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Foreword

My tryst with alkali-activated slag (AAS) cement dates back to the 1960s when I 
was doing my doctoral research at the Baikov Institute of Metallurgy and Moscow 
State University in the then Soviet Union. One of the earliest publications on the 
subject I had come across then was by A.O. Purdon (J. Soc. Chem. Ind. Vol. 59, 
1940, pp. 191–202). The principle of alkali activation therefore has been in the 
realm of scientific investigation for more than seven decades now. However, a 
more comprehensive and systematic research on AAS, to the best of my knowledge, 
was initiated by V.D. Glukhovskii and his team in Kiev, the capital of Ukraine, in 
the late 1950s. In fact his patent on the binder, possibly the first in the world, was 
applied for in 1958, although the patent seems to have been formally listed much 
later (USSR 449894, Pub. No. 42, 1974). In the 1970s and 1980s Glukhovskii took 
the initiative of publishing at least four books devoted exclusively to AAS binders 
and concretes covering the theory, properties and use of these materials. All these 
publications were in the Russian language and in the absence of English translations, 
the dissemination of knowledge was highly localized.
 In the same tradition, at least two national conferences were organized in Kiev, 
one in 1979 and another in 1984 on AAS-based products and their applications. In 
the second conference in particular 235 papers from all regions of the then Soviet 
Union were presented on alkali-activated slag cements, concretes and constructions, 
reflecting by then about three decades of experience in the field (Proceedings of the 
2nd National Conference on ‘Alkali-Activated Cements, Concretes and Constructions’, 
Kiev, KISI, 1984). In 1988 a book was published by R.L. Serykh and V.A. Pakhomov, 
entitled Constructions from Alkali-Activated Slag Concretes (Stroiizdat Publishers, 
Moscow).
 It is relevant to mention here that in a span of about three decades the concept of 
AAS turned into a diverse field of practices. Large water pipelines were manufactured, 
building elements of different types were cast, road slabs were laid, air-field runways 
were placed. From all published data these structures proved to be highly durable. 
The success of AAS concretes in sanitary engineering was observed to be particularly 
phenomenal. The comprehensive strength of specimens taken from waste water 
sewers after 10–15 years was reported to be 120–150% higher. Massive breakwater 
blocks on sea shores reportedly showed a 250% gain in strength.
 For obvious reasons the technology of alkali-activated binders spread quite 
rapidly to the East European countries. In Romania pavement stones, curbs and 
other precast elements were found to be in excellent condition after 15–20 years. 
Many road and highway sections, based on AAS formulations, some of them placed 
with roller compaction, were in visibly good condition in Eastern Europe and in 
France for 10–25 years. Several publications in the 7th International Congress on 
Cement Chemistry (ICCC) held in Paris in 1980 as well in the 8th ICCC held in Rio 
de Janeiro in 1986 bear testimony to the rising and widening interest of the global 
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community in successful development and application of alkali-activated binder 
technologies throughout the course of the 1980s.
 Notwithstanding such a prolonged period of development and successful application 
of alkali-activated binders and concretes, to me it appears that there was a perceptible 
slow-down in dealing with this range of products in the 1990s. The reasons were 
many, and for brevity, cannot be deliberated on here and now. However, with the 
advent of the new millennium with renewed emphasis on carbon dioxide emission 
reduction and sustainable green construction, a revival of the alkali-activated binder 
technology was clearly perceptible. The repositioning of ‘geopolymer concretes’ by 
J. Davidovits, extensive knowledge dissemination through several publications by 
B.V. Rangan, formulation of Recommended Practice Note on Geopolymer Concrete 
by the Concrete Institute of Australia, significant investment in geopolymer research 
by various countries all point towards the likely re-emergence of AAS and associated 
technologies. 
 With this backdrop the publication of Handbook of Alkali-Activated Cements, 
Mortars and Concretes edited by Dr F. Pacheco-Torgal and Professor João Labrincha 
of Portugal, Professor Cristina Leonelli of Italy, Professor Angel Palomo of Spain 
and Professor Prinya Chindaprasit of Thailand provides a great impetus for an 
accelerated commercialization of an eco-friendly alternative binder technology with 
more in-depth understanding of its strengths, weaknesses, opportunities and threats. 
We must bear in mind that Portland cement has a history of 190 years and yet it 
is evolving. Compared to that, the alkali-activated binder technology has a history 
of only 70 years, much of the past of which has got buried in history, compelling 
‘reinvention of wheel’ in many cases.
 This Handbook, therefore, will go a long way to fulfil the essential requirements 
of transferring the technology from the laboratory to the field. But before I conclude, 
I want all of you to believe that –

‘Knowing is not enough
We must apply

Willing is not enough
We must do’

Then only the challenges, perspectives and social dimensions of the emerging 
technology can be appreciated and squarely encountered.

Dr Anjan K.  Chatterjee
Fellow of Indian National Academy of Engineering

Chairman, Conmat Technologies Pvt Ltd, Kolkata, India
Director, Dr Fixit Institute of Structural Protection & Rehabilitation,  

Mumbai, India
Former Wholetime Director, ACC Limited, Mumbai, India
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1Introduction to Handbook 
of Alkali-activated Cements, 
Mortars and Concretes
F. Pacheco-Torgal
University of Minho, Guimarães, Portugal

1.1 Brief overview on alkali-activated cement-based 
binders (AACB)

According to Provis and van Deventer (2009) Purdon was the first to demonstrate in 
1940 the synthesis of construction materials by alkaline activation of high-calcium 
blast furnace slags. Shi et al. (2011) gives credit for this achievement to the work 
of German cement chemist and engineer Kuhl in 1930. More recently a 1908 patent 
of Kuhl was recognized as the first use of the alkali activation of aluminosilicate 
precursors in order to obtain an ordinary Portland cement (OPC) alternative material 
(Provis and van Deventer, 2013; Provis, 2014).
 In the next decades the field of alkali activation was almost non-existent, the only 
exception being the work of Glukhovsky (Table 1.1). 
 Relevant changes took place in the 1970s with the findings of the French scientist 
and engineer Joseph Davidovits who coined the term ‘geopolymer’ in 1979 having 
patented several aluminosilicate formulations. The 1980s and 1990s saw other relevant 
investigations in the field of alkali activation. Still it is only in the last few years that 
the production of scientific AACB-related papers has ‘exploded’. Figure 1.1 shows that 
only in the twenty-first century has the accumulated number of papers exceeded 100. 
As a comparison, since 1993 almost 8,000 articles/reviews related to Portland cement 
were published in Scopus journals. The search also shows that the term ‘geopolymer’ 
has been much more popular than the term ‘alkali-activated materials’.
 The University of Melbourne was the affiliation with the highest number of 
‘geopolymer’-related papers while the Instituto de Ciencias de la Construcción 
Eduardo Torroja was responsible for the major part of ‘alkali-activated’ papers. 
Another interesting fact was that two Elsevier BV journals published the majority of 
AACB related papers. Construction and Building Materials has the highest number 
of ‘geopolymer’ papers while Cement and Concrete Research was the lead journal 
for alkali-activated papers.
 At this stage it is important to mention that notes on the various terminologies 
used for categorizing AACB are deemed redundant in this chapter just because too 
much has already been written about it. Section 1.2 of the introductory chapter of 
the 2009 book by Provis and van Deventer (2009) provides a clear and up-to-date 
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Table 1.1 Bibliographic listing of some important events in the 
history of AACB 

Author Year Significance

Feret 1939 Slags used for cement

Purdon 1940 Alkali-slag combinations

Glukhovsky 1959 Theoretical basis and development of alkaline 
cements

Glukhovsky 1965 First called ‘alkaline cements’

Davidovits 1979 ‘Geopolimer’ term

Malinowski 1979 Ancient aqueducts characterized

Forss 1983 F-cement (slag-alkali-superplasticizer)

Langton and Roy 1984 Ancient building materials characterized

Davidovits and Sawyer 1985 Patent of ‘Pyrament’ cement

Krivenko 1986 DSc Thesis, R2O – RO – SiO2 – H2O

Malolepsy and Petri 1986 Activation of synthectic melilite slags

Malek et al. 1986 Slag cement-low level radioactive wastes forms

Davidovits 1987 Ancient and modern concretes compared

Deja and Malolepsy 1989 Resistance to chlorides shown

Kaushal et al. 1989 Adiabatic cured nuclear wastes forms from alkaline 
mixtures

Roy and Langton 1989 Ancient concretes analogs

Majundar et al. 1989 C12A7 – slag activation

Talling and Brandstetr 1989 Alkali-activated slag

Wu et al. 1990 Activation of slag cement

Roy et al. 1991 Rapid setting alkali-activated cements

Roy and Silsbee 1992 Alkali-activated cements: an overview

Palomo and Glasser 1992 CBC with metakaolin

Roy and Malek 1993 Slag cement

Glukhovsky 1994 Ancient, modern and future concretes

Krivenko 1994 Alkaline cements

Wang and Scrivener 1995 Slag and alkali-activated microstructure

Shi 1996 Strength, pore structure and permeability of alkali-
activated slag

Fernández-Jiménez and 
Puertas

1997 Kinetic studies of alkali-activated slag cements

Katz 1998 Microstructure of alkali-activated fly ash

Davidovits 1999 Chemistry of geopolymeric systems, technology
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overview on that issue. One fact, however, deserves to be emphasized: the several 
names used by different authors (e.g., geopolymers, mineral polymers, inorganic 
polymers, inorganic polymer glasses, alkali-bonded ceramics, alkali ash material, soil 
cements, hydroceramics, zeocements, zeoceramics, among others) have made it more 
difficult for AACB to become an alternative to OPC. This reflects the concern to find 
the most scientific name but at the same time also reflects the lack of commercial 
good sense of the scientific community.
 Although the exponential increase of articles on AACB makes it very difficult to 
choose the most relevant ones in order to update Table 1.1, this author thinks that 
three of them merit that distinction: Shi et al. (2011), van Deventer et al. (2012) and 
Provis (2014). This is not only because the first two have been widely cited and the 
author of the third won the RILEM Robert L’Ermite medal, but most importantly 
because they contain very important insights on the future of AACB research. Also it 
was not until the twenty-first century that the first Technical Committee in the area of 
alkali activation was formed. The RILEM Technical Committee on Alkali-activated 
Materials (TC 224-AAM) was initiated in 2007 and concluded its work in 2012 and 
the state-of-the-art report was published recently (Provis and van Deventer, 2013). 
 Fortunately the participants had the good sense to embrace the alkali-activated 
terminology even though some had published the majority of their research on 
geopolymers (low calcium alkali-activated systems).

Author Year Significance

Roy 1999 Opportunities and challenges of alkali-activated 
cements

Palomo 1999 Alkali-activated fly ash – a cement for the future

Gong and Yang 2000 Alkali-activated red mud–slag cement

Puertas 2000 Alkali-activated fly ash/slag cement

Bakharev 2001–
2002

Alkali-activated slag concrete

Palomo and Palacios 2003 Immobilization of hazardous wastes

Grutzeck 2004 Zeolite formation

Sun 2006 Sialite technology

Duxson 2007 Geopolymer technology: the current state of the art

Hajimohammadi et al. 2008 One-part geopolymer

Provis and van Deventer 2009 Geopolymers: structure, processing, properties and 
industrial applications

Notes: According to Provis (2010), this table forgot to list the ‘extremely valuable 2006 book of Shi et al. (2006)’. 
Moreover, Li et al. (2010) should have credited the ‘one-part geopolymer’ concept to Kolousek et al. (2007) because 
their paper was submitted to review process on March 19, 2007 and published online on 27 July, 2007, before the 
paper of Hajimohammadi et al. was submitted to review process on April 28, 2008 and accepted on September 23 
and published only on October 29, 2008. 
Source: Reprinted from Li et al. (2010). Copyright © 2010, with permission from Elsevier. Based on the previous 
table of Roy (1999).

Table 1.1 (Continued)
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 The TC 224 constitutes an important landmark for AACB in tackling the lack of 
uniformly accepted standards which are ‘critical to the acceptance of alkali-activated 
materials in the industrialized world’. In their 2012 insightful paper, van Deventer 
et al. had already emphasized the importance of the development of new standards 
as pivotal to the commercialization of these materials.
 A subsequent Technical Committee (247 DTA) was initiated in 2012 with a five-
year work plan focusing on ‘Durability testing on alkali-activated materials’. The aim 
of this TC is to provide recommendations regarding appropriate test methodologies 
and protocols for the analysis of AACB. This is a relevant issue because the durability 
of AACB is still a subject of some controversy (Pacheco-Torgal et al., 2012a). 
 Duxson et al. (2007) recognized that durability is the most important issue in 
determining the success of these new materials. On the other side Juenger et al. (2011) 
argue that ‘The key unsolved question in the development and application of alkali 
activation technology is the issue of durability’ and more recently van Deventer et 
al. (2012) stated that ‘whether geopolymer concretes are durable remains the major 
obstacle to recognition in standards for structural concrete’. The importance of 
the durability of AACB (as well as the importance of alkali-activation technology 
itself) can be seen by the fact that recently the European Research Council approved 
a Starting Grant for a research project entitled ‘Durability of geopolymers as 21st 
century concretes’. This project which is coordinated by John Provis was initiated 
in September 2013 and goes up to September 2018. 
 Another relevant issue regarding AACB concerns their CO2 emissions. According 
to Davidovits et al. (1990) geopolymers generate just 0.184 tons of CO2 per ton of 
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binder. It is important to remember that this alleged extraordinary environmental 
performance over OPC fueled the growing interest in AACB that took place in 
the following decades. The majority of AACB-related papers used to make very 
impressive statements on the role of the activation technology in contributing to 
greatly reduced overall CO2 emissions of the binder industry. Unfortunately the 
astonishing numbers of Davidovits were not confirmed by other authors.
 Duxson et al. (2007) stated that although the CO2 emissions generated during 
the production of Na2O are very high, still the production of AACB is associated 
to a level of CO2 emissions lower than the emissions generated in the production 
of OPC. An independent study made by Zeobond Pty Ltd concluded that the latter 
had 80% lower CO2 emissions (Duxson and van Deventer, 2009).
 Weil et al. (2009) compared OPC concrete and AACB concrete with similar 
durability reporting that the latter have 70% lower CO2 emissions. McLellan et 
al. (2011) reported a 44–64% reduction in greenhouse gas emissions of Australian 
AACB when compared to OPC. However, the information on the performance of 
AACB is scarce and it is not easy to comprehend why sodium silicate-free mixtures 
did not show the lowest emissions. 
 Habert et al. (2011) confirmed that they have a lower impact on global warming 
than OPC but on the other hand they have a higher environmental impact regarding 
other impact categories. More recently, Turner and Collins (2013) showed that the 
CO2 footprint of a 40 MPa AACB concrete was approximately just 9% less than 
comparable concrete containing 100% OPC binder (328 kg/m3), the major part being 
due to sodium silicate.
 The OPC concrete mixture used in this study could even have a much lower 
carbon footprint (below the geopolymer concrete) if fly ash had been used as partial 
replacement of Portland cement. A similar 40 MPa 28 days compressive strength 
could easily be achieved with a mixture of just 200 kg/m3 Portland cement type II 
42.5 plus 300 kg/m3 fly ash (Azevedo et al., 2012). These results confirm that in 
some situations AACB can show ‘an emissions profile worse than that of Portland 
cement-based concretes’ (Provis, 2014) constituting a crucial argument for the search 
for AACB that are sodium silicate free. Of course current two-part low calcium 
silicate-based AACB technology will continue to play an important role in the 
construction industry for niche applications, especially fire resistant ones and also 
in other innovative applications.
 Unfortunately, although hundreds of papers have been published on AACB 
with low CO2 emissions, (low cost) alkaline activators were not at the heart of the 
investigators’ concerns. One exception is the recent paper by Kim et al. (2013) which 
shows promising results on the use of CaO as a low cost alternative to classic alkali 
activators (sodium hydroxide and sodium silicate) leading to mixtures with around 42 
MP compressive strength after 28 days curing. Still further investigations regarding 
durability and environmental performance are needed to confirm the viability of this 
activator. Instead the majority of the published investigations deal with interesting 
but low commercial relevance scientific aspects. That is why the comments in 
the introductory chapter of the 2009 book by Provis and van Deventer are worth 
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remembering ‘a material that is well characterized but not used in the real world 
is in effect useless’. 
 The efflorescences problem is another example of the misguided priorities of the 
AACB scientific community. As Zheng et al. (2007) rightly put it, since ‘the alkaline 
and/or soluble silicates cannot be totally consumed during geopolymerization … this 
causes severe efflorescence … and high permeability and water absorption due to 
the movement of alkali together with water to the geopolymer surfaces’. However, 
in the several hundred AACB-related papers published on Scopus/Elsevier journals, 
only less than ten addressed in some way the efflorescence problem and of those 
only three focus directly on that problem.
 The most interesting efflorescence-related article is the one by Škvára et al. (2012) 
who state that Na,K is bound only weakly in the nanostructure of the (N,K)–A–S–H 
gel and is leachable almost completely. This lack of research effort is even more 
odd considering that almost 7 years ago some authors (Zheng et al., 2007) have 
already acknowledged the fact that AACB were prone to severe efflorescence. These 
unresolved issues help us to understand why AACB are still far from being able to 
compete commercially against OPC.
 Interestingly, and not without some irony, some authors (Shi et al., 2011) have 
recently admitted that the global replacement of Portland cement by any kind of 
binder (AACB included) is virtually impossible. As a consequence they suggested 
that a future trend in the field of binder materials could encompass the dilution of 
Portland cement in high volumes of SCMs in hybrid Portland cement–alkali-activated 
aluminosilicate. More recently relevant publications address this new trend (Garcia-
Lodeiro et al., 2013a, 2013b). 
 Since the high strength of these new mixtures is only attainable if sodium silicate 
is used, it remains to be seen if these formulations are more competitive than OPC 
ones concerning eco-efficiency and cost-efficiency. Besides, this trend may raise 
some concerns regarding the chemical durability (alkali-silica reaction) just because 
the same research team recognized that the guarantee for the absence of expansive 
products by ASR is precisely a low calcium content (Fernandez-Jimenez and Palomo, 
2009). 
 A 2007 international patent by Zeobond Research PTY Ltd (WO 109862 A1) on 
a dry-mix cement composition already recommended the use of as much as 30% 
Portland cement (Zheng et al., 2007). This fact and the statement by van Deventer et 
al. (2012) that calcium is pivotal for the strength and durability of geopolymers do 
not anticipate a bright future in the cement industry for low calcium alkali-activated 
systems. The patented new formulation (WO 109862 A1) attempts to overcome 
the problems of ‘two-part’ mix AACB, namely the difficulty of handling caustic 
solutions, poor workability, quality control and ‘most important’ the problem of 
efflorescence. 
 van Deventer et al. (2012) cite an updated US patent on this dry-mix cement 
composition (van Deventer et al., 2010). This new formulation commercially termed 
E-CRETETM, is allegedly associated with very low CO2 emissions (Figure 1.2). 
 The commercial LCA conducted by NetBalance Foundation reported 60–80% 
reduction in CO2 emissions. However, no LCA studies have been published in major 
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journals that confirm that statement and could help to understand which compositions 
were evaluated. 

1.2 Potential contributions of AACB for sustainable 
development and eco-efficient construction

1.2.1 AACB with lower CO2 emissions 

Climate change is one of the most important environmental problems faced by Planet 
Earth (IPCC, 2007; Schellnhuber, 2008; Rockström et al., 2009). This is due to the 
increase of carbon dioxide (CO2eq) in the atmosphere for which the built environment 
is a significant contributor. In the early eighteenth century, the concentration level of 
atmospheric CO2eq was 280 parts per million (ppm). At present it is already 450 ppm. 
Keeping the current level of emissions (which is unlikely given the high economic 
growth of less developed countries with consequent increases in emission rates) 
will imply a dramatic increase in CO2eq concentration to as much as 731 ppm by 
the year 2130 leading to a 3.7°C global warming above pre-industrial temperatures 
(Valero et al., 2011). 
 Global warming will lead to a rise in the sea level caused by thermal expansion 
of the water. If the sea level rises above 0.40 m it will submerge 11% of the area 
of Bangladesh and as a result almost 10 million people will be rendered homeless 
(IPCC, 2007). Another consequence of global warming is the occurrence of 
increasingly extreme atmospheric events. Global warming may also be responsible 
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for the thawing of the permafrost (permanently frozen ground), where approximately 
1 ¥ 106 million tons (1000 GtCO2eq) are still retained. This astonishing figure is 
equivalent to the current worldwide production (34 GtCO2eq) during 30 years. Even 
if all the greenhouse gas emissions suddenly ceased, the inertia associated to climatic 
systems would mean that the rise in the sea level, ocean acidification and extreme 
atmospheric events will continue at least for the next 100 years. 
 To make things worse, in the coming years the construction industry will keep on 
growing at a fast pace. China alone will need 40 billion square meters of combined 
residential and commercial floor space over the next 20 years, equivalent to adding 
one New York City every two years (Pacheco-Torgal and Jalali, 2011). 
 A recent forecast estimates that by 2030, urban land cover will increase by 1.2 
million km2 (equivalent to an area about the size of South Africa). This will be 
concomitant with an enormous infrastructure boom in road construction, water and 
sanitation, energy and transport, and buildings (Seto et al., 2012). 
 The latest findings on silicate-based AACB do not confirm their carbon footprint 
advantage over OPC. Therefore the contribution of these materials to reduce the 
overall CO2 emissions of the binder industry, thus ameliorating climate change, is 
not at all clear. However, it is hoped that in the next few years investigators in this 
field could be able to find low CO2 emissions (low cost) alkaline activators that may 
permit such goal. 

1.2.2 AACB for building energy efficiency

According to the World Energy Outlook 2012 energy efficiency improvements show 
the greatest potential of any single strategy to abate global GHG emissions from the 
energy sector (IEA, 2012).
 The building sector is the largest energy user responsible for about 40% of the 
EU’s total final energy consumption (Lechtenbohmer and Schuring, 2011).
 According to the Energy Road Map 2050 (European Commission, 2011a) higher 
energy efficiency in new and existing buildings is key for the transformation of the 
EU’s energy system. Of the several areas related to the built environment, energy 
efficiency and renewable energies are the only ones that will be funded under the 
HORIZON 2020 EU framework program (Pacheco-Torgal, 2014). 
 The European Energy Performance of Buildings Directive 2002/91/EC (EPBD) 
has been recast in the form of Directive 2010/31/EU by the European Parliament 
on 19 May 2010. One of the new aspects of the EPBD is the introduction of the 
concept of nearly zero-energy building (Pacheco-Torgal et al., 2013a).
 The use of thermal insulation materials constitutes the most effective way of 
reducing heat losses in buildings, thus reducing heat energy needs. These materials 
have a thermal conductivity factor, k (W/m.K) lower than 0.065 and a thermal 
resistance higher than 0.30 (m2.K)/W. Current commercial insulation materials 
(expanded polystyrene, extruded polystyrene, rigid foam of poly-isocyanurate or 
polyurethane) are associated with negative impacts in terms of toxicity.
 Polystyrene, for example, contains anti-oxidant additives and ignition retardants. 



Introduction to Handbook of Alkali-activated Cements, Mortars and Concretes 9

Additionally, its production involves the generation of benzene and chlorofluorocarbons. 
On the other hand, polyurethane is obtained from isocyanates, which are widely 
known for their tragic association with the Bhopal disaster. Besides, it releases toxic 
fumes when subjected to fire (Pacheco-Torgal et al., 2012b). 
 The information regarding hazardous substances is a crucial aspect in the new 
Construction Products Regulation (CPR) fully enforced since 1 July 2013. CPR 
links this subject to EC Regulation No. 1907/2006 (Registration, Evaluation, 
Authorisation and Restriction of Chemicals – REACH Regulation). Investigations 
into the development of thermal insulators based on AACB could constitute a lower 
toxicity alternative to some of the current commercial insulators.

1.2.3 AACB capable of reusing a high waste content

According to the Waste Management Acts 1996 and 2001, wastes can be defined as 
‘any substance or object belonging to a category of waste which the holder discards 
or intends or is required to discard, and anything which is discarded or otherwise dealt 
with as if it were waste shall be presumed to be waste until the contrary is proved’. 
The milestone related to the recycling of other kinds of waste can be found in the 
Roadmap to a Resource Efficient Europe: ‘By 2020, waste is managed as a resource. 
Waste generated per capita is in absolute decline. Recycling and re-use of waste 
are economically attractive options for public and private actors due to widespread 
separate collection and the development of functional markets for secondary raw 
materials. More materials, including materials having a significant impact on the 
environment and critical raw materials, are recycled. Waste legislation is fully 
implemented. Illegal shipments of waste have been eradicated. Energy recovery 
is limited to non-recyclable materials, landfilling is virtually eliminated and high 
quality recycling is ensured.’ Improving the reuse of raw materials through greater 
‘industrial symbiosis’ across the EU could save 71.4bn a year and generate 71.6bn 
in sales (European Commission, 2011b).
 Construction and demolition wastes (CDW) deserve special attention in eco-efficient 
construction because the high volume of CDW constitutes a serious problem to be 
dealt with. CDW in the US is estimated at around 140 million metric tonnes (Yuan 
et al., 2012). Eurostat estimates the total for Europe to be 970 million tonnes/year, 
representing an average value of almost 2.0 tonne per capita (Sonigo et al., 2010). 
 Recycling of CDW is of paramount importance because it reduces environmental 
pressure. It prevents an increase of the area needed for waste disposal and also 
avoids the exploitation of non-renewable raw materials. Currently, the average 
recycling rate for EU-27 is just 47%. The need to recycle at least 70% of non-
hazardous construction and demolition waste by 2020, expressed in Roadmap to a 
Resource Efficient Europe (European Commission, 2011b), was set by the Revised 
Waste Framework Directive 2008/98/EC (European Parliament, 2008) and does not 
include naturally occurring material defined in category 170504 (soil and stones not 
containing dangerous substances) in the European Waste Catalogue. 
 Eurostat estimates the total for Europe to be 970 million tonnes/year, representing 
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an average value of almost 2.0 tonne/per capita. As the current average recycling 
rate of CDW for the EU-27 is only 47%, achieving the 2020 target in just a decade 
seems an ambitious goal, further stressing the need for new and more effective 
recycling methods (Pacheco-Torgal et al., 2013b). Moreover, in the next decades 
waste recycling will be increasingly challenging as a result of the zero waste scenario 
(Zaman and Lehmann, 2013).
 Mining and quarrying wastes represent another worrying waste (more than 700 
million tonnes/year just in Europe) that can be reused in construction materials. 
Mineral waste can be defined as the ‘residues, tailings or other non-valuable material 
produced after the extraction and processing of material to form mineral products’ 
(Harrison et al., 2002). 
 In the recent past the failures of the Aznalcollar mine in Spain (1998), which 
contaminated 2656 ha of Donana Nature Park with pyrite sludge, and the Baia Mare 
mine (2000) in Romania clearly show that in the short term mine wastes represent 
a clear and present environmental danger (Pacheco-Torgal and Labrincha, 2013). 
 Given that most mining wastes have toxic substances, research efforts to find 
construction materials capable of immobilizing these wastes are needed. A recent 
COST action termed NORM4Building materials (in which the author participated 
in the initial proposal) was approved on 15 May 2013. NORM4Building intends to 
stimulate research on the reuse of industrial residues containing enhanced concentrations 
of natural radionuclides (NORM) in tailor-made building materials. Investigations 
on AACB are considered an emerging field under that COST action, which is why 
waste reuse is the subject of three chapters in this book.

1.3 Outline of the book 

This handbook provides an updated state-of-the-art of the field of alkali-activated 
materials. 
 The first part encompasses an overview on the chemistry, mix design and 
manufacture of alkali-activated binders (Chapters 2–4).
 Chapter 2 concerns the chemistry of the different types of alkali-activated binders. 
It reviews the physical-chemical principles governing alkali-activation processes 
in both high- and low-CaO aluminosilicate materials. It addresses factors such as 
starting material composition, reaction mechanisms, and the nature, composition and 
structure of the reaction products. 
 Chapter 3 discusses the most prominent characteristics and properties of the two-
part component of alkali-activated materials, i.e, solid aluminosilicates and alkaline 
activators. It includes the [CaO]/[SiO2] and [SiO2]/[Al2O3] ratios in the cementitious 
materials; the best activator for each solid precursor; and the effect of anions (OH– 

(pH), silicates, carbonates and sulfates) and cations (Na+ or K+).
 Chapter 4 analyses a case study related to the synthesis of a new activator like 
waterglass from waste glass reuse through processes of solubility. The feasibility 
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of using this solution as a potential alkaline activator for blast furnace slag cement 
pastes is also analysed.
 The properties of AACB are the subject of Part Two (Chapters 5–10).
 Chapter 5 is concerned with setting time, segregation and bleeding of alkali-
activated binders. Setting time for three different precursors is analysed (ground 
granulated blast furnace slag, metakaolin and fly ash). Comments on the segregation 
and bleeding of alkali-activated binders are made.
 Chapter 6 looks at rheology parameters of alkali-activated binders. The chapter is 
divided into three parts: the first relates to forming techniques, the second concerns 
scientific rheology aspects, and the third presents the results of rheological studies 
on different alkali-activated systems. 
 Chapter 7 covers the mechanical strength and Young’s modulus of alkali-activated 
binders. The influence of the type of aluminosilicate precursors and synthesis 
conditions on compressive and flexural strength is discussed. Comments on tensile 
strength are given. Analyses of Young’s modulus of alkali-activated binder (AAB) 
gels, paste, mortars and concretes are made. The mechanical performance of fibre 
reinforced AAB is also analysed.
 Chapter 8 analyses a case study related to the prediction of the compressive strength 
of alkali-activated binders by neuro-fuzzy modelling. The model was constructed by 
395 experimental data collected from the literature and divided into 80% and 20% 
for training and testing phases, respectively. Absolute fraction of variance, absolute 
percentage error and root mean square error of 0.94, 11.52 and 14.48, respectively 
in the training phase and 0.92, 15.89 and 23.69, respectively in the testing phase 
of the model were achieved, showing the relatively high accuracy of the proposed 
neuro-fuzzy model.
 Chapter 9 analyses the pore structure of alkali-activated metakaolin and alkali-
activated slag. Water permeability, absorption and chloride iron diffusion of AACB 
are also examined
 Chapter 10 addresses shrinkage and creep of alkali-activated binders. It includes 
a discussion of the importance of shrinkage and creep as well as of the factors that 
affect these two parameters. An example of shrinkage and creep prediction is also 
included. 
 Part Three (Chapters 11–17) deals with the durability of AACB.
 Chapter 11 reviews freezing and thawing resistance of alkali-activated binders. 
It describes frost damage mechanisms and significant parameters of frost action. 
 Chapter 12 analyses the resistance to carbonation of alkali-activated binders. The 
protocols followed to assess the carbonation susceptibility are presented. A critical 
overview of the role of testing conditions and chemistry of the binding phases on 
the results acquired from those tests is included.
 Chapter 13 is concerned with the corrosion behaviour of reinforced steel embedded 
in alkali-activated mortar. A discussion on the influence between the passivating 
capacity and the nature and dosage of binder on the type of activator used and on 
the environmental conditions is presented. New palliative methods (inhibitors and 
stainless steel) to prevent reinforced concrete corrosion are presented. 
 Chapter 14 is concerned with resistance to chemical attack of alkali-activated 
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binders. Three cases merit the author’s attention. Acid resistance of alkali-activated 
slags, acid resistance of alkali-activated pozzolan (ash, metakaolin, mine waste) and 
acid resistance of a hybrid Portland cement–alkali-activated aluminosilicate system. 
The decalcification resistance of alkali-activated granulated blast furnace slag and 
the resistance to alkaline solutions are also presented.
 Chapter 15 is related to the resistance to alkali-aggregate reaction (AAR) of alkali-
activated binders. The chapter starts with an overview on the visual and microscopic 
manifestations as well as on the mechanisms of ASR in Portland cement concrete. 
Analyses of AAR in alkali-activated slag, alkali-activated fly ash and alkali-activated 
metakaolin are included.
 Chapter 16 analyses the resistance to fire of alkali-activated binders. The 
introduction reviews the risks arising from fires in construction; the principles of 
passive fire protection; the definition of the fire resistance of materials; the standard 
temperature–time fire curves used for the simulation of several fire incidents; and 
the potential of alkali-activated binders as fire resistant materials. A discussion on 
the theoretical principles governing the fire performance of alkali-activated binders 
is included as well as a review on fire resistant alkali-activated binders.
 Chapter 17 closes Part Three with a closer look at the efflorescence control of 
alkali-activated binders. It starts with comments on general features, definitions, 
effects and consequences, types of efflorescence and formation mechanism. Methods 
to reduce efflorescence are described, including careful adjustment of chemical 
composition, curing conditions and utilization of special additives.
 Part Four (Chapters 18–24) concerns current applications of AACB.
 Chapter 18 examines the reuse of aluminosilicate industrial wastes in alkali-activated 
binders. It includes residues from industrial activities related to energy, metallurgy, 
mining, ceramics, construction and demolition, chemical and petrochemical industries 
and agro-industry. Mechanical and microstructural properties of paste, mortar or 
concrete prepared by alkali activation of these residues are presented.
 Chapter 19 covers the reuse of recycled aggregates in alkali-activated concretes. A 
brief discussion on recycled aggregates is included. The properties of alkali-activated 
recycled aggregate concrete are discussed, including normal strength, lightweight 
and pervious alkali-activated concrete. The performance of alkali-activated concrete 
containing recycled aggregates from other sources is also reviewed. 
 Chapter 20 looks at the use of alkali-activated binders for toxic waste immobilization. 
A discussion on the nature of the waste, in terms of mineralogy, alumina and silica 
contents, particle size, surface area and morphology and its influence on the reactivity 
of the waste is carried out.
 Chapter 21 deals with alkali-activated mixtures for foil stabilization. The basic 
mechanisms of chemical soil stabilization are presented. Current materials and 
techniques for stabilization are reviewed. Recent results on the development of 
alkali-activated binders for soil stabilization are discussed.
 Chapter 22 covers alkali-activated cements for OPC concrete coating. The properties 
(setting time and bond strength) and durability of metakaolin-based AACB used as 
inorganic coating for OPC concrete in the marine environment are presented. The 
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results of on-site trials over OPC concrete accropodes along the Shanghai Jinshan 
coast are also presented.
 Chapter 23 looks at the performance of alkali-activated mortars for OPC concrete 
repair and strengthening. It provides a literature overview on concrete repair materials, 
highlighting current problems faced by them. The potential of alkali-activated mortars 
to overcome those limitations is analysed. Two specific cases are addressed: the 
case of concrete patch repair and the strengthening of concrete structures with fibre 
sheets.
 Chapter 24 closes Part Four and covers the properties and durability of alkali-
activated masonry units. Physical, mechanical properties and durability of alkali-
activated binders based on different types of wastes are discussed.
 Finally, Part Five concerns life cycle analysis (LCA) and novel applications of 
AACB (Chapters 25–28).
 Chapter 25 looks at the LCA of alkali-activated cements and concretes. A revision 
of the theory on the compressive strength of concrete to define a functional unit 
that also includes the volume of the cement paste in the concrete to compare mixes 
was carried out. A new method to recalculate the cement equivalent of an alkali-
activated concrete is presented. The global warming potential (GWP) of the mixes in 
the published LCA was calculated and compared to the current concrete alternative 
and the best available technology. Simulations on GWP of hybrid alkali-activated 
cements and one-part geopolymers are included.
 Chapter 26 is concerned with the use of alkali-activated binders as inorganic 
thermal insulator materials. The chapter starts with an overview on general aspects 
and thermal phenomena in porous materials. It then reviews the various ways to 
prepare foam-based AACB, and analyses the influence of blowing agent and alkaline 
elements on the foam network, microstructure, porosity and thermal properties.
 Chapter 27 addresses the photocatalytic degradation of water pollutants with 
alkali-activated cements.
 Chapter 28 closes Part Five with important insights on innovative applications 
of low calcium alkali-activated binders (geopolymers). These include: potential for 
fast ion conductor applications, to act as photocatalysts for the photodegradation 
of pollutants, biological applications, to be used as solid-state humidity indicator, 
as chromatography media for separating mixtures of organic compounds, as low 
temperature ceramics, as carbothermal reduction and nitridation (CRN) precursors 
for wear-resistant engineering components, as stable host material for luminescent 
systems, as catalyst for organic reactions, and as solid-state hydrogen storage 
material.
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2.1 Introduction: alkaline cements

Portland cement is the construction material par excellence. Its manufacture, however, 
is energy-intensive (requiring kiln temperatures of 1450–1550°C) and has other 
significant environmental consequences (Taylor, 1990; Habert, 2103). Generating 
nearly one tonne of CO2 for each tonne of Portland cement produced, this binder is 
one of the primary causes of global warming (accounting for 7% of worldwide CO2 
emissions). Moreover, Portland cement consumption has grown nearly exponentially 
in the last 20 years; by 2020 overall demand is estimated to reach 3.6 ¥ 109 tonnes, 
which will translate into an unsustainable flow of CO2 emissions. Portland cement 
manufacture also entails significant over-exploitation of natural resources, particularly 
limestone quarries. It takes over 3.0 billion tonnes of raw materials (70% of which 
are limestone) to produce the world’s 2.0 billion tonne Portland cement output.
 All these factors encourage the study and development of new alternative binders 
with lower energy and environmental costs (lower CO2 emissions, reuse of industrial 
by-products) and performance as high or higher than ordinary Portland cement 
(OPC). A series of binders generically known as alkaline cements constitute one 
such category of materials (Wu et al., 1983; Glukhovsky, 1994; Wang et al., 1995; 
Palomo et al., 1999; Fernández-Jiménez, 2000; Shi et al., 2006; Duxson et al., 2007a; 
Provis and van Deventer, 2009).
 Many a study on alkaline activation has been conducted since the main components 
of alkaline binders were discovered by Glukhovsky in 1967. A very wide range of 
natural raw materials, industrial by-products and recycled aluminosilicates can be 
used as alkaline cement components: metakaolin, pozzolans, blast furnace slag, 
phosphorous slag, fly ash, glass waste and combinations of two or more of these 
materials. Although the characteristics of the materials used and their alkaline 
activators play a significant role in the hydration and microstructural development 
of the binders obtained, with the concomitant variations in their mechanical strength, 
suitably alkali-activated cements and concretes can exhibit even higher performance 
than Portland cement concretes.
 Alkaline cements are cementitious materials formed as the result of an alkaline 
attack on the amorphous or vitreous aluminosilicates. When mixed with alkaline 
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activators, these materials set and harden, yielding a material with good binding 
properties.
 One of the most prominent features of alkaline activation technology is that both 
natural materials (such as clay or feldspars) and industrial by-products (such as slag, 
fly ash and paper sludge) can be used as prime materials. This chapter explores the 
role of all the constituents of these cements in depth.
 A wide variety of alkali-activated cements has been developed in the last few 
decades. Based on the nature of their cementitious components (CaO-SiO2-Al2O3 
system), alkaline cements may be grouped under two main categories: (1) high 
calcium and (2) low calcium cements. The activation pattern differs in each.

• (Na,K)2O-CaO-Al2O3-SiO2-H2O system, Model 1: in this model calcium- and silicon-rich 
materials such as blast furnace slag (SiO2 + CaO > 70%) are activated under relatively 
moderate alkaline conditions (Bakharev et al., 2000; Fernández-Jiménez, 2000; Shi et al., 
2006). In this case the main reaction product is a C-A-S-H (calcium silicate hydrate) gel, 
similar to the gel obtained during Portland cement hydration, which takes up Al in its 
structure.

• (Na,K)2O-Al2O3-SiO2-H2O system, Model 2: in this model the materials activated comprise 
primarily aluminium and silicon. The materials used in this second alkali activation procedure 
such as metakaolin or type F fly ash (from coal-fired steam power plants) have low CaO 
contents. In this case more aggressive working conditions are required to kick-start the 
reactions (highly alkaline media and curing temperatures of 60–200°C). The main reaction 
product formed in this case is a three-dimensional inorganic alkaline polymer, a N-A-S-H 
(or alkaline aluminosilicate hydrate) gel that can be regarded as a zeolite precursor (Palomo 
et al., 1999, 2004; Duxson et al., 2007a; Provis and van Deventer, 2009). This gel also 
goes by the names of geo- or inorganic polymer among others.

Today, a third alkaline activation model, a combination of the preceding two, can 
also be described. Here the product would be a new type of binder known as a 
blended or hybrid alkaline cement, formed as the result of the alkaline activation 
of materials with CaO, SiO2 and Al2O3 contents > 20% (Alonso and Palomo, 2001; 
Yip et al., 2005; Palomo et al., 2007; García-Lodeiro et al., 2013a, 2013b). These 
materials can be divided into two groups. Group A includes materials having a 
low Portland cement clinker content and a high proportion (over 70%) of mineral 
additions (Palomo et al., 2007). Examples are cement + slag, cement + fly ash, 
cement + slag + fly ash. Group B comprises blends containing no Portland cement: 
blast furnace slag + fly ash, phosphorous slag + blast furnace slag + fly ash and  
similar. 
 The reaction products precipitating in this third group (hybrid cements) are very 
complex, comprising a mix of cementitious gels, including C-A-S-H (which takes 
sodium into its composition) and (N,C)-A-S-H (high calcium content N-A-S-H gels) 
gels (Garcia-Lodeiro et al., 2010a, 2010b). 
 The following is a description of the most significant features and the chemistry 
governing the activation reactions in each of the aforementioned models.
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2.2 Alkaline activation of high-calcium systems: 
(Na,K)2O-CaO-Al2O3-SiO2-H2O

2.2.1 Composition of starting materials

The material most commonly used to prepare calcium-rich alkaline cements and 
concretes is blast furnace slag. This vitreous steel industry waste is formed when 
the acid oxides (SiO2 and Al2O3) from the mix of acid clay gangue present in iron 
ore and sulfur ash in coke combine with the basic oxides (CaO and MgO) present in 
the limestone or dolomite used as fluxes during high temperature (1600°C) smelting 
followed by abrupt cooling to temperatures of >800°C (Fernández-Jiménez, 2000; 
Shi et al., 2006). 
 The majority components in slag (Provis and van Deventer, 2009) are CaO 
(35–40%), SiO2 (25–35%), MgO (5–10%) and Al2O3 (5–15%), while its minority 
constituents include S, Fe2O3, MnO and K2O (with percentages of under 1%). In 
other words, slag contains both network-forming anions (SiO4)4–, (AlO4)5– and 
(MgO4)

6– and network-modifying cations, Ca2+ and Al3+ and Mg2+..
 On average, 90–95% of slag is vitreous (a depolymerised calcium silicate) and 
the rest is a solid solution of minority crystalline phases: gehlenite (2CaO.Al2O3.
SiO2) and akermanite (2CaO.MgO.2SiO2), tetragonal lattice, melilite family crystals 
(Fernández-Jiménez, 2000; Shi et al., 2006). 
 Slag reactivity in alkaline activation processes depends largely (Swamy and 
Bouikni, 1990; Mostafa et al., 2001; Li et al., 2002) on the vitreous phase content, 
for which values of over 90% are recommended. Nonetheless, Pal et al. (2003)  
noted that slag with low vitreous phase contents (30–65%) could also deliver good 
results. The degree of depolymerisation (DP), a parameter whose value normally 
ranges from 1.3 to 1.5, apparently bears a direct relationship to slag reactivity (Pal 
et al., 2003; Provis and van Deventer, 2009; Li et al., 2010). It is calculated from 
the following equation: 

  DP = n(CaO) – 2n(MgO) – n(Al2O3) – n(SO3)/n(SiO2)

   – 2n(MgO) – 0.5n(Al2O3)

According to most of the literature, the main properties required of slag to be apt 
for use in activated slag cement are as listed below (Fernández-Jiménez, 2000; Shi 
et al., 2006; Provis and van Deventer, 2009).

• It must be granulated or pelletised and have a vitreous phase content of >85–95%.
• It must exhibit structural disorder, for the lower the degree of polymerisation in the glass, 

the higher is its hydraulic activity: the degree of polymerisation depends on the (SiO4) 
tetrahedra and Al and Mg coordination in the vitreous phase of the slag.

• It must be pH-basic, i.e., have a CaO + MgO/SiO2 ratio of >1. Basic slag has a higher 
hydraulic potential, for the lime content in the slag controls its activation. That notwithstanding, 
acid slag may also be alkali-activated.

• It must be ground to a specific surface of 400–600 m2/kg. Specific surface plays an important 
role in the rate and intensity of the activation reaction. 
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2.2.2 Reaction mechanisms

Glukhovsky and Krivenko (Glukhovsky, 1967, 1994; Krivenko, 1994) proposed a 
model that would explain the alkaline activation of silica- and lime-rich materials 
such as blast furnace slag by means of the series of reactions summarised below:

   =Si-O– + R+ == =Si-O-R

   =Si-O-R + OH– == =Si-O-R-OH–

   =Si-O-R-OH– + Ca2+ == =Si-O-Ca-OH + R+

The alkaline cation (R+) acts as a mere catalyser in the initial phases of hydration, 
via cationic exchange with the Ca2+ ions. These same authors believed that as the 
reactions advance, the alkaline cations are taken up into the structure.
 Fernández-Jiménez (2000) and Fernández-Jiménez et al. (2003) reported that 
the nature of the anion in the solution also plays an instrumental role in activation, 
especially at early ages and in particular with regard to paste setting. One of the 
models that describes the reaction mechanisms (based on a model proposed by 
Glasser in 1990) is depicted in Figure 2.1. 
 Slag alkaline activation forms part of a complex process that takes place by stages, 
in which slag destruction is followed by polycondensation of the reaction products 
(Li et al., 2010). 

2.2.3 Reaction products

The majority reaction product formed in Portland cement hydration is a C-S-H-type 
gel to which the material primarily owes its mechanical properties. The secondary 
products include portlandite, ettringite and calcium monosulfoaluminate (Taylor, 
1990). The process is similar in alkaline cements. The main reaction product, a gel 
(whose composition and structure vary with respect to the standard C-S-H generated 
in OPC hydration), forms along with a series of secondary products. The type of 
secondary product generated depends on starting material composition, activator type 
and concentration, curing conditions and pH, among others (LaRosa et al., 1992; 
Cheng et al., 1992; Roy et al., 1994; Wang et al., 1995; Puertas. 1995; Fernández-

Figure 2.1 Theoretical model for the reaction mechanism in alkali-activated slag.
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Jiménez et al., 1996; Palomo et al., 1999; Fernández-Jiménez, 2000; Shi et al., 2006; 
Duxson et al., 2007a; Duxson and Provis, 2008; Provis and van Deventer, 2009).
 Table 2.1 compares the most common reaction products forming in normal 
Portland cement hydration to the products of (high- and low-calcium) alkaline cement 
activation (Taylor, 1990; LaRosa et al., 1992; Cheng et al., 1992; Roy et al., 1994; 
Wang et al., 1995; Puertas, 1995; Fernández-Jiménez et al., 1996; Palomo et al., 
1999; Fernández-Jiménez, 2000; Shi et al., 2006; Duxson et al., 2007a; Duxson and 
Provis, 2008; Provis and van Deventer, 2009).
 Broadly speaking, the nature and composition of the reaction products forming 
during the alkaline activation of materials are among the most controversial aspects 
of this field of research and the areas most in need of continued study. Nonetheless, 
most authors agree to the following assertions. 

• The main hydration product is a calcium silicate hydrate with aluminium in its composition 
(C-A-S-H gel). This gel differs slightly from the gel forming in Portland cement paste, in 
that it has a lower C/S ratio (C/S = 0.9–1.2). 

• The structure and composition of C-A-S-H gel and the presence of other secondary 
phases or compounds depend on the type and amount of activator used, slag structure and 
composition and the curing conditions in which the material hardens.

The minority phases whose formation during the alkaline activation of slag has 
marshalled the widest consensus are listed below.

• A phase known as hydrotalcite (Mg6Al2CO3(OH)16·4HO) has been detected in slag activated 
with NaOH (Fernández-Jiménez, 2000; Ben Haha et al., 2011, 2012) and waterglass (Cheng 
et al., 1992; Wang and Scrivener, 1995). Hydrotalcite is a natural mineral whose structure 
consists of layers of brucite (Mg(OH)2) with interstitial water molecules and CO3

2– ions. 
These (often sub-microscopic) crystals are scattered throughout the C-A-S-H gel. Phases 
of this type have also been found in cement + slag blends.

• C4AH13-type phases have been detected in slag activated with NaOH. These phases form 
platelets 0.1–0.2 mm thick and approximately 1.5 mm in diameter (LaRosa et al., 1992; 
Wang et al., 1995). Other authors (Cheng et al., 1992) have observed carbonated phases 
such as C4AcH11 and C8Ac2H24 in slag pastes activated with NaOH and Ca(OH)2. 

Table 2.1 Products precipitating in different types of binders

Binder type OPC Alkaline cement

(Na,K)2O-CaO-Al2O3-SiO2-H2O (Na,K)2O-Al2O3-
SiO2-H2O

R
ea

ct
io

n 
pr

od
uc

t

Primary C-S-H C-A-S-H N-A-S-H

Secondary Ca(OH)2
AFm
AFt

Hydrotalcite 
[Mg6Al2CO3(OH)16·4H2O]
C4AH13 CASH8
C4AcH11 C8Ac2H24

Zeolites: 
hydroxysodalite, 
zeolite P, Na-
chabazite, zeolite Y, 
faujasite

C = CaO, S = SiO2, A = Al2O3, N = Na2O, H = H2O, c = CO2
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2.2.4 Micro- and nanostructure of the gel formed:  
C-A-S-H-type gels 

The alkaline activation of blast furnace slag may vary slightly with the chemical and 
mineralogical composition of the slag, as well as with activator type and composition. 
Sodium hydroxide and waterglass are the two activators most commonly used. Wang 
et al. (1995) studied the effect of these two activators on early and later age gel 
microstructure, as determined by SEM/EDX analysis. In the early stages of activation, 
the hydration products precipitated in the inter-particle voids initially occupied by the 
alkaline solution, an indication that they formed as a result of dissolution followed by 
precipitation. For pastes activated with waterglass, the gels were uniformly amorphous. 
When a NaOH solution was used as the activator, however, platelets 0.1–0.2 mm 
thick and 15 mm in diameter could be distinguished. As activation progressed (5–7 
days), 0.5–1 mm dark rings appeared around lighter-coloured and thinner slag rings. 
EDX microanalysis confirmed that regardless of the type of activator, the majority 
product was always a C-S-H gel with a low Ca/Si ratio containing small amounts of 
Na, Mg, Al and S. When NaOH was the activator, a semi-crystalline C-S-H gel (I) 
was visible in the early stages of the reaction, while with waterglass, crystallinity 
remained very low even after a full year of hydration.
 Fernández-Jiménez et al. (2003) also used different microscopic techniques to study 
these materials. Figure 2.2 contains a series of transmission electron micrographs 
(TEM) of the initial slag and the products resulting from its activation with NaOH 
and waterglass. An analysis of the electron diffraction patterns (EDX) confirmed 
the presence of a leaf-shaped, semi-crystalline calcium silicate hydrate as the main 
reaction product. EDX microanalysis of the 7-day materials revealed that the pastes 
made with waterglass had lower Ca/Si ratios (0.6–0.7) than the NaOH pastes (0.9–1.0). 
Aluminium and some sodium were identified in the composition of all the pastes. 
A magnesium- and aluminium-rich secondary phase, attributed to hydrotalcite, was 
also detected.
 The nanostructure of cementitious gels cannot be readily determined due to their 
amorphous nature. Nonetheless, the information reported in recent years as a result 
of the application of a number of characterisation techniques, most prominently 
nuclear magnetic resonance (NMR) (Engelhardt and Michel, 1987), has proven to 
be very helpful for developing models to ascertain and describe the structure of the 
various gels formed.
 Based on 29Si and 27Al MAS NMR studies, Schilling et al. (1994) proposed 
that Al is taken up in the C-S-H gels generated in alkali-activated slag pastes, in 
which aluminium tetrahedra replace silicon tetrahedra in bridging positions to give 
rise to Q1, Q2 and Q2(1Al) units. The aluminium uptake was shown to depend on 
the concentration of alkalis and to be greater at high temperature and humidity. 
Richardson et al. (1994), Richardson and Groves (1997) and Richardson and Cabrera 
(2000) also explored Al uptake in C-(A)-S-H gels in tetrahedral bridging positions 
and proposed a series of equations to calculate mean silicon chain length and the 
Si/Al ratio in the gel formed from NMR data.
 This model was subsequently ratified by Fernández-Jiménez et al. (Fernández-



An overview of the chemistry of alkali-activated cement-based binders 25

(a) (b)

(c)
Figure 2.2 TEM micrographs of (a) anhydrous slag (Ca/Si=1.21, Ca/Al= 2.63, Si/Al= 2.13); 
(b) slag hydrated with NaOH for 7 days (Ca/Si=0.93, Ca/Al=1.35, Si/Al=1.45): (c) slag 
hydrated with waterglass for 7 days (Ca/Si= 0.64, Ca/Al = 1.49, Si/Al= 2.32) (Fernández-
Jiménez et al., 2003).
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Jiménez, 2000; Fernández-Jiménez et al., 2003). They showed that the presence of 
Al gives rise to gels with longer linear chains as well as to the possible existence 
of sporadic inter-chain, Si-O-Al bonds and consequently two-dimensional (Q3(nAl) 
unit, cross-linked) structures. Under those conditions, the C-S-H gels would become 
C-(A)-S-H gels (see Figure 2.3). These same authors established that the type of 
activator has a direct effect on the degree of silicate species condensation in the 
gel structure; when the activator used was waterglass, highly condensed structures 
formed. Consequently, a substantial number of Q2(1Al) and Q3(nAl) units were 
observed, along with Q1(0Al) and Q2(0Al) units, favouring the formation of two-
dimensional, cross-linked structures. When NaOH was the activator, however, the 
C-S-H gel generated had a significant number of Q2(1Al) units, but no Q3 units 
(Fernández-Jiménez et al., 2003). 
 Many papers can now be found in the literature that confirm the presence of 
Q3(nAl) units in the C-A-S-H gels forming during slag alkaline activation (Fernández-
Jiménez et al., 2003; Puertas et al., 2011). One prominent article, authored by Puertas 
et al. (2011) reported that in C-A-S-H gels forming in slag activated with a NaOH 
solution, the existence of tetrahedral Al in bridging positions in the silicate chains 
goes hand-in-hand with a considerable increase in the number of Q2(1Al) units, as well 
as with a small amount of Q3(nAl) units. When waterglass was used as an activator, 
the C-A-S-H gels forming had a higher aluminium content in tetrahedral bridging 
positions, favouring chain cross-linking and raising the percentage of Q3(nAl) units 
significantly and with it the formation of layered structures in certain regions.

Figure 2.3 Structural model for an Al-containing C S H gel (Fernández-Jiménez, 2000); (a) 
linear chains; (b) linear chains with occasional cross-linking, forming planes.

SiO4

AlO4

–48 –64 –80 –96 –112
ppm

–48 –64 –80 –96 –112
ppm

(a) BFS + NaOH

(b) BFS + Waterglass

Q0 slag

Q0 slag

Q1 slag

Q1 slag
Q1

Q2 (1Al)

Q2 (1Al)

Q2 (0Al)

Q2 (0Al)

Q3 (nAl)
Q1



An overview of the chemistry of alkali-activated cement-based binders 27

 This gel was also observed to contain a small amount of alkalis (normally 
Na), that neutralised the charge imbalance created when a Si is replaced by an Al 
tetrahedron. In fact, these are calcium-sodium aluminosilicate hydrate [C-(N)-A-S-H] 
gels. Hannus et al. (1999), Barbosa et al. (2000), Bernal et al. (2013) and Myers et 
al. (2013) proposed a model to describe this gel as a mix of cross-linked and non-
cross-linked tobermorite-based structures (the cross-linked substituted tobermorite 
model, CSTM).

2.3 Alkaline activation of low-calcium systems:  
(N,K)2O-Al2O3-SiO2-H2O

2.3.1 Composition of starting materials

Fly ash and metakaolin are the low-calcium materials most commonly deployed in 
alkaline cement and concrete manufacture, although the higher cost of metakaolin 
constrains its use. 
 Metakaolin is a pozzolanic material generated as a result of kaolinite clay 
calcination at temperatures ranging from 650 to 850°C, depending on the purity and 
crystallinity of the precursor clays (see Eq. 2.1) (Ambroise et al., 1985; Calderon 
and Burg, 1994; Granizo and Blanco, 1998; Pera, 2001; Granizo et al., 2002, 2007; 
Provis and van Deventer, 2009; Li et al., 2010). 

  XSiO2.YAl2O3.ZH2O Æ XSiO2.YAl2O3 + z H2O  (2.1)

Generally speaking, metakaolin is structured around a series of alternating layers 
of silicates and aluminates, in which the silicon has a coordination number of 4 
(tetrahedral), while the numbers for aluminium are 4, 5 and 6. The usability of 
metakaolin as a source of aluminosilicates in alkaline activation depends heavily 
on the particle size, purity and crystallinity of the initial kaolinite. As a rule, the 
MK particles should be under 5 mm, with an intrinsic clay grain size on the order 
of 20 nm (Li et al., 2010).
 Fly ash morphology, in turn, is characterised by hollow spheres that may or 
may not house other smaller spheres. It consists essentially of a vitreous phase and 
a few minority crystalline phases such as quartz (5–13%), mullite (8–14%) and 
magnetite (3–10%) (Fernández-Jiménez and Palomo, 2003). Fly ash composition 
may nonetheless vary depending on the type of coal used and the incineration 
process in place at the power plant. After an exhaustive study of a large number of 
types of ash, Fernández-Jiménez and Palomo (2003) concluded that for a type F fly 
ash to be suitable for use in the manufacture of alkaline cements, it must meet the 
following requirements (Fernández-Jiménez and Palomo, 2003; Fernández-Jiménez 
et al., 2006): 

• unburnt percentage < 5%
• [Fe2O3] £ 10%;
• [CaO] £ 10%; 
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• reactive [SiO2] > 40%;
• 80–90% particles < 45 mm 
• vitreous phase content > 50% 
• a [SiO2]reactive / [Al2O3]reactive ratio > 1.5 

2.3.2 Reaction mechanisms

The alkaline activation of silica- and alumina-rich materials is less thoroughly 
understood than slag activation because it is a relatively recent line of research. 
Glukhovsky (1994) proposed a general mechanism for the activation reactions in these 
materials, consisting of three stages: (a) destruction-coagulation; (b) coagulation-
condensation; and (c) condensation-crystallisation.
 In the first (see Eq. 2.2), the reaction begins when the OH- ions in the 
alkaline activator break the Si-O-Si bonds. The ions redistribute their electronic 
density around the silicon atoms, weakening the Si-O-Si bonds and making them 
more liable to rupture. This attack yields silanol (–Si-OH) and sialate (–Si-O–) 
species. The presence of the alkaline cation neutralises the resulting negative 
charge, while the formation of Si-O--Na+ bonds hinders the reversion to siloxane  
(Si-O-Si).

  

Si–O–Si + OH– Æ Si–O–Si Æ Si–OH + –O–Si
Na+

OH–

Si–O–Si Si–O––Na+
 (2.2)

The OH– groups impact the Si-O-Al bonds (see Eq. 2.3) in the same way: dissolved 
aluminium species form complex species, predominantly Al(OH)4

– anions.

  

Al–O–Si + OH– Æ Al+O–Si Æ Al–OH + –O–Si

OH–

H
O

Al

H
O

HO OH
OH–

 (2.3)

In the second stage, coagulation-condensation, the accumulation of ionic species 
favours the contact between the disaggregated products and polycondensation begins, 
giving rise to coagulated structures. The silica monomers inter-react to form dimers 
(forming Si-O-Si bonds), which in turn react with other monomers to build polymers 
(see Eq. 2.4). This stage is catalysed by the OH- ions. The clusters formed as a result 
of the polymerisation of the silicic acid begin to grow in all directions, generating 
colloids. The aluminates also participate in polymerisation, isomorphically replacing 
the silicon tetrahedra. While the alkaline metal catalyses the reaction in the first 
stage, in the second it acts as a structural component. 
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H
O

Al

H
O

HO OH

(HO)3Si–O– + Si–OH Æ [(HO)3Si–O … Si–OH] Æ [(HO)3Si–O–Si–OH]–

(OH–)3 (OH–)3 (OH–)3

[(HO)3Si–O–Si–(OH)3 + OH–] Æ [(HO)3Si–O–Si … OH]–

(OH–)3  
   (2.4)

Lastly, in the third stage, condensation-crystallisation, the presence of particles in 
the initial solid phase furthers reaction product precipitation. The composition of 
these products depends on the mineralogy and chemical composition of the prime 
materials, the alkaline activator used and the curing conditions.
 The mechanisms involved in the alkaline activation of metakaolin and fly ash, while 
generally conforming to the stages described above, vary as discussed below.
 Palomo et al. (2005) proposed a model to describe the alkaline activation of fly 
ash based on zeolite synthesis. Under this model, the process consists of two stages: 
(a) nucleation, with the dissolution of the aluminates present in the ash and the 
formation, via polymerisation, of complex ionic species (a stage highly dependent 
upon thermodynamic and kinetic parameters, which would cover the first two stages 
proposed by Glukhovsky); and (b) growth, when the nuclei reach a critical size and 
the crystal begins to grow. This stage is very slow due to experimental conditions. 
The final result of the alkaline activation of fly ash is an amorphous matrix with 
cementitious properties whose main component is an aluminosilicate gel known as 
N-A-S-H gel or ‘zeolite precursor’. Hypothetically, this gel would eventually evolve 
into a zeolite. 
 This model was subsequently revised by various authors (Palomo et al., 2005; 
Fernández-Jiménez et al., 2005b; Duxson et al., 2007b; Shi et al., 2011). According 
to the new model (see Figure 2.4), N-A-S-H gel formation would include a series of 
stages that can be summarised as follows. When the source of aluminosilicate comes 
into contact with the alkaline solution, it dissolves into several species, primarily 
silica and alumina monomers. These monomers interact to form dimers, which in 

Si Al O Na H

 Dissolution Phase rich in Al Phase rich in Si Polymerisation

Si Al

Figure 2.4 Model proposed for N-A-S-H gel formation (Fernández-Jiménez et al., 2005b; Shi 
et al., 2011).
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turn react with other monomers to form trimers, tetramers and so on. When the 
solution reaches saturation an aluminosilicate gel, N-A-S-H gel, precipitates. This 
gel is initially Al-rich (called Gel 1, a metastable intermediate reaction product) 
(Fernández-Jimenez et al., 2006). Its formation can be explained by the high Al3+ 
ion content in the alkaline medium in the early stages of the reaction (from the first 
few minutes through the first few hours), for reactive aluminium dissolves more 
quickly than silicon because Al-O bonds are weaker than Si-O bonds. As the reaction 
progresses, more Si-O groups in the original source of aluminosilicate dissolve, 
raising the silicon concentration in the reaction medium and its proportion in the 
N-A-S-H gel in the medium (Gel 2).
 This structural reorganisation determines the final composition of the polymer, as 
well as pore microstructure and distribution in the material, which are instrumental 
in the development of many physical properties of the resulting cement. 

2.3.3 Reaction products

The main reaction product generated in the alkaline activation of silica- and alumina-
rich materials such as fly ash and metakaolin is an amorphous alkaline aluminosilicate 
hydrate (Mn-(SiO2)-(AlO2)n.wH2O) known as N-A-S-H gel (Palomo et al., 2005) (see 
Figure 2.5). This product also goes by the name AIP, alkaline inorganic polymer. 
Its silicon and aluminium tetrahedra are distributed at random, forming a three-
dimensional skeleton (Palomo et al., 2004; Fernández-Jiménez et al., 2003, 2006; 
Provis and van Deventer, 2009).
 The secondary reaction products in this type of systems are zeolites such as 
hydroxysodalite, zeolite P, Na-chabazite, zeolite Y and faujasite (Palomo et al., 
1999; Fernández-Jiménez et al., 2003, 2006; Duxson et al., 2007a). 
 Studies conducted by a number of authors (Palomo et al., 2005; Bakharev, 2005; 
Criado et al., 2005) showed that both the curing temperature and type of activator 

N–A–S–H (3D)
Al

Na

Si

O

Figure 2.5 Plan view projection of the three-dimensional structure of a N-A-S-H gel.
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impact reaction kinetics, with the degree of reaction rising with the former. The 
nature of the products generated (N-A-S-H gel-like and zeolite precipitates) in 
aluminosilicate activation also varies with curing time and temperature. Long curing 
times give rise to the formation of silica-rich products, favouring the development 
of mechanical strength in the material. 
 Moreover, the raw material is not the sole origin of the silicon forming part of the 
N-A-S-H gel generated as the main product; rather, part may also be present in the 
activator (waterglass) (Duxson et al., 2007a; Criado et al., 2007). In fact, the silica 
in the sodium silicate normally used as an alkaline activator is highly soluble and 
consequently readily taken up into the N-A-S-H gel. The degree of polymerisation 
in such sodium silicate, which depends directly on its SiO2/Na2O ratio, conditions 
the structure of the gels precipitating in the various stages involved in N-A-S-H gel 
formation.
 Criado et al. (2007) studied the effect of different degrees of activator polymerisation 
(SiO2/Na2O ratios of 0.17, 0.60 and 1.90) on the intermediate reaction products 
generated in the alkaline activation of fly ash. They observed that this parameter 
played an instrumental role in the kinetics, structure and composition of the initial 
gel formed. The addition of soluble silica affected the intermediate but not the end 
reaction products. They noted that the Si/Al ratio does not rise indefinitely in N-A-S-H 
gel and found that the optimal value appears to be 2, toward which the system 
tends irrespective of the initial conditions, perhaps for reasons of thermodynamic 
stability. These authors further proposed that the effect of highly polymerised silica 
on N-A-S-H gel formation kinetics would involve retarding ash reaction and zeolite 
crystallisation.

2.3.4 Micro- and nanostructure of the gel formed: N-A-S-H-
type gels

2.3.4.1 Microstructure of N‑A‑S‑H gels generated in the alkaline 
activation of metakaolin and fly ash

The microstructure generated in the alkaline activation of metakaolin has been 
analysed in detail (Criado et al., 2007). Broadly speaking, the reaction products 
generated exhibit very uniform microstructures. 
 Fernández-Jiménez et al. (2005a) proposed a model to describe alkaline activation 
in fly ash based on scanning electron microscopic data (see Figure 2.6). The process 
would begin with a chemical attack on the ash surface (Figure 2.6(a)) whose outcome 
would be the formation of small cavities in the particle walls, exposing the smaller 
grains inside to the action of the alkalis. In this stage of the reaction the alkalis 
would attack from inside and outside the particles (Figure 2.6(b)). The ash would 
continue to dissolve and the reaction products generated inside and outside the ash 
crust would precipitate (Figure 2.6(c)), covering the smaller unreacted spheres and 
hindering their contact with the alkaline solution (Figure 2.6(d)). Thereafter, alkaline 
activation would continue slowly since the ash particles covered by the reaction 
products could only be attacked by alkalis through diffusion mechanisms. This would 
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lead to a final situation in which different morphologies may co-exist in the same 
paste (unreacted ash particles, particles under alkaline attack and reaction products 
(N-A-S-H gel, zeolites, etc.) (see Figure 2.6(d)).

2.3.4.2 N‑A‑S‑H gel nanostructure 

In 1988, Davidovits pioneered the use of NMR techniques to explore the nanostructure 
of the N-A-S-H and K-A-S-H gels generated in metakaolin alkaline activation. A 
full understanding of the structure of these gels was not possible until many years 
later, however, due to the low spectral resolution available at the time. Today’s 
equipment is fortunately much more powerful and sophisticated, delivering much 
higher resolution spectra.
 These N-A-S-H gels are characterised by a three-dimensional (3D) structure in 
which the Si is found in a variety of environments, with a predominance of Q4(nAl) 
(n = 0, 1, 2, 3 or 4) units. The Si4+ and Al3+ cations are tetrahedrally coordinated 
and joined by oxygen bonds. The negative charge on the AlO4- group is neutralised 
by the presence of alkaline cations (typically Na+ or K+). Nonetheless, significant 
variations may be detected in the gel structure depending on the degree of reaction, 
curing temperature and particularly the presence of soluble silica in the activator.
 Provis and van Deventer (2009) described the nanostructural characteristics of 
the N-A-S-H gels generated during metakaolin alkaline activation as summarised 
below.

• The gel, with a charge-balanced aluminosilicate structure, is characterised by local order 
strongly resembling the order observed in zeolites and related aluminosilicate materials.

• The Si/Al ratio and nature of the alkaline cation present determine the details of the local 
structure.

• The negative charge generated by the substitution of aluminium for silicon tetrahedra is 
neutralised by alkaline metal cations. Each alkaline cation is directly associated not with 
an aluminium atom, but with one or more (depending on steric factors) of the negatively 
charged oxygen atoms that surround the aluminium.

 (a) (b) (c) (d)

Figure 2.6 (a–d) Model for the alkaline activation of fly ash over time (Fernández-Jiménez 
et al., 2005a).
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• The gel forming in suitably cured stoichiometric metakaolins (M+/Al = 1 where M is 
the alkaline metal) has a fully connected nanostructure, with few oxygen atoms outside 
bridging positions. In the presence of excess alkalis or in improperly cured gels, a certain 
number of non-bridging oxygen atoms appear in the network, bonded to silicon atoms. 
If these oxygen atoms are not protonated, the excess negative charge is neutralised by 
alkaline cations.

• The water present is normally found in the pore structure of the gel, which consists of a 
series of nano- and macro-pores whose respective proportions depend on the chemistry and 
thermal history of the sample. This is one of the major differences between the N-A-S-H 
gel generated during aluminosilicate alkaline activation and the C-S-H gel generated in 
normal Portland cement hydration: in the former the water is not chemically bonded to 
the structure of the matrix. 

• Thermodynamic, steric and other factors hinder the formation of Al(IV)-O-Al(IV) bonds 
in the N-A-S-H gel nanostructure. Tetrahedral aluminium tends to be surrounded by four 
silicon tetrahedra, fully integrated in the network. 

Fernandez Jimenez et al. (2006) studied the variations in gel nanostructure (29Si 
MAS NMR) during the early stages of fly ash activation with 8-M NaOH at 85°C 
(see Figure 2.7). The 29Si MAS NMR spectrum for the anhydrous ash (A) differed 
substantially from the post-activation spectra (B, C, D, E and F) for 2- to 20-hour 
through 7-day materials. The most prominent changes occurred during the early 
reaction stages (from 2 to 8 hours). The most intense signal, located at around –87 
ppm, was associated with the formation of an aluminium-rich N-A-S-H gel with a 
predominance of Q4(4Al) environments. The signals detected at higher shift values 
(around –80, –77 and –72 ppm), whose intensity declined as the reaction progressed, 
were attributed to the presence of less condensed units (monomers and dimers).
 As the reaction progressed (24 h and 7 d) the spectra changed substantially. Five 
signals were clearly visible at around –110, –104, –98, –93 and –88 ppm, respectively 
attributed to the presence of silicon tetrahedra surround by zero Q4(0Al), one Q4(1Al), 
two Q4(2Al) or four Q4 (4Al) aluminium tetrahedra, indicative of a N-A-S-H gel 
with a higher silicon content (Gel 2). 
 Studies conducted by a number of authors (Krivenko, 1992; Palomo et al., 2004; 
Bakharev, 2005; Fernández-Jiménez and Palomo, 2005; Criado et al., 2005, 2007; 
Bernal et al., 2013) showed that both curing temperature and the nature of the 
activator play a significant role in reaction kinetics. Degree of reaction has been 
shown to rise with curing temperature. Different reaction products can be obtained by 
varying the reaction time and curing temperature: with time, N-A-S-H gel becomes 
silicon-richer, forming higher strength matrices.
 Fernández-Jiménez et al. (2006) also studied the role of aluminium in the structure 
of the gels formed. When silica and alumina species come into contact, they interact 
to form a N-A-S-H-type gel, which precipitates (alkaline silicates, metastable at high 
and moderate pH values, are unable to alone form a chemically stable hardened 
material). In alkaline aluminosilicates, condensation reactions are induced by 
aluminium. Determining the amount of aluminium available in the reactive system 
is consequently crucial for the formulation of alkaline mineral polymers. 
 In anhydrous ash (see Figure 2.7(b)) two signals are found, at +53 and +2.5 



Handbook of Alkali-activated Cements, Mortars and Concretes34

(a) 29Si

F

F

E

D

C

B

A

E

D

C

B

A

 –70 –84 –98 –112 –126
ppm

58.4 (b) 27Al

2.5
53.4

Fly ash L

140 120 100 80 60 40 20 0 –20
ppm

Figure 2.7 (a) 8-M 29Si MAS NMR spectra and (b) 27Al MAS NMR spectra for (A) anhydrous 
fly ash; and ash alkali-activated with 8-M NaOH at 85°C for (B) 2 hours; (C) 5 hours; (D) 
8 hours; (E) 20 hours and (F) 7 days (Fernández -Jiménez et al., 2006).

ppm, respectively attributed to tetrahedral (AlT: ash) and octahedral (Alo: mullite) 
aluminium. The signal at 53 ppm is the more intense. When the ash is stirred into the 
alkaline solution, the signal associated with tetrahedral aluminium grows narrower 
(because the aluminium available is quickly taken up to form N-A-S-H gel) and less 
intense with time, while a new signal appearing at around +58/+59 ppm is attributed 
to AlT integrated in the N-A-S-H gel.
 While the role of the alkalis in the alkaline aluminosilicate hydrate structure is 
assumed to be to neutralise the excess negative charge generated by the replacement 
of silica tetrahedra with AlO4 species during gel formation, scant information is 
available on this question.
 Duxson et al. (2005), analysing the 23Na spectra generated in gels formed in the 
alkaline activation of metakaolin, concluded from the two signals observed, at around 
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–4 and 0 ppm, that sodium can neutralise the excess negative charge in two ways. 
The –4 ppm signal was attributed to sodium associated with aluminium in the gel 
structure (offsetting the excess negative charge). The signal at 0 ppm, which only 
appeared in spectra for alkaline aluminosilicate gels with Si/Al ratios of under 1.4, 
was associated with the sodium present in the pore solution, which neutralises the 
negative charge in Al(OH)4

– groups.
 Later, Criado et al. (2008), studied the position of sodium in the N-A-S-H gel 
structure, detecting a single signal between –6.6 and –10 ppm. This signal was 
associated with partially protonated sodium, which neutralised the loss of charge 
prompted by the replacement of silicon by aluminium. Rises in water content in the 
system shifted the signal to less negative values. Garcia-Lodeiro et al. (2010a,b) 
also studying the 23Na MAS NMR spectra generated by synthetic N-A-S-H gels, 
confirmed the presence of a sole signal located at around –10 ppm, likewise attributed 
to partially hydrated sodium (Na(H2O)x

+). 

2.4 Alkaline activation of hybrid cements

2.4.1 Introduction to hybrid cements

Various alternatives to traditional Portland cement have been explored throughout 
this chapter, including products generated by alkali-activating high-calcium (blast 
furnace slag) and low-calcium (metakaolin and particularly fly ash) materials. The 
growing interest in both the scientific community and the industry around a third type 
of cements, however, heralds their role as the binders of the future. These materials 
are known as hybrid or blended cements (Garcia-Lodeiro et al., 2012, 2013c; Palomo 
et al., 2013; Fernández-Jiménez et al., 2013). 
 In these complex cementitious blends the type of product formed depends largely 
on the reaction conditions, including the chemical composition of the prime materials, 
alkaline activator type and concentration and curing temperature. Most of the wide 
spectrum of hybrid cements in place include small amounts of Portland cement 
or clinker. (While differences exist between using Portland clinker or cement, in 
these new cements such differences have a greater effect on workability than on 
the composition and structure of the gels generated: consequently the conclusions 
drawn in this section are valid for both.) 
 The hybrid cementitious systems most frequently studied include the following 
blends: 

• Portland cement + blast furnace slag 
• Portland cement + phosphorous slag 
• Portland cement + fly ash 
• Portland cement + steel mill and blast furnace slag 
• Portland cement + fly ash + blast furnace slag 
• Multi-constituents.
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In the systems containing Portland clinker (clinker + blast furnace, phosphorous 
or steel mill slag, clinker + fly ash, clinker + slag + fly ash), C-S-H gel normally 
prevails as the main reaction product in slightly alkaline media (i.e., 2 m NaOH), 
whereas N-A-S-H gel prevails in highly basic environments (10 m NaOH) (Alonso 
and Palomo, 2001).

2.4.2 Co-precipitation of cementitious gels: C-A-S-H + N-A-S-H

Hybrid alkaline cements are complex cementitious blends with initial CaO, SiO2 and 
Al2O3 contents of over 20% (Garcia-Lodeiro et al., 2012, 2013c; Palomo et al., 2013; 
Fernández-Jiménez et al., 2013); their reaction products are intricate mixes of different 
gels (the type of product formed depends largely on the reaction conditions).
 The reaction products forming during the alkaline activation of cement and ash 
blends is an area of keen scientific and technological interest and the compatibility 
between the main cementitious gels, N-A-S-H and C-S-H, precipitating in the two 
systems is the object of considerable research today (Garcia-Lodeiro et al., 2009, 
2010a, 2010b, 2011). 
 Prior studies have shown that the co-precipitation of these two gels in hybrid 
cements is possible (Alonso and Palomo, 2001; Yip et al., 2005; Palomo et al., 2007), 
although recent research has revealed that the two products do not develop singly 
as two separate gels, but that they interact, undergoing structural and compositional 
change in the process (García-Lodeiro et al., 2011).
 Garcia-Lodeiro et al. (2009, 2010a, 2010b, 2011) conducted a number of studies 
on synthetic gels to explore the compatibility of the two gels at different pH values 
and the effect of adding Al and Na to C-S-H-type gels and Ca to N-A-S-H-type gels. 
Their studies showed that: (i) high pH values and the presence of aluminium species 
in the aqueous phase had a substantial effect on C-S-H gel structure and composition, 
for the aluminium was taken up into the gel structure; (ii) the presence of dissolved 
calcium modified N-A-S-H-type gels, with partial replacement of sodium by calcium 
and the formation of (N,C)-A-S-H-type gels; and (iii) these replacement processes 
depended heavily on the pH value (García-Lodeiro et al., 2011). In the presence of 
sufficient calcium and pH values of over 12, C-A-S-H gel is favoured over N-A-S-H 
gel formation (see Figure 2.8). Be it said, however, that the experiments yielding 
these findings were conducted in equilibrium conditions, which are not normally in 
place during binder hydration, particularly in the early stages of the reaction. 

[Ca]

pH

C-A-S-H

(N,C)-A-S-H
(3D)

Figure 2.8 Model proposed to define N-A-S-H gel stability in terms of pH and calcium 
content. 
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 In 2005, Yip et al. studied the co-existence of the two gels, C-S-H and the 
geopolymer, in the alkaline activation slag + metakaolin blends. Using scanning 
electron microscope (SEM) techniques, these authors proved that the co-precipitation 
of the two gels was possible, albeit highly conditioned by system alkalinity. The two 
gels only co-precipitated at low pH values. In the presence of high (7.5 m) NaOH 
concentrations, the geopolymer predominated and took up small amounts of calcium. 
Moreover, the two phases were only observed to co-exist where a sufficient source 
of reactive calcium was present. 
 Some years later, Palomo et al. (2007) studied both the mechanical behaviour 
of, and the reaction products generated in, hybrid systems containing minority 
(30%) proportions of Portland cement clinker and high (70%) fly ash contents. The 
cementitious material was mixed with deionised water (W) and two alkaline solutions 
(N8-NaOH and SS-waterglass) and cured at ambient temperature. The mechanical 
development attained by the cementitious systems varied greatly with the hydration 
liquids used. Pastes made with water and NaOH exhibited similar 28-day values 
of around 24–28 MPa, whereas the 28-day material activated with sodium silicate 
attained values of 37 MPa, i.e., higher than required by European standard EN 197-
1:2000 for 32.5-type cement.
 These results confirmed that Portland cement hydration is affected by the alkaline 
content (OH- concentration) and the presence of soluble silica. In addition, fly ash 
activation at ambient temperature was accelerated by the presence of Portland cement 
clinker. This beneficial effect can be explained by the heat released during cement 
hydration, the energy from which would favour the chemical reactions that induce 
ash dissolution, setting and hardening. 
 The micro- and nanostructural characterisation of the pastes generated in the 
aforementioned systems showed that a complex mix of amorphous gels (C-A-S-H + 
(N,C)-A-S-H) precipitates in activated systems (see Figure 2.9). Co-precipitation of 
the two gels (C-S-H + N-A-S-H) was observed only at early ages (28 days at most) 
(Alonso and Palomo, 2001; Yip et al., 2005; Palomo et al., 2007). Recent research 
conducted by Garcia-Lodeiro et al. (2013) on these same systems (alkali-activated 
blends of 70% fly ash and 30% OPC) over long reaction times (1 year), revealed the 
presence of different, mostly C-A-S-H-type gels (see Figure 2.9(a)). These authors also 
observed that (N,C)-A-S-H gels evolved into compositions with a higher calcium and 
a lower aluminium content (see Figure 2.9(b)). These findings, which would appear 
to support the hypothesis that the formation of C-A-S-H-type gels is favoured over 
time, are consistent with reports in the literature on the compatibility of N-A-S-H 
and C-A-S-H gels in equilibrium conditions (García-Lodeiro et al., 2011).

2.4.3 Activation models

The research conducted on hybrid cements appears to clearly show that the type 
and characteristics of the gel/s formed are significantly impacted by the working pH 
and the calcium concentration in the system; a high calcium content and pH level 
favour C-A-S-H over N-A-S-H gel formation. Nonetheless, little is known about 
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Figure 2.9 (a) SEM/EDX micrograph of a 1-year blend of 70% FA + 30% OPC activated 
with NaOH+ Wg at Tamb in a climatic chamber; (b) EDX analysis (with TEM micrographs) 
projected onto the SiO2-Al2O3-CaO ternary diagram for the gels detected in 70% FA + 30% 
OPC systems activated with the alkaline solution (MA) and hydrated with water (MW); 
after 1 year most of the EDX analyses (squares) were located inside the C-A-S-H-type gel 
composition range (Garcia-Lodeiro et al., 2013a).



An overview of the chemistry of alkali-activated cement-based binders 39

the kinetics of the reactions taking place during the alkaline activation of this type 
of hybrid systems, particularly in the early stages.
 Garcia-Lodeiro et al. (2013b) used isothermal conduction calorimetry in an 
initial study on early age (72-hour) reaction kinetics in a hybrid cement consisting 
of 30% OPC and 70% fly ash. To that end, they used two activating solutions: 
Na2CO3 and a mix of NaOH + Na2SiO3. Further to the data from several analytical 
techniques (BSEM, FTIR, DTA/TG, etc.), they concluded that hydration kinetics 
were substantially modified by the type of alkaline activator, particularly with respect 
to the secondary phases generated. The main reaction products, however, a mix of 
C-A-S-H and (N,C)-A-S-H gels, were unaffected by the activator. These findings 
were used to develop an activation kinetics model describing the possible product 
formation reactions taking place in the earliest activation stages (see Figure 2.10).
 While the type of alkaline activator impacted reaction kinetics and the formation 
of secondary reaction products (carbonates, AFm phases, etc.) significantly, it 
did not appear to have any material effect on the main cementitious gels formed 
((N,C)-A-S-H /C-A-S-H). The thermodynamically stable majority product was a 
mix of cementitious gels that formed irrespective of the activator used. The use of 
Na2CO3 as an alkaline activator retarded gel precipitation, favouring the formation 
of secondary phases such as gaylussite and AFm-type species. Nonetheless, a larger 
proportion of gel phase appeared to precipitate than in the system activated with the 
solution containing NaOH + Wg.
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(pH 11.6)
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Figure 2.10 Activation kinetics models for hybrid cements (70% FA + 30% OPC) activated 
with NaOH + Wg (D1) and a Na2CO3 solution (D2) (Garcia-Lodeiro et al., 2013b).
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 Based on their own experience in the analysis of the compatibility of the two 
synthetic gels (Garcia-Lodeiro et al., 2009, 2010a, 2010b, 2011) and real cementitious 
blends (70% FA + 30% OPC activated with NaOH + Wg) (Garcia-Lodeiro et al., 
2013a) and on data drawn from the literature on hybrid systems (Alonso and Palomo, 
2001; Yip et al., 2005; Palomo et al., 2007), García-Lodeiro et al. (2013a) also 
proposed a conceptual model describing the activation stages of high-silica and 
alumina and fairly low-calcium cementitious blends from the first few hours up to 
a full year (see Figure 2.11). 
 According to that model, the process begins with the dissolution of the sources of 
calcium and aluminosilicates in the alkaline solution via rupture of the T-O-T bonds 
(T: Si or Al) in the ash and the Ca-O and Si-O bonds in the cement, leading to a 
wide variety of dissolved species (Stage A). When the solution reaches saturation, 
N-A-S-H, an aluminosilicate gel, precipitates (Stage B). This gel initially adopts a 
compositionally metastable form with a high aluminium content (Fernández-Jiménez 
et al., 2006). Analogously, the Ca2+ and silicon species resulting from the dissolution 
of Portland cement react to form a C-S-H-type gel. As the reaction progresses, 
more Si-O groups dissolve from both the original aluminosilicate (fly ash) and from 
the calcium silicate in the cement, raising the silicon concentration in the reaction 
medium and with it the silicon uptake in both gels. Hence, the N-A-S-H gel would 
change from a type 1 gel (Gel 1, Si/Al ratio ≈ 1) to a type 2 gel (Gel 2, Si/Al ratio 
≈ 2) (Fernández-Jiménez et al., 2006). In the C-S-H gel, in turn, Si uptake would 
enhance gel polymerisation (from chains comprising three silica tetrahedra to chains 
with five or more links, i.e., gels with a higher percentage of Q2 than of Q1 units) 
(Stage C). Stages B and C may take place at a fairly quick pace in these hybrid 
systems, and lead directly to the following stage, described below.
 As the reactions progress, the Ca and Al ions present in the aqueous solution begin 
to diffuse across the cementitious matrix formed. A small number of Ca ions (not 
participating in the C-S-H gel) interact with the N-A-S-H gel to form a (N,C)-A-S-H 
gel. Given the similar ionic radius and electronegative potential in sodium and 
calcium ions, calcium replaces the sodium ions via ion exchange reminiscent of the 
mechanisms observed in clay and zeolites (Engelhardt and Michel, 1987), maintaining 
the three-dimensional structure of the (N,C)-A-S-H-type gel (García-Lodeiro et 
al., 2010b). Similarly, the C-S-H gel forming from the silicates in cement takes 
aluminium into its composition (preferably) in bridge positions (Sun et al., 2006), 
yielding C-(A)-S-H Æ C-A-S-H gels as the aluminium content rises. The presence 
of tetrahedral aluminium in the bridge position may favour chain cross-linking, 
generating two-dimensional structures. This is the situation prevailing in 28-day 
hybrid cements (Stage D). 
 Where a sufficient store of calcium is available, it continues to diffuse into the 
pores in the matrix and interact with the (N,C)-A-S-H gel. The polarising effect 
of the Ca2+ (to form Si-O-Ca bonds) distorts the Si-O-Al bonds, inducing stress 
and ultimately rupture. As the N-A-S-H gel releases aluminium, less polymerised 
structures such as C-A-S-H gels form. At the same time, the C-A-S-H gel that formed 
in preceding stages is able to take up more silicon and aluminium ions in bridge 
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Figure 2.11 Alkaline activation model for cement blends with high silica and alumina and 
low calcium contents (70% FA + 30% OPC; activator: NaOH + Wg) (García-Lodeiro et al. 
2013a).
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positions (Richardson et al., 1994). The 1-year hybrid cements studied here would 
be in this stage of the reaction (Stage E). 
 Lastly, in the hypothetical stage in which hydration finalises (which may take 
years), the system would evolve, given sufficient time and the necessary experimental 
conditions (suitable calcium concentration and pH (García-Lodeiro et al., 2011)), 
toward the most thermodynamically stable gel, a C-A-S-H-type gel.
 In any event, sight should not be lost of the fact that the system studied was 
nearly but not wholly in equilibrium. After one year of hydration, unreacted ash 
and cement particles co-existed in the cementitious matrix with secondary phases 
such as AFm or alumina-type gels, along with a (N,C)-A-S-H and C-A-S-H gel mix 
which, over time, would evolve toward a single C-A-S-H gel.
 By way of summary, the co-precipitation of C-S-H/N-A-S-H gels is visible 
in activated ash/cement blends, although these gels do not precipitate as pure 
products, but are affected by the presence of the species dissolved in the medium. 
In the presence of calcium and as the reaction progresses, N-A-S-H gel degenerates 
(losing aluminium) and tends toward more depolymerised structures. Nonetheless, 
the compositional and structural changes observed in N-A-S-H gels apparently have 
no impact on the strength of the material.

2.5 Future trends

Elementary information has been provided throughout this chapter on the chemistry 
surrounding the alkaline activation of aluminosilicates with varying calcium 
contents. 
 Extensive literature is in place on blast furnace slag-based alkaline cements, 
ranging from the alkaline activation fundamentals of these specific systems 
to the latest research on the nanostructural models that describe C-A-S-H gel  
formation. 
 One of the limitations that constrains or inhibits the worldwide introduction of 
alkaline cements is the local unavailability and non-uniformity of the raw materials 
required to manufacture these binders, in particular type F fly ash cements, i.e., silica- 
and alumina-based binders. This chapter has discussed the enormous dependence of 
the physical and chemical properties of alkaline cements on the nature of the raw 
materials used: hence the need to control the quality and origin of such materials. 
Future research should consequently focus on the pursuit of alternative materials with 
which to develop competitively priced binders with good cementitious properties, long 
durability and no irreversible environmental impact. Objectives along these lines are 
pursued by research on the alkaline activation of hybrid cements (Alonso and Palomo, 
2001; Yip et al., 2005; Palomo et al., 2007), the activation of natural aluminosilicates 
such as common clay and feldspars (Buchwald et al., 2009; Ruiz-Santaquiteria et al., 
2013) and the alkaline activation of glass or synthetic aluminosilicates (Buchwald 
et al., 2009; Garcia-Lodeiro et al., 2014).
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3Crucial insights on the mix 
design of alkali-activated 
cement-based binders 
I. Garcia-Lodeiro, A. Palomo, A. Fernández-Jiménez
Instituto Eduardo Torroja (IETcc-CSIC), Madrid, Spain

3.1 Introduction

Alkaline cements are essentially the result of an alkaline attack on amorphous or 
vitreous natural materials or industrial by-products. When mixed with alkaline 
activators, these substances set and harden, yielding a good binder. Figure 3.1 
highlights the two main components of these cementitious systems: a cementitious 
constituent and an alkaline activator. 
 The alkaline activators normally used are alkaline salts or caustic solutions. 
Glukhovsky classified activators by their chemical composition, identifying six 
groups (Glukhovsky, 1967, 1994):

1. caustic solutions: MOH
2. slightly acid, non-siliceous salts: M2CO3, M2SO3, M3PO4, MF;
3. silicates: M2O.nSiO2;

Cementitious alkali-activated system components

Cementitious componentsAlkali activator

Pozzolanic materialsCementitious materials: 
steel and blast furnace slag 
phosphorus slag, Portland 
cement, CAC, etc.

Natural puzzolans: volcanic 
glasses, volcanic ashes, siliceous 
materials (Opal, Diatomaceous 
earth, etc.)

Artificial puzzolan: rice husk 
ashes
Industrial by-products: fly ash, 
silica fume, paper sludge, copper 
slag

Figure 3.1 Alkali-activated system components.
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4. aluminates: M2O.nAl2O3;
5. aluminosilicates: M2O.Al2O3.SiO2;
6. non-siliceous, highly acid salts: M2SO4.

The cementitious components used to manufacture alkali-activated cements may be 
cementitious materials with intrinsic hydraulicity (slag, OPC) or pozzolanic materials 
(see Figure 3.1). One of the most prominent features of alkaline activation technology 
is that both natural materials (such as clay or feldspars) and industrial by-products 
(such as slag, fly ash and paper sludge) can be used as prime materials. This chapter 
explores the role of the constituents of these cements in depth.

3.2 Cementitious materials

The raw materials most commonly used for alkaline cement-related research are slag 
(primarily blast furnace slag), fly ash from coal combustion and burnt clay (mostly 
metakaolin). The CaO-SiO2-Al2O3 ternary diagrams in Figure 3.2 show the typical 
composition ranges for these materials.
 Geopolymers have also been synthesised with other types of materials (Hos et 
al., 2002; Gordon et al., 2005; Garcia Lodeiro et al., 2010), based essentially on 
synthetic precursors (laboratory reagents). Nonetheless, as they have been used 
less extensively than the aforementioned materials, they are limited to laboratory 
procedures and still a long way from being industrially applicable.
 The main characteristics of these key materials are described below.
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3.2.1 Blast furnace slag and other slags

A number of studies (e.g., Fernández-Jiménez, 2000; Shi et al., 2006; Bakharev  
et al., 1999; Duran Atiş et al., 2009) have shown that slag of different origins and 
nature can be alkali-activated to yield adhesive and cementitious hydration products. 
Slag comes in different varieties: phosphorous, steel and blast furnace slag, to name 
a few. Granulated blast furnace slag (known as BFS) is the type preferably used as 
a raw material in alkaline activation. 
 Blast furnace or steel slag forms when the ‘clayey’ acid gangue in iron ore and 
(likewise acid) coke sulfur ash combine with lime and magnesium, basic components 
of the more or less dolomitic limestone used as fluxes (Fernández-Jiménez, 2000; 
Shi et al., 2006).
 Acid (SiO2  and Al2O3) and basic (CaO and MgO) oxides, as well as the slag 
constituents, form by high temperature (1600°C) fusion and subsequent cooling of the 
fluid magma from 1400°C to ambient temperature. When liquid slag cools abruptly 
to temperatures of under 800°C, crystals have no time to form and the solidified 
material acquires a vitreous structure. This is the slag normally used in alkaline 
activation (Fernández-Jiménez, 2000; Shi et al., 2006; Provis and van Deventer, 
2009).
 The chemical composition of slag depends primarily on the steel-making process 
applied and type of steel manufactured. The most common composition ranges for 
the main constituent oxides are listed in Table 3.1.
 Mineralogically speaking, BFS is normally described as a mix of scantly crystallised 
phases in the interval ranging from gehlenite (2CaO.Al2O3.SiO2) to akermanite (2CaO.
MgO.2SiO2), plus a vitreous phase consisting of a network of depolymerised calcium 
silicates. The latter contains the hydraulically active component of slag, while the 
crystalline phase may be regarded as practically inert. Nonetheless, some authors 
(e.g., Smolcyk, 1980) contend that the presence of small amounts of crystals may 
raise slag reactivity, given the disorderly structure formed early in crystallisation.
 BFS is characterised by latent or potential hydraulicity. In other words, when finely 
ground and mixed with water, it can set and harden, yielding hydration products similar 
to the products found in Portland cement pastes, albeit at fairly long reaction times. 
Slag hydraulicity develops slowly, with its cementitious products and consequently 
mechanical strength appearing much later than in Portland cement. When activated 
by any of several methods and activating agents, however, slag hydrates quickly 
and en masse, forming adherent and cementitious products. Research by Wang and 

Table 3.1 Mean chemical composition of blast furnace slag

SiO2 CaO Al2O3 MgO Fe2O3 S Cr2O3 Na2O+ 
K2O

MnO2 P2O5 TiO2

27–40% 30–50% 5–33% 1–2.1% <1% <3% 0.003–
0.007%

1–3% < 2% 0.02–
0.09%

<3%

* Cl2 (0.19–0.26%) and F2 (0.09–0.23%) may also appear.
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Scrivener (1995) and Wang et al. (1995) has shown that alkaline compounds are the 
activating agents that enhance slag hydraulicity most effectively.
 Slag reactivity is also known to depend on its particle size. Slag with particle 
sizes of over 20 microns react very slowly, while those with sizes of under 2 microns 
react fully within 24 hours of mixing with alkaline activators (Wang et al., 2005).
 The main requirements for slag to be usable as cement are listed below (Fernández-
Jiménez, 2000; Shi et al., 2006; Provis and van Deventer, 2009).

•	 It	must	be	granulated	or	pelletised	and	have	a	vitreous	phase	of	85–95%.
•	 It	must	have	a	highly	disorganised	structure,	for	the	higher	the	degree	of	glass	polymerisation,	

the lower is its hydraulicity. 
•	 It	must	be	basic,	i.e.,	have	a	CaO+MgO/SiO2 ratio of > 1. Basic slag has a higher hydraulic 

potential, for its lime content apparently controls its activation. That notwithstanding, acid 
slag may also be alkali-activated.

•	 It	must	 be	 ground	 to	 a	 specific	 surface	 of	 400–600	m2/kg.	As	 discussed	 later,	 specific	
surface plays an important role in the rate and intensity of the activation reaction. 

As established in Chapter 2, the main product generated in blast furnace slag 
activation is a C-A-S-H gel, similar to the gel generated in normal Portland cement 
hydration	 (C-(A)-S-H	gel),	 but	with	 lower	C/S	 ratios	 (normally	 ranging	 from	0.9	
to 1.2) (Wang and Scrivener, 1995; Wang et al., 1995; Fernández-Jiménez et al., 
2003, Puertas et al., 2011; Myers et al., 2013). The secondary reaction product 
usually generated is hydrotalcite (Mg6Al2CO3(OH)16·4HO),	which	may	precipitate	
with C4AH13, C4AcH11–	and	C8A2cH24-type phases.
	 Other	 types	of	 slag besides BFS can be used to prepare alkaline cements (Shi 
et al., 2006; Provis and van Deventer, 2014), including various types of steel mill 
slag:	electric	arc	furnace	(EAF),	basic	oxygen	furnace	(BOF),	 ladle	and	converter	 
slag.
 The main mineral phases detected in steel slag generally include olivine, merwinite, 
and C3S-, b-C2S-, and g-C2S-type calcium silicates, as well as C4AF and a phase 
known	 as	 ‘RO’	 (a	CaO-FeO-MnO-MgO	 solid	 solution)	 (Shi,	 2004).	This	 type	 of	
slag, duly mixed with the proper activators, may exhibit good cementitious properties 
(Li and Wu, 1992; Shi et al., 1993).
 Another type of slag potentially usable to prepare alkaline cements is phosphorous 
slag,	composed	mainly	of	SiO2	and	CaO.	The	minor	components	in	phosphorus	slag,	
which depend on the nature of the phosphate ores used, are Al2O3	(0.2–2.5%),	Fe2O3 
(0.2–2.5%),	MgO	(0.5–3ƒ%),	P2O5	(1–5%)	and	F	(0–2.5%)	(Shi	et al., 2006).
 The earliest studies on the alkaline activation of phosphorus slag date from the 
1980s	(Shi,	1988,	1989).	The	use	of	suitable	activators,	primarily	sodium	silicate,	
yields cementitious materials with good workability and acceptable mechanical 
strength.	 The	 use	 of	 other	 activators	 such	 as	 NaOH	 furthers	 the	 development	 of	
mechanical strength, especially in the early stages of the reaction, while the use of 
silicate-type activators favours the development of mechanical strength at older ages 
(Shi and Qian, 2000).
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3.2.2 Fly ash (types F and C)

Fly ash is an industrial by-product deriving from coal combustion. It is the solid 
waste collected by electrostatic precipitation or mechanical capture of the particles 
present in the combustion gas emitted by furnaces in pulverised coal-fired steam 
power plants. Prior to combustion, the coal is milled to a powder. It is subsequently 
blown into a furnace in a current of hot air flowing at high speed, with or without 
secondary fuels. This suspension is then heated to a temperature of 1500 ± 200°C, 
which is above the melting point of most of the minerals present. As the inorganic 
particles are not fully combusted in this process, however, ash is released.
 Power generation in coal-fired steam power plants (normally using pulverised 
anthracite or other bituminous coal) produces essentially two types of waste: fly ash, 
the main subject of this section, and bottom ash or slag. The difference between the 
two lies mainly in their particle size. The finer particles (fly ash) are collected by 
mechanical or electrostatic precipitation out of the combustion gas, while the coarser 
bottom ash or slag falls to the bottom of the furnace and is removed to provisional 
storage silos, usually with a wet discharge. The percentages of these two types of 
waste depend on steam plant configuration, boiler type and combustion conditions, 
although fly ash accounts on average for 80% of the total and bottom ash for the 
remaining 20%.
 The chemical composition of fly ash varies widely, depending on coal composition. 
The percentages of ash components vary from ash to ash, although in most the main 
constituents are silica (SiO2), alumina (Al2O3), iron oxides (Fe2O3), lime (CaO) and 
unburnt coal, while smaller amounts (generally under 5 wt.%) of magnesia (MgO), 
sulfur oxide (SO3), alkalis (Na2O and K2O) as well as traces of titanium, vanadium, 
manganese, phosphorus, germanium and gallium are also present.
 Fly ash is classified into two types depending on its lime content (ASTM  
C618-08a):

• Type F fly ash: with a CaO content of under 10%. The result of anthracite or bituminous 
coal calcination, it is the most abundant ash and the type most frequently re-used. The 
majority oxides in this type of ash are SiO2, Al2O3 and iron oxides. Its pH is normally 
basic and may be over 10. This is the type generally used as a raw material in silica- and 
alumina-based alkaline cements (see Chapter 2). 

• Type C fly ash: with a high CaO content (higher than 10%, usually from 15 to 30%). 
Produced during the calcination of sub-bituminous coal or lignite, this ash exhibits pozzolanic 
and cementitious properties.

Table 3.2 lists the average percentages of the compounds contained in high- and low-
calcium fly ash. The chemical composition of bottom ash resembles the composition 
of fly ash and depends essentially on the type of coal used. It is classified as siliceous 
if its majority compound is SiO2 or calcareous if the main component is CaO.
 Fly ash particles, which are normally spherical, may be hollow or house smaller 
spheres. They are not uniform, however, but include both vitreous and crystalline 
phases (normally mullite and quartz and iron oxides) (see Figure 3.3(a)). Its particle 
size distribution covers a broad spectrum. As a rule, 50% of the particles have an 
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equivalent diameter of under 30–40 mm. Ash specific surface ranges from 2500 to 
5000 cm2/g and its density from 2.2 to 2.8 g/cm3. Such a lack of uniformity means 
that particular care must be taken when working with this ash to ensure that the 
product obtained is of constant quality (Fernández-Jiménez et al., 2003). Bottom 
ash or slag, on the contrary, consists of angular particles with a very porous and 
rough surface texture (see Figure 3.3(b)). The particle size of bottom ash ranges 
from fine gravel to fine sand, with a low percentage of fines. Its density depends on 
its chemical composition: it declines with rising coal content, with typical values 
ranging from 2.1 to 2.7 g/cm3.
 Fly ash quality varies with coal type and combustion furnace. Its composition may 
also vary very significantly depending on the origin. These changes in composition 
may affect both the nature and the properties of the alkaline cements obtained. In 
this regard, Fernández-Jiménez and Palomo (2003) defined the requirements to be 
met by fly ash to produce good binders, namely:

• less than 5% unburnt material 
• Fe2O3 content under 10%
• low CaO content 
• 40–50% reactive silica content 
• 80–90% particles with a size of under 45 mm
• high vitreous content.

As noted, (primarily type F) fly ash is the raw material most commonly used to 
prepare alkaline cements. The alkaline activation of this type of high-silica, high-
alumina and low-calcium materials induces the precipitation of an amorphous 
alkaline aluminosilicate hydrate (Mn-(SiO2)z-(AlO2)n.wH2O) known as N-A-S-H gel 
(Fernandez-Jiménez and Palomo, 2005; Duxson et al., 2005a; Criado et al., 2007, 
Duxson et al., 2007a), which differs widely from the gel generated in slag alkaline 
activation (see Chapter 2). Here the secondary reaction products are zeolites such 
as hydroxysodalite, zeolite P, Na-chabazite, zeolite Y and faujasite.

Table 3.2 Average percentage (wt.%) of the compounds in high- 
and low-calcium ash

Component Type C fly ash: with a high 
CaO content

Type F fly ash: with a low 
CaO content

SiO2
Al2O3
Fe2O3
CaO
SO3
MgO
K2O
Na2O
Reactive silica
Free lime

34.1
14.2
7.2

38.0
4.2
1.5
1.4
0.44

30.9
17.1

42.6–59.8
21.8–34.5

6.3–18.1
2.8–7.0
0.19–1.9
1.2–2.6
0.38–6.0
0.15–0.94
0.94

Very low 0.74
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3.2.3 Metakaolin and other kaolinite clays

Kaolin is a white or light coloured rock with normally over 15 wt.% of (essentially 
kaolinitic) clay material. Kaolin is the product of water and atmospheric CO2-induced 
feldspar decomposition. Kaolinite is obtained by processing kaolin. Kaolinite is a 
clay mineral family phyllosilicate whose composition is Al2Si2O5(OH4). Its structure 
consists of alternating sheets of SiO4 tetrahedra (layer T) and alumina octahedra 
(layer O) joined by apical oxygen atoms (atoms not shared by SiO4 tetrahedra) in 
the T layer (see Figure 3.4(a)).

(a)

(b)

Figure 3.3 SEM images of (a) fly ash and (b) bottom ash.



Handbook of Alkali-activated Cements, Mortars and Concretes56

 Clay minerals may be heated to enhance their reactivity. The concomitant loss of 
water (hydroxyl groups in the O layer) causes the structure to collapse and a new 
amorphous phase to form. The post-heating amorphous phase deriving from kaolinite 
is known as metakaolinite (see Figure 3.4(b)). Equation 3.1 describes a model for 
the conversion of kaolinite to metakaolinite when the temperature is raised.

  D~550°C

  Al2Si2O5(OH)4 Æ Al2Si2O7 + 2H2O  (3.1)

(a)

O

OH

Al

Si

(b)

Figure 3.4 (a) Structure of one sheet of kaolinite (Ruiz Santaquiteria, 2013); (b) SEM 
micrograph of metakaolin (Criado et al., 2007).
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When a kaolinitic clay is fired, its physical and chemical properties change. From 100 
to 250°C, inter-layer water or moisture is lost; dehydration begins at 300–400°C and 
is accelerated at 500–600°C, temperatures at which the clay becomes fully dehydrated 
and its atomic structure is destroyed. The resulting metakaolin is pozzolanic, although 
both the temperature and the time required to complete the process depend on the 
type of clay mineral. Alumina (Al2O3), a scantly grindable, low activity product, 
forms at 950°C. Temperature control, then, plays a key role in artificial pozzolan 
manufacture (Acuña, 2006).
 Metakaolin is an amorphous, highly reactive aluminosilicate whose chemical 
composition is heavily impacted by the chemical and mineralogical composition of 
the starting kaolinite. Generally speaking, its majority oxides include SiO2 (40–70%) 
and Al2O3 (20–35%), with lower proportions of Fe2O3 and TiO2 (<1%) and other 
alkaline oxides (Na2O, K2O). Heating kaolinite may yield crystalline compounds 
such as quartz or illite, in addition to metakaolin.
 The use of metakaolin in alkaline cement production has been essentially limited 
to ceramic-type applications and small-scale laboratory tests, in light of the high 
temperatures needed and associated costs, as well as the high hydration liquid demand 
involved in producing a workable paste (Provis et al., 2010). Nonetheless, concrete 
based on alkali-activated metakaolin has been successfully produced with fairly low 
liquid/solid ratios (Marín-López et al., 2009).
 As in the alkaline activation of fly ash, in the alkaline activation of metakaolin 
the main reaction product is a N-A-S-H gel, an amorphous alkaline aluminosilicate 
hydrate, from which the system derives its mechanical strength. Here also, the 
secondary reaction products are zeolites, whose precipitation depends heavily on 
the curing conditions (temperature and humidity) and activator type (see Chapter 2) 
(Shi, 1989; Kovalchuk et al., 2007; Criado et al., 2010; Najafi Kani and Allahverdi, 
2009). 
 The possibility of alkali-activating common clays or natural aluminosilicates 
has also been addressed in the literature (Xu and van Deventer, 2000, 2002, 2003; 
Buchwald et al., 2007, 2009; Fernández-Jiménez et al., 2007, Ruiz-Santaquiteria et 
al., 2013), although these materials have been studied much less thoroughly than 
metakaolin, fly ash or blast furnace slag.
 Buchwald et al. (2007, 2009) conducted several studies on the susceptibility of 
smectite- and smectite/illite-type clays to alkaline activation. They concluded that 
these materials, after proper thermal activation, dissolve partially in a basic medium 
(6 m NaOH), yielding a material able to harden after moderate heating (60°C). The 
reactivity (amount of silica and alumina dissolved) of these clays in a basic medium 
and the final properties of the cement obtained appear to be affected by the prior 
thermal treatment applied.
 Xu and van Deventer (2000), in turn, examined the possible use of 16 natural 
aluminosilicate minerals with different structures and compositions (illite, sillimanite, 
andalusite and others) as potential sources of silicon and aluminium in alkaline 
activation. They concluded that all dissolved to a greater or lesser degree in a basic 
medium (more effectively in NaOH than KOH as a rule). After curing at 35°C for 
72 hours, they developed mechanical strength ranging from approximately 2.5 to 
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19 MPa, depending on factors such as the composition and structure of the mineral, 
its solubility in a basic medium and the alkaline cation in the activator.
 More recently, alkaline thermal pre-treatment of minerals has been put forward 
as a means of valorising high-volume mineral wastes. Pacheco-Torgal and Jalali 
(2010) attempted to burn clay-rich tungsten mining waste with Na2CO3, the product 
obtained exhibited severe efflorescence due to its high alkali content. In 2013 Ruiz 
Santaquiteria et al. assessed the reactivity of a number of dehydroxylated clays 
for use as raw materials in alkaline cements. Their results showed that activated 
dehydroxylated clays or activated blends of dehydroxylated clays and fly ash reached 
compressive strengths of up to 15 MPa (25 MPa in the blends with ash).
 The mechanical performance of alkaline cements obtained with common clay 
and feldspar is lower as a rule than found in alkaline cements made with fly ash or 
metakaolin.

3.2.4 Other aluminosilicate materials 

Volcanic ash and certain natural pozzolans are other aluminosilicate materials 
susceptible to alkaline activation.
 Volcanic ash, the origin of natural pozzolans, was initially used by the Romans to 
make concrete. This ash consists of small particles of pulverised volcanic rock and 
glass. As a result of rapid post-eruption cooling, volcanic ash exhibits high chemical 
reactivity. That, together with its large proportion of vitreous phase and high silica 
and alumina content make it a promising raw material for alkaline activation (Provis 
and van Devanter, 2014; Leonelli et al., 2007; Kamseu et al., 2009).
 Volcanic ash is normally characterised by high SiO2, Al2O3, Fe2O3 and CaO 
contents, along with smaller proportions of other oxides including MgO, Na2O, K2O 
and TiO2, as well as traces of many other elements. In addition to a high vitreous 
phase content, it contains mineral phases such as plagioclases, olivines and pyroxenes 
(Provis and van Deventer, 2014). 
 Natural pozzolans have proven to date to be another raw material with high alkaline 
activation potential (Allahverdi et al., 2008; Najafi Kani and Allahverdi, 2009; 
Bondar et al., 2011a). In natural pozzolans with a low lime content and pozzolans 
with sodium-rich zeolites and a high soluble silica content, the optimal SiO2/Al2O3 
molar ratio is low but higher than in CaO-rich or pre-calcined pozzolans (Bondar et 
al., 2011a). High temperature curing has also been shown to improve the mechanical 
strength of these materials considerably (Najafi Kani and Allahverdi, 2009; Bondar 
et al., 2011b; Najafi Kani et al., 2012) and lower the risk of efflorescence (Najafi 
Kani and Allahverdi, 2009).

3.2.5 Effect of the ([CaO]/[SiO2])reactive ratio

The chemical composition of the original raw material and its mineralogical 
characteristics (primarily its amorphous or vitreous phase content and the presence 
of minority crystalline phases) are determinants in the formation of the main reaction 
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products comprising alkaline cements: C-A-S-H gels (alkaline activation of high-
silica, high-calcium materials such as slag) and N-A-S-H gels (alkaline activation of 
high-silica,	high-alumina	materials	such	as	fly	ash	and	metakaolin).	Gel	composition	
largely conditions system mechanical strength and durability.
 The characteristics of the gel formed can be evaluated and system performance 
predicted a priori	 by	measuring	 two	 parameters:	 in	 BFS,	 the	 [CaO]/[SiO2]reactive 
ratio,	 and	 in	aluminosilicate	materials,	 especially	fly	ash,	 the	 [SiO2]/[Al2O3]reactive 
ratio. These parameters are discussed below.
 Blast furnace slag is characterised by a very high vitreous phase content (from 
90	to	95%)	and	a	chemical	composition	based	essentially	on	CaO,	SiO2 and Al2O3 
(Puertas, 1993). Slag dissolution after addition of the activator generates a series of 
dissolved Si4+, Al3+ and Ca2+ species that are immediately available to form C-A-S-H 
gel.	Consequently,	nearly	all	the	CaO	and	SiO2	present	in	the	original	slag	(([CaO]/
[SiO2])reactive) participate in gel formation.
 The main reaction product forming in slag-based alkaline cements, to which 
such systems owe their strength and durability, is an aluminium-containing calcium 
silicate hydrate (C-A-S-H gel). This gel is similar to the product generated in normal 
Portland	cement	hydration,	although	its	C/S	ratio	is	lower	than	in	the	latter.	C-A-S-H	
gel	ratios	usually	range	from	0.9	to	1.2.	It	has	a	dreierkette	structure	(see	Chapter	2)	
in	which	the	parallel	chains	of	silicates	are	arranged	around	a	central	sheet	of	CaO	
and the aluminium atoms usually replace bridge position silicon atoms, favouring 
inter-chain cross-linking.
 The silica content of gels conditions their polymerisation: the higher the silica 
content	(lowering	the	C/S	ratio)	 the	 longer	 the	silicate	chains	(Taylor,	1990).	The	
standard	method	 of	modifying	 the	CaO/SiO2 ratio in these systems is by adding 
soluble silica to the system along with the alkaline activator (sodium silicate), 
as discussed more fully in a later section of this chapter. Many papers have been 
published on the effect of the presence of soluble silica in the activator on C-A-S-H 
gel composition and structure. A rise in the silica content leads to more densely 
packed, more polymerised gels (presence of Q3(nAl) units) with excellent mechanical 
properties	 (>	 80	MPa	 at	 28	 days,	 Fernández-Jiménez	 et al., 2003; Puertas et al., 
2011). 

3.2.6 Effect of the ([SiO2]/[Al2O3])reactive ratio

In	aluminosilicate	(fly	ash	and	metakaolin)	alkaline	activation,	the	silica	and	alumina	
content of the raw material unquestionably plays an essential role in the degree of 
reaction	as	well	as	in	the	composition	and	structure	of	the	products.	In	these	materials,	
however,	 particularly	 fly	 ash,	 not	 all	 the	 silica	 and	 alumina	 comprising	 the	 raw	
material take part in the formation of cementitious gel. Their vitreous component 
co-exists with a series of minority crystals (such as quartz and mullite) which, while 
containing	SiO2 and Al2O3, are practically unaltered by the activator.
	 Hence	the	importance	of	defining	their	([SiO2]/[Al2O3])reactive ratio, for this value 
is closely related to their degree of reaction, to the composition and structure of the 
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N-A-S-H gel formed and consequently to the mechanical strength and durability of 
the end product, the alkaline cement. This ratio can be reliably calculated for fly 
ash, metakaolin and even some kaolinitic clays by means of a selective attack with 
1% HF (Arjuman et al.; 1997; Ruiz-Santaquiteria et al., 2011). The percentages of 
insoluble waste (undissolved after the attack) are associated with non-reactive phases, 
i.e., phases unaffected by activation. The post-attack SiO2 and Al2O3 contents are 
determined very simply with ICP analysis of the liquid phase or leachate and in turn 
used to find the (SiO2/Al2O3)reactive ratio. 
 According to the literature, the best binders, the ones exhibiting the highest 
mechanical strength, are obtained with materials whose starting ([SiO2]/[Al2O3])
reactive ratios range from 2 to 4 (Duxson et al., 2005a; Fletcher et al., 2005; Kovalchuk 
et al., 2008; Criado et al., 2010; Pimraksa et al., 2011; Chindaprasirt et al., 2012; 
Garcia-Lodeiro et al., 2014).
 Another critical parameter in inorganic polymer (geopolymer) formation is the 
amount of silicon and aluminium present. Fernández-Jiménez et al. (2006b) reported 
that a minimum content of around 20% of reactive aluminium is needed in fly ash 
to ensure good mechanical development. The aluminium present in the solution 
initially favours the early formation of Al-O-Si bonds and hence of a metastable, 
high-aluminium gel. Denominated Gel 1, over time this product evolves into a 
high-silicon gel (Gel 2, see Figure 3.5), which is what drives system mechanical 
development (Fernández-Jiménez et al., 2006b). The absence of a sufficient amount 
of reactive aluminium retards the conversion of Gel 1 into Gel 2, affecting the 
mechanical strength of the material. 
 Nonetheless, an excess of reactive aluminium may also be detrimental, as reported 
by Silva et al. (2007). An overly high aluminium concentration accelerates the 
aluminate and silicate condensation rate considerably, shortening setting time and 
raising the crystallinity of the reaction products (more zeolites and less gel). The 
result is lower mechanical strength. The N-A-S-H gel structures generated under 
these circumstances tend to be granular (more crystalline and with more aluminium 
and sodium).
 The degree of aluminium dissolution (out of the precursor material) during 
geopolymer formation was analysed by Hajimohammadi et al. (2010). A high rate 
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Figure 3.5 Variation in Gel 1 and Gel 2 mechanical strength over time (Fernández-Jiménez 
et al., 2006b).
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of aluminium release from the precursor raises the number of available aluminate 
species in the solution, favouring speedy formation of high-alumina N-A-S-H gel. 
That in turn enhances the intermixture of the gels generated and hence more uniform 
compositions. Nonetheless, the ready availability of aluminium species in the early 
stages of the reaction may also hinder silica dissolution due to the partial adsorption 
of the dissolved alumina onto the silica particles; a paucity of silica species available 
in the solution hampers silicon enrichment of the gel and consequently future 
mechanical development in the system. 

3.3 Alkaline activators: choosing the best activator for 
each solid precursor

Alkaline activators are the second essential component in alkaline cement design 
and development. Broadly speaking, the activators used in aluminosilicate (such 
as fly ash or metakaolin) based alkaline cements (M2O-SiO2-Al2O3-H2O system) 
are alkaline hydroxides, alkaline silicates or blends of the two, to generate high 
alkalinity. In contrast, as more moderate alkalinity is needed in the high-CaO alkaline 
cements (M2O-CaO-SiO2-Al2O3-H2O) made from slag, weak acid salts such as 
R2CO3, R2S or RF (where R = alkaline or alkaline-earth ion such as Na, K, Li or 
Ca) or strong acid salts such as Na2SO4 or CaSO4.2H2O may be used in addition to 
the aforementioned products.
 Cations and anions play distinctly different roles in alkaline activation. The most 
commonly researched activators are described briefly below. For a full review of 
the general chemistry governing each activator, see Shi et al. (2006) and Provis and 
van Deventer (2009).
 The anion in the activating solution plays an important role in the reactions taking 
place in the systems and consequently in the mineralogical and microstructural 
characteristics of the materials synthesised. The anions that are normally mixed 
with the raw materials used to prepare alkaline cements are hydroxides, silicates, 
carbonates and, to a lesser extent, sulfates. The effect of the each type of anion is 
analysed below. 

3.3.1 Effect of OH– (pH) 

OH- ions catalyse the dissolution of Si4+ and Al3+cations (Glukhovsky, 1967) by 
inducing the hydrolysis of Si-O-Si and Si-O-Al bonds, among others, after which 
the various species are released into the dissolution (see activation mechanisms in 
Chapter 2).
 The presence of OH- ions not only catalyses the hydrolytic reactions involved in 
the various stages of alkaline activation, but also raises the pH to the values required 
for initial precursor dissolution and the subsequent condensation reactions. 
 Figure 3.6 plots the percentage of soluble silica in slag versus pH; for pH values 



Handbook of Alkali-activated Cements, Mortars and Concretes62

of 3 to 11 silica solubility is low, but rises steeply at values of under 3 and over 11 
(Puertas, 1993; Fernández-Jiménez, 2000). While slag solubility rises in acid media, 
the hydrates formed are unstable and form no consistent structures. Basic pH on the 
contrary not only favours slag dissolution but also the formation of stable hydrates, 
gradually raising the cementitious properties of the material. Similar findings are 
observed in connection with silica dissolution in aluminosilicates such as fly ash or 
metakaolin. Hydrolysis in these aluminosilicates rises with the pH of the solution 
used (see Figure 3.6), although only up to a ‘point of diminishing returns’ after 
which raising the OH– ion concentration does not materially increase the amount 
of material dissolved (Alonso and Palomo, 2001; Granizo et al., 2002). 
 Aluminium follows a similar pattern. As shown by the plot in Figure 3.7 of 
aluminium hydroxide solubility versus pH, solubility increases at both acid and 
basic pH values, with a trough at a pH of around 6.3. The cation Al3+ prevails in 
acid media, although it co-exists with others, such as Al(OH)2+ and Al(OH)2

+ (see 
Figure 3.7), while at basic pH Al(OH)4

–-type species may form. These are the species 
that react with the silica likewise dissolved in the medium, favouring polymerisation 
and the formation of N-A-S-H- or C-A-S-H-type gels, further to the mechanisms 
described in detail in Chapter 2.
 Very high OH– concentrations are not favourable when slag is the raw material, 
however, for unlike silica and alumina, calcium becomes less soluble with rising 
pH. Consequently, the concentration of the alkaline solutions used to activate high-
calcium blast furnace slag is much lower than required to activate low-calcium 
aluminosilicates (fly ash and metakaolin).
 Alkaline hydroxides (primarily NaOH) are effective granulated blast furnace 
slag activators, as are soluble alkaline salts whose anion or anion group (such as 
silicates, carbonates or sulfates) can react with the Ca2+ ions in the slag to form 
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calcium compounds that are less soluble than Ca(OH)2 (Fernández-Jiménez, 2000). 
Concentrations on the order of 2–4 m are needed to prepare slag-based cements. 
Despite the extensive literature on the subject, no consensus has been reached on the 
optimal concentration, which depends heavily on activator type (Fernández-Jiménez, 
2000). In slag alkaline activation, activators with high Na2O concentrations (higher 
than 5% slag weight) fail to raise strength significantly. Moreover, such high doses 
of alkalis may be detrimental, increasing efflorescence and rendering the material 
more brittle. Economic factors should also be borne in mind, for the higher the 
dosage, the higher the cost.
 The activators traditionally used to prepare metakaolin- or fly ash-based alkaline 
cements include concentrated alkaline hydroxides, primarily NaOH, for reasons 
of price, availability and low viscosity. System performance in aluminosilicate 
alkaline activation is optimal when its pH is similar to the value generated by an 8 m 
solution of sodium hydroxide (Duxson et al., 2005b, 2007a; Fernández-Jiménez and 
Palomo, 2005). Lower alkalinity than generated by that solution adversely affects the 
mechanical properties of the cements obtained because the ionic strength generated 
in the binder-activating solution system is not high enough to satisfactorily hydrolyse 
the silicon and aluminium present in the starting materials.
 Palomo et al. (2004) analysed the matrices generated when type F fly ash was 
activated with different concentrations (from 8 to 18 m) of hydroxyl solutions. Their 
findings revealed the intense effect of concentration on microstructure: at a higher 
activator concentration, the matrix becomes denser, favouring the formation of a 
quasi-vitreous material. They also reported a rise in the alkali content fixed by the 
geopolymer at higher activator alkaline concentrations. 
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Al only) (source: Holt et al., 2002).
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3.3.2 Effect of silicates: degree of soluble silicate 
polymerisation

Silicate solutions, especially sodium silicate, are the second most commonly used 
agents in the alkaline activation of slag and aluminosilicates (fly ash and metakaolin). 
The availability of soluble silica is of cardinal importance in these systems, for it 
affects workability, setting, and mechanical strength development and modifies both 
gel composition and the microstructure of the material formed.
 The general formula for these soluble silicates is: xSiO2/R2O, where R = Na, K 
or Li and x = molar ratio. Of the three possibilities, the one most frequently used in 
alkaline activation is sodium silicate. Silicate solutions can be modified by dilution 
in deionised water or by adding extra alkalis to change the molar ratio. Two very 
important factors must be borne in mind when soluble silica is added: (i) the silica 
concentration and (ii) the SiO2/Me2O molar ratio. A solution with a low molar ratio 
(1/1) consists primarily of monomers (SiO4

4–) and dimers (Si2O5
2–), while a solution 

with a high molar ratio (3.3/1) has a higher proportion of polymeric species. Solution 
pH depends on its SiO2/R2O molar ratio. At values of pH lower than 10, the solution 
begins to gel. The method most commonly deployed to control the SiO2/Na2O ratio 
and raise the solution pH is to add alkalis, normally in the form of an NaOH solution. 
The result is known as waterglass (xSiO3. yNa2O.nH2O).
 In slag activation, waterglass is believed to make a dual contribution to strength 
development: as an alkaline activator and an inducer of the formation of a high-
silica primary gel. This gel forms when soluble silicates react with the Ca2+ ions in 
the slag to form a C-S-H/C-A-S-H-type, silica-rich, calcium silicate hydrate. The 
reaction products formed often exhibit high strength, significant drying shrinkage 
(Wang et al., 1995; Fernández-Jiménez et al., 1999; Palacios and Puertas, 2004), 
and short setting times, while the formation of Q3(nAl) units in their structure is 
also favoured (Fernández-Jiménez, 2000; Fernández-Jiménez et al., 2003; Puertas 
et al., 2011; Myers et al., 2013). Depending on slag nature and fineness and curing 
conditions, the optimal Na2O content is regarded to be around 4% of slag weight and 
the optimal SiO2/Na2O molar ratio on the order of 0.75–1.25 for acid slag, 0.9–1.3 
for neutral slag and 1.0–1.5 for basic slag (Smolcyk, 1980; Wang and Scrivener, 
1995, Wang et al., 1995).
 In the waterglass activation of aluminosilicates, the soluble silica induces the 
development of a microstructure that resembles many types of glass (absence of 
pores and a uniform and compact microstructure). Furthermore, higher soluble silica 
content in the starting system induces a rise in the silicon content in the structure 
of these cements (Palomo et al., 2004). Likewise in systems with a higher silica 
content, the formation of zeolite-like species (minority products) appears to be slower 
(Fernández-Jiménez and Palomo, 2005; Criado et al., 2007, 2008). Nonetheless, a 
very high concentration of silica in the activating solution lowers pH and raises 
solution viscosity, inducing a decline in the degree of reaction in the raw material 
(Duxson et al., 2005b).
 The 29Si MAS-NMR spectra for waterglass solutions reproduced in Figure 3.8 
reflect the effect of the SiO2/Na2O ratio on the amount of sodium silicate taken 
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up and its degree of polymerisation. The Na2O concentration was ª8% in all the 
solutions, although SiO2/Na2O ratios differed (0.19, 0.69 and 1.17 for W15, W50 
and W84, respectively). The solution W15 spectrum has a single peak at –70.7 ppm, 
associated with the presence of Q0 units (monomers). The solution W50 spectrum has 
three, one more intense at –71 ppm and the other two at –78.6 and –80.7 ppm; these 
signals may be respectively assigned to Q0, Q1 (dimer) and Qcy

2 (cyclic trimer) units. 
The six peaks observed on the solution W84 spectrum, at positions –70.8, –78.4, 
–81.0, –86.3, –88.6 and –94.3 ppm, are indicative of more intense polymerisation 
of the Si tetrahedra (Criado et al., 2008). In the literature on sodium silicates, these 
signals are attributed to the presence of monomers, dimers, linear trimers and bridged 
cyclic tetramers (see Figure 3.8(b)). These data show that increasing the silicate ion 
concentration in solutions with similar concentrations of Na2O (ª8%) induces greater 
silicate unit polymerisation. 
 The greater or lesser degree of polymerisation has a triple effect on reaction kinetics 
and the nature of the N-A-S-H gel initially formed. The presence of monomeric and, 
to a lesser extent, dimeric (i.e., scantly polymerised) silica shortens the time needed 
for the gel to start to precipitate. A rise in the amount of dimeric silica accelerates 
gel precipitation even more, but the gel formed under these conditions is less stable. 
Lastly, the presence of cyclical trimers induces the formation of initially more 
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Figure 3.8 (a) 29Si MAS-NMR spectra of alkaline solutions; (b) 29Si chemical shift, d, of 
the silicate anion in silicate solutions, identified in accordance with the literature (Criado 
et al., 2008).
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stable gels but which retard reaction progress. Consequently, the optimal value for 
aluminosilicate alkaline activation is around 1–1.5 (Duxson et al., 2005b; Criado et 
al., 2008; van Deventer et al., 2007).

3.3.3 Effect of carbonates

The use of carbonates in the alkali activation of both slag and aluminosilicates has 
also been researched (Fernández-Jiménez and Palomo, 2005; Criado et al., 2005, 
Shi et al., 2006; Provis and van deventer, 2014). The reason for the interest in 
these compounds is that their production has a lower environmental impact than 
hydroxide or silicate solution production. This activator induces a lower pH than 
found in many alkali-activated binder systems, a potentially beneficial effect in terms 
of occupational health and safety. Carbonate-activated binders have attracted less 
attention from academia and the industry than other systems, however, because they 
generally harden and develop strength much more slowly than NaOH- or sodium 
silicate-activated cements. Nonetheless, sodium carbonate-activated BFS has been 
used in demonstration projects as well as in buildings and civil infrastructure for 
over 50 years in eastern and central Europe (Krivenko, 1994; Shi et al., 2006).
 In the early stages of BFS activation with Na2CO3, calcium carbonates and sodium/
calcium carbonate blends form double salts as a result of the interaction between the 
CO3

2– present in the activator and the Ca2+ released from the BFS. The formation 
of these carbonates, together with the lower solution pH, lengthen the induction 
period and intensify plasticity loss in the paste, which nonetheless fails to set and 
harden. In extreme cases, setting times extend to over 3 days (Fernández-Jiménez and 
Puertas, 2001). The result is lower initial strength than when NaOH or waterglass is 
the activator, although at later ages strength may be higher than in NaOH-activated 
materials. 
 At later curing times, an Al-containing C-S-H-type gel forms, favouring paste 
hardening (Fernández-Jiménez and Puertas, 2001). The C-A-S-H gel formed in 
Na2CO3-activated BFS has a highly cross-linked structure with Q3 sites, and forms 
precipitates along with carbonate salts such as gaylussite (Na2Ca(CO3)2·5H2O) 
(Fernández-Jiménez et al., 2003). Xu et al. (2008) assessed older BFS concretes 
activated with Na2CO3 and Na2CO3/NaOH blends that had been gaining strength 
for years or decades. They identified the main reaction product in these materials 
as a highly cross-linked C-S-H-type phase with a relatively low Ca/Si ratio as the 
outer gel, and a carbonate anion-bearing inner gel. Xu et al. (2008) submitted that in 
Na2CO3-activated BFS binders, the long-term activation reaction is a cyclic hydration 
process in which the Na2CO3 would create a buffered alkaline environment. The 
level of CO3

2– available in the system would be maintained by the gradual dissolution 
of CaCO3, in which the Ca released would react with the dissolved silicate from 
the BFS. No detailed evidence has yet been forthcoming, however, on what this 
mechanism might entail in the first few months of reaction in Na2CO3-activated 
binders.
 The use of carbonates has also been studied in low-calcium aluminosilicates. The 
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presence of carbonate ions leads to the formation of alkaline (trona- and nahcolite-type) 
carbonates/bicarbonates that acidify the medium, lowering the degree of reaction. 
The greater porosity and less compact structure, in conjunction with the presence 
of carbonates, yield mortars whose strength is lower than in NaOH- or waterglass-
activated materials (Fernández-Jiménez and Palomo, 2005; Criado et al., 2005). 

3.3.4 Effect of sulfates

While sulfates are less commonly applied as activators, a few papers have been 
published on their use in (primarily) slag activation (Fernández-Jiménez, 2000; Shi 
et al., 2006). Sulfate ions induce a less basic alkaline medium, lowering the amount 
of soluble silica released by the slag (Fernández-Jiménez, 2000; Shi et al., 2006). A 
slag produced in India activated with hemihydrate (CaSO4.1/2H2O) was nonetheless 
found to set more quickly (Shi et al., 2006).
 Slag can be activated with a saturated Na2SO4 solution with a relatively low pH 
(ª 7), although the process is slow. As when gypsum is the activator, a sufficient 
source of hydroxyl ions is needed to accelerate activation. At a sufficiently high pH, 
bonds are broken in the slag structure and the ettringite formed stabilises. Activation 
with a combination of gypsum and NaOH yields Na2SO4. While this procedure calls 
for five times more activator than needed in calcium activation, it yields double the 
amount of hydration product. 

3.3.5 Effect of cations (Me = Na, K, Li, etc.)

The cations present in the activator also play a significant role in alkaline activation, 
for they may be taken up in the system, maintaining the pH values of the aqueous 
phase or forming part of the gel structure, where they neutralise the electrical charge 
produced when a SiO4 tetrahedron is replaced by an AlO4

- tetrahedron. The Me/Al 
ratios would logically be expected to be approximately 1. As the aluminium uptake 
in the gels rises, then, the fixed alkaline content also rises and is clearly greater in 
N-A-S-H than in C-A-S-H gels. 
 In high-CaO materials (BFS), using a NaOH solution as the activator has been 
shown to favour the dissolution of the Ca and Mg ions present in slag and the formation 
of a honeycombed C-S-H-type gel with a low C/S ratio (ª 0.7–0.9). When KOH is 
the activator, less Mg dissolves out of the slag. Under these conditions the reaction 
product is a plate-like C-S-H-type gel with a higher C/S ratio (ª 1.4), which forms 
along with a residual layer of high-Mg hydrates (Rajaokarivony-Andriambololona 
et al., 1990; Roy et al., 1994).
 The effect of cations has also been analysed in high-aluminium and -silicon (low-
calcium) metakaolin and fly ash activation. Here the type of cation involved in the 
activation reaction affects system microstructure as well as the Si/Al ratio in the 
pre-zeolite gel formed. Research has shown that Na+ is more prone to form zeolite 
(Fernández-Jiménez et al., 2006a, 2007), possibly because it is smaller than the K+ 
cation and consequently able to flow more effectively through the gel, or perhaps also 
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due to its lower charge density. This is consistent with the greater tendency of Na+ 
than other alkaline cations such as K+, Rb+ or Cs+ to form zeolites in hydrothermal 
synthesis (Barrer and White, 1952, 1953; Barrer and Baynham, 1956). Na+ is even 
more prone to zeolite formation than Li+, a smaller but more readily hydrated ion, 
whose greater post-hydration volume fails to stimulate zeolite growth (Barrer and 
McCallum, 1951).
 Given that the first stage of the reaction is controlled by the rate at which the 
alkaline compound dissolves the solid network of aluminosilicates to form small, 
reactive aluminate and silicate species, the more alkaline potassium hydroxides might 
reasonably be thought to induce a greater degree of dissolution than the less alkaline 
sodium hydroxides. Nonetheless, empirical studies have shown that sodium releases 
silicate and aluminate monomers more effectively than potassium (van Jaarsveld 
and van Deventer 1999; Xu and van deventer, 2003; Duxson et al., 2005a; Duxson 
et al., 2007b). 
 In ‘conventional’ geopolymer systems, the cations are typically Na+ or K+ 

(Macphee and Garcia-Lodeiro, 2011; Fernández-Jiménez et al., 2013). These ions 
are of particular interest because they determine differential coagulation in silica 
sols (Depasse and Watillon, 1970), due essentially to differences in their ionic size 
and, consequently, to their hydration tendencies. In aqueous environments, the 
positive charge on cations becomes associated with the partial negative charges on 
the oxygen atoms in the surrounding water molecules. This configuration is a result 
of the Lewis acidity of the cation, in which the oxide ion (in water) is the Lewis 
base. The relatively high charge density of Li+ and Na+ ensures that these ions 
remain hydrated, even at high pH values, whereas less intensely hydrated K+ and 
larger alkali metal ions shed hydration water and associate with negatively charged 
silicate surface sites. The less negative ΔHhydn indicates less tightly bound water. 
Li+ and Na+ are believed to further gelling because this ‘structural’ water coordinates 
hydrogen bonding between silicates (Depasse, 1997), which the weakly hydrated K+ 
and larger alkali metal cations are unable to do. 

3.4 Conclusions and future trends 

In alkaline cement design, both the raw material and the activator used must be chosen 
carefully. An initial assessment of cement system performance can be obtained with 
a thorough analysis of the chemical composition and physical-chemical properties 
of the raw material. One of the limitations faced today is the lack of raw material 
(BF and phosphorous slag, F fly ash). Future research is focusing on the pursuit of 
new, uniform cementitious materials.
 As the present discussion has shown, activators play an essential role in alkaline 
activation. The hazards involved in handling the corrosive solutions normally used 
(which contain soluble silicates or hydroxides) have driven the scientific community 
to seek solid activators able to deliver ready-mix geopolymers.
 One of the challenges outstanding in connection with alkaline activation technology 
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is, therefore, the use of solid activators, i.e., the development of binders with built-
in solid alkaline activators (such as finely ground sodium silicate or alkaline salts) 
to which only water would have to be added (Kolousek et al., 2007; Yang et al., 
2008).
 The result would be an activator-containing solid binder that could be mixed 
with aggregate and potable water in much the same way as in commercial concrete 
production. Moreover, the heat of hydration released by some solid activators may 
enhance the reactivity of certain mineral components. This may or may not be 
desirable, depending on the mix design, specimen geometry and intended application. 
The use of warm water or some other practical approach may be suggested as a 
source of heat where required to dissolve low solubility activators in a reasonable 
amount of time (Provis and van Deventer, 2014).
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4Reuse of urban and industrial 
waste glass as a novel activator 
for alkali-activated slag cement 
pastes: a case study 
F. Puertas, M. Torres-Carrasco, M. M. Alonso
Instituto Eduardo Torroja (IETcc-CSIC), Madrid, Spain

4.1 Introduction

The amount of urban and industrial waste has increased the world over in the last few 
decades. In the late twentieth century, urban waste was treated primarily in incineration 
plants, a technology that raised serious environmental problems, primarily associated 
with the emission of carbon dioxide and toxic particles. This situation led to the 
implementation of waste management and sorting policies in most highly developed 
countries. Hence the importance attached to recycling and valorisation of all manner 
of industrial waste and by-products, to enhance environmental protection. 
 Waste glass collection and management are increasingly common elements of 
environmental policy in the developed world. In 1994, approximately 9.2 million 
metric tonnes of post-consumer glass was discharged in the municipal waste stream 
in the United States. Approximately 8.1 million metric tonnes or 80% of this waste 
glass was container glass (Chesner et al., 1997; Shi and Zheng, 2007). In Hong 
Kong, there are 44,000 t of waste glass generated from domestic sources per year. 
In addition, there are 20,000 t of waste glass annually generated from commercial 
sources. Of the total 64,000 t of waste glass, only about 8000 t is recycled and 
reused, although about 50,000 t of waste glass are technically recoverable (Chen et 
al., 2002). In Spain, a total of 712 t of glass containers or 15.1 kg of glass waste per 
inhabitant were deposited in street-side bins in 2010 (Ecovidrio, 2012). This statistic 
is encouraging, bearing in mind that glass container consumption has declined by 
5.7% in recent years. In that same year, a further 2240 kg were taken from sorting 
plants, the second source of glass waste after street-side bins (Ecovidrio, 2012). 
Moreover, many of these waste glasses are currently disposed of in landfill sites which 
are being filled much faster than expected. If the current trend of waste generation 
and disposal continues, our landfills will be exhausted by 2015. 
 Glass comes in many shapes: as bottles, flasks or glazing for windows; flat or round; 
coloured or clear; and with or without ceramic or metal coating. Since its service 
life is nearly always very short despite its shape, it is typically reused or recycled. 
Glass waste must meet a series of requirements for reuse in the manufacture of other 
glass articles, however. The tendency is to collect and sort urban and industrial glass 
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waste by type. Even so, the wide variety of materials and chemical compositions 
involved renders its reuse by conventional technological processes highly complex. 
As a result, between 10 and 30% of glass waste is not recyclable for these purposes 
and alternative valorisation pathways must be sought. All the existing technologies 
for recycling mixed glass waste involve crushing. The fragments obtained (1–8 mm 
fraction), blended in the form of powder (scarcely reusable in glass manufacture), 
can be reused in construction in the following applications: 

1. as pozzolanic additions to prepare Portland cements (Shi et al., 2005);
2. in the preparation of vitroceramic composites together with other industrial waste or 

by-products, such as fly ash, slag and ceramic discards (Andreola et al., 2008; Luz and 
Riberio, 2007); 

3. in the preparation of composites with a polymer matrix (vehicle and pedestrian pavements) 
(Chesner, 1992);

4. as the main component in the production of foam glass for thermal insulating materials 
(Gorokhovski et al., 2005);

5. as a prime material for synthesising solid sodium silicates or purified silica. 

The fifth application, addressed here, has scarcely been studied. Very recent research 
by the authors (Torres et al., 2009; Torres-Carrasco et al., 2012) has shown that sodium 
silicate-based urban glass waste may serve as an active component in the preparation 
of alkali-activated slag or fly ash cements. Moreover, the construction industry is 
presently very keen on developing new cements and construction materials, whose 
manufacture would be less energy-intensive and entail the emission of less polluting 
gas (primarily CO2) than conventional Portland cement manufacture. These cements 
are obtained by mixing amorphous silico-aluminates such as blast furnace slag, fly 
ash, metakaolin or volcanic rock, or blends of two or three of these materials, with 
highly alkaline solutions (NaOH, Na2CO3 or alkaline silicate hydrates) (Puertas, 
1995; Shi et al., 2006; Puertas et al., 2000, 2004; Puertas and Fernández-Jiménez, 
2003; Sánchez et al., 2011; Mejía et al., 2013). Inorganic polymer binders provide 
an alternative to traditional cements up to 80% less CO2 emissions, and are derived 
from industrial waste materials (Van Deventer et al., 2010, 2012).
 Prior studies (Fernández-Jiménez et al., 1999) showed that the predominant factor 
in the strength of these alkaline cements was the nature of the alkaline activator. 
Sodium silicate hydrate (waterglass) proved to be most effective. Bearing in mind 
that urban glass waste is an amorphous material whose chemical composition 
includes SiO2 (65–75%), CaO (6–12%), Na2O (12–15%), Al2O3 (0.5–5%) and 
Fe2O3 (0.1–3%), it may be regarded as a potential (waterglass family) alkaline 
activator for blast furnace slag, fly ash or other aluminosilicates. Soluble sodium 
silicates have been used in industry for a wide variety of applications. The raw 
materials for sodