarks

The following conclusions can be drawn from the work reported in this chapter:

> Glass cullet based activator:

o Finer glass cullet (GC) was found to give much higher compressive 

strength than the coarser material.

o Heating GC for at least 16 hours at 80 °C was required to achieve the 

highest compressive strength of around 65 MPa for neat GGBS mortar 

mixes.

o GC was found to be more effective with GGBS than PFA systems.

o Very low compressive strengths were obtained when neat PFA were 

activated with glass cullet based activator. This was due to the lower 

dissolution of Si from GC. Only around 2.4% of Si was detected by 

using ICP which was about 3 times lower than the expected.

o The lower Si content in GC based activator can be ascribed in part to 

the formation of sodium silicate hydrate gel and crystallized calcium 

silicate which bind the Si and therefore renders it less available in the 

solution.
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o Both sodium carbonate content and the water content of the glass cullet 

based activator were found not to significantly influence the dissolution 

of Si and consequently the compressive strength of the GGBS mortars, 

o The filtered GC solution was found to be less effective than the whole 

solution when used to activate GGBS mortars. This can be due to the 

filling effect of the solid particles which may have led to the formation 

of a more refined and denser matrix. Moreover, these particles may also 

have reactive Si adhered to the surface of the particles and became 

available upon the contact with the solid precursor, 

o The efficiency of the GC based activator on neat GGBS systems was 

estimated to be around 70% compared to the performance of the 

commercial silicate activator.

> RHA based activator

o A minimum heating duration of 3 hours at 80 °C was required in order 

for RHA activator to achieve satisfactory compressive strengths, 

o A minimum NaOH concentration of 11% was found necessary in order 

for RHA activator to achieve a PFA mortar strength of around 18 MPa. 

Increasing the NaOH concentration in the RHA based solution to 20% 

showed no benefit in the strength of mortars, 

o Milling RHA to a finer material with D50 of 7.5 pm also had no 

influence on the strength.
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o Increasing the RHA quantity in the solution seems also to not favour 

the availability of Si in the solution as the obtained compressive 

strength was not different from that obtained using lower quantity of 

RHA in the activator.

o The efficiency of RHA based activator on neat PFA systems was about 

50% compared to the performance of commercial activators.

> Microsilica based activator

o A heating duration of 1.5 hours was found essential to enhance the 

dissolution of Si from the microsilica and achieve the highest possible 

compressive strength of around 30 MPa.

o Microsilica based activator gave far better results with PFA systems 

compared to both GC and RHA based activators. The efficiency of the 

microsilica based activator was around 86% compared to the 

commercial silicate solution.

o The NaOH concentration was found to have a little effect on the Si 

dissolution; increasing the NaOH concentration from 10 to 20% 

increased the PFA mortar strength from 25 to around 30 MPa.

> The efficiency of alternative activators improved in blends with high GGBS 

content and similar strengths to those obtained by commercial silicate activator 

where achieved in 80/20, 60/40 and 30/70 blends. Only GC based activator 

gave strength lower than that of commercial silicate in 30/70 blend.

375



Chapter 8: Development of Alternative and Potentially Lower Cost Silicate 

Activators

> The cost of AAC using commercial sodium silicate was found to be around 25- 

30% higher than that of PCC for intermediate strength concrete i.e. 35 MPa 

and was similar to that of commercial silicate in high strength concrete (70 

MPa)

> Two cost scenarios were analysed considering low and high cost of raw 

materials. The cost of high strength AAC (70 MPa) activated with RHA and 

microsilica based activators was 20 and 30% cheaper than that of PCC with 

similar compressive strength considering the low and high cost of materials 

scenario respectively.

> Considering medium strength AAC (35 MPa), the cost of AAC using 

alternative activators was found to be similar to that of C35 PCC in the case of 

the low cost of materials scenario. Moreover, in the case of high cost scenario, 

AAC can be about 10-20% cheaper than C35 PCC.
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Chapter 9 Conclusions and 

Recommendations for Future Research

This chapter presents the conclusions drawn from the investigations carried out in this 

research. It also gives some recommendations for future work in the area of the 

development of AAC.

9.1 Conclusions

The following conclusions can be drawn from the research carried out in this thesis:

> The influence of chemical dosages, GOBS content, w/s ratio and curing 

conditions on fresh and hardened properties of PFA/GGBS mortar 

blends:

o The optimum activator dosages that gave the highest compressive 

strength for neat PFA mortar mixes cured at 70 °C were alkali modulus 

(AM) = 0.85 and alkali dosage (M+) = 11.5% with a 7 day compressive 

strength in excess of 70 MPa;

o Inclusion of GGBS increased the compressive strength and eliminated

the need for high chemical dosages and elevated temperature curing.

This can help to lower the environmental impact and cost of AAC. The

recommended dosages for PFA/GGBS blends were alkali modulus
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(AM) = 1.25 and alkali dosage (M+) = 7.5% and curing at room 

temperature (20 °C);

o Increasing the GGBS percentage in the blend caused a decrease in the 

setting time and workability of PFA/GGBS mortars; 

o The increase of w/s ratio up to 0.43 was found to have negligible 

adverse effect on compressive strength of PFA/GGBS blends. 

However, it was found to increase the initial setting time which helped 

to mitigate the rapid setting experienced when using higher GGBS 

content;

o The effect of curing conditions on compressive strength was found to 

be insignificant for PFA/GGBS blends cured at ambient temperature 

(20 °C). Nevertheless, curing in a sealed environment at RH higher than 

90% appeared to favour the strength development; 

o Curing in a sealed environment at RH higher than 90% for 14 and 7 

days is recommended for low GGBS (80/20) and higher GGBS (60/40 

and 30/70) blends respectively. This can be beneficial in terms of both 

strength development and reducing efflorescence;

> The influence of GGBS content and chemical dosages on reaction kinetics 

and microstructure of PFA/GGBS blends

o Neat PFA samples showed very low IC heat rate output at ambient 

temperature (20 °C) confirming the poor reactivity of PFA at this
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temperature with only one initial peak detected. This peak was 

attributed to the wetting and dissolution of PFA particles in the alkaline 

solution;

o PFA/GGBS blends with GGBS content higher than 20% displayed 

three IC peaks: initial peak which was attributed to the wetting 

dissolution, then the second initial peak detected after around 30 

minutes for a period of around 2 hours of reaction and was ascribed to 

the reaction between dissolved Ca2+ from GGBS particles and anions 

or anion groups from the activators. The formation of C-S-H binding 

gel can start at this stage if sufficient Ca2+ is available. The third peak 

was related to the subsequent precipitation and formation of reaction 

products i.e. mainly C-S-H type gel;

o Increasing water-to-solid ratio (w/s) from 0.37 to 0.42 decreased 

noticeably the heat evolution rate especially the first initial peak. Also 

a shift in the third peak was observed to a longer reaction time in the 

sample with a w/s of 0.42, suggesting a retarding effect of water. This 

observation is consistent with setting time measurements for 

PFA/GGBS blends when w/s was increased;

o The main reaction product in neat PFA samples was an amorphous 

aluminosilicate hydrate gel with sodium in structure (N-A-S-H);
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o PFA/GGBS blends with 20% slag and above showed similar trends 

with noticeable evolution of reaction products as the content of GGBS 

increased. More compact and dense matrix was observed as the content 

of GGBS increased in the blend. C-A-S-H was the main binding gel 

observed in these formulations;

o EDAX chemical analysis suggested the formation of C-A-S-H gel in 

the sample with as low as 20% GGBS content; 

o It was not possible to detect separately the geopolymer gel (N-A-S-H) 

and C-A-S-H gel using EDAX, in samples with high GGBS i.e. 60/40 

and 30/70, due to the fact that these gels can be intermixed possibly at 

a nanoscale level, well below the spatial resolution of EDAX analysis. 

The formation of a blended or hybrid binding gel C-N-A-S-H is a 

possibility from the analysis of the chemistry of the gels; 

o Alkali activation of 30/70 mix with sodium hydroxide solution only 

showed different morphology, gel chemistry and reaction products than 

the mix sample activated with a mixture of sodium hydroxide and 

sodium silicate solution though keeping a fixed alkali dosage M+ of 

7.5%. The morphology displayed a heterogeneous matrix with larger 

extent of unreacted PEA and GGBS particles indicating poor reactivity. 

Hydrotalcite was also identified in this sample through TGA and XRD 

techniques;
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o Compressive strength was found to increase with the increase in Ca/Si 

and Si/Al suggesting the increase in the degree of cross-linking of the 

reaction products and therefore more homogenous and compact matrix; 

o Compressive strength of the PFA/GGBS blends correlated well with 

the TGA mass loss suggesting the evolution of hydrated products with 

the increase in the GGBS content in the blend;

> Development of mix design for PFA/GGBS AAC

o Unlike conventional Portland cement concrete, w/s ratio alone was 

found to have nominal effect on the workability, especially at lower 

paste contents. Lower workability was obtained in high w/s ratios with 

lower paste content. On the other hand, the workability increased 

significantly with the increase in paste content even at lower w/s ratios; 

o Paste content of AAC in the range of 30-33% was found to be

adequate in providing a control over the workability to cover a wide 

spectrum of slump classes without major detrimental impact on the 

strength;

o The workability and compressive strength can be controlled by the joint 

effect of w/s ratio and paste proportion in the range of 30-33%; 

o The effect of paste proportions (in the examined range 30-33%) on 

compressive strength was insignificant;
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o Paste proportion of 30% was found to be sufficient to achieve 

satisfactory compressive strength and low to medium workability 

(slump);

o Increasing the paste proportion (31 and 33%) is essential if higher 

slump is required (slump higher than 100 mm); 

o The reduction of paste proportion has obvious positive implication in 

terms of the cost of AAC, since the reduction of binder content leads to 

a reduction of chemical activators, which are the most costly 

components of the alkali-activated system; 

o A preliminary design procedure for PFA/GGBS AAC was proposed 

in this thesis. Compressive strengths in the range of 20 to 70 MPa 

with different slump classes can be achieved; 

o It was found that even with commercial sodium silicate activator, and 

under the hypotheses of cost estimation obtained for bulk delivery, the 

price of AAC of class C70 is comparable to that of PCC in the same 

strength class. Lower strength PCC was found to be around 25-30% 

cheaper than similar strength grade AAC;

> AAC building blocks

o AAC building blocks were produced initially in the lab, and full scale 

factory trials were then successfully carried out with the help of a local 

building blocks producer. These trials demonstrated the compatibility
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of PCC facilities with AAC as the same equipment used for the 

production of conventional PCC blocks was used without any 

requirement for special adjustments;

o Due to the low' profit margin of building blocks, AAC building blocks 

can be economically viable only if the cost of Portland cement was 110 

£/t;

> Development of alternative activators to replace commercial sodium 

silicate activator

o Heating GC at 80 °C for 16 hours was found necessary for GC based 

activator to give satisfactory compressive strength for neat GGBS 

systems. However, shorter heating duration i.e. 3 and 1.5 hours were 

found sufficient for RHA and microsilica based activators respectively;

o GC was found to be more effective with GGBS than PFA systems. Very 

low compressive strengths were obtained when neat PFA was activated 

with GC based activator. This was due to the lower dissolution of Si 

from GC. Only around 2.4% of Si was detected by using ICP which 

was around 3 times lower than that expected in the commercial silicate 

activator;

o The efficiency of the GC based activator on neat GGBS systems was 

estimated to be around 70% compared to the performance of the 

commercial silicate activator;
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o RHA and microsilica based activators were found to be more effective 

with neat PFA systems. The efficiency of RHA with neat PFA systems 

was around 50% whereas the efficiency of microsilica activator was 

about 86% compared to the performance of the commercial silicate 

activator;

o The efficiency of alternative activators improved in blends with high 

GGBS content and similar strengths to those obtained by commercial 

silicate activator were achieved in 80/20, 60/40 and 30/70 blends. Only 

GC based activator gave strength lower than that of commercial silicate 

activator in 30/70 blend;

o Two cost scenarios for high (70 MPa) and intermediate (35 MPa) 

strength concretes were analysed considering low and high cost of raw 

materials. The cost of high strength A AC (70 MPa) activated with RHA 

and microsilica based activators was found to be 20% and 30% cheaper 

than that of PCC with similar compressive strength considering the low 

and high cost of materials scenarios respectively; 

o Considering intermediate strength AAC (35 MPa), the cost of AAC, 

activated with alternative activators, was found to be similar to that of 

C35 PCC in the case of the low cost of materials scenario. Moreover, 

in the case of high cost scenario, AAC can be around 10-20% cheaper 

than C35 PCC.
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9.2 Recommendations for Future Work

In the current study suggestions for suitable chemical dosages for PFA/GGBS AAC 

were provided. Also optimization of AAC in terms of binder content, strength and 

workability requirements was carried out and design guidelines were proposed for 

PFA/GGBS ACC. It was also found that sodium silicate activator beside its 

environmental impact was responsible for the highest fraction of the cost of AAC and 

therefore, it is essential to source cheaper alternative activators from silica rich 

materials. Those alternative activators can make AAC more economically viable and 

also reduce further the CO2 footprint of AAC. In order to further develop the 

understanding of AAC and enhance its chances for large scale industrial 

commercialization, the following future research recommendations are made:

• Initial study on the effect of different curing conditions on compressive 

strength development of PFA/GGBS mortar samples (50 mm cubes) showed 

that there was no noticeable difference in the strength of systems cured at room 

temperature and higher variation between samples was observed. Therefore, 

long-term effect of low RH (55%) and high RH (>90%) curing on the 

compressive strength development of ambient temperature cured PFA/GGBS 

concrete systems with optimized binder content obtained in this thesis can 

provide more insight on the effect of curing on the strength development. 

Conducting the study on concrete samples can rule out any effect of high binder
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content of mortars (500 kg/m3) adopted in this study and may reduce the 

variation in the results due to samples size effect when using larger concrete 

samples (100 or 150 mm cubes);

• Mechanical properties of PFA/GGBS AAC such as elastic modulus (E), 

Poisson’s ratio (v), flexural strength and tensile strength can also provide 

additional information to assess the capability of ACC as a material for 

structural applications;

• Shrinkage of AAC is another important parameter that is recommended to be 

examined for different PFA/GGBS blends to assess the volume stability of 

AAC;

• Durability assessment of PFA/GGBS blends with optimized binder content 

which can include chloride, acids and sulfate attack, carbonation and corrosion 

resistance keeping in mind the differences between PCC and ACC and the 

suitability of the current PCC standards for ACC which is still an open topic in 

the research community. Good long term performance of AAC can boost the 

confidence of the construction industry stakeholders in this promising 

technology and enhance the chances of the industrial uptake of low CCF AAC 

products;

• Microstructural characterization of PFA/GGBS blends activated with 

alternative activators i.e. GC, RHA and microsilica to examine the

386



Chapter 9: Conclusions and Recommendations for Future Research

microstructural development and reaction products and to be compared with 

those activated with commercial sodium silicate activator.
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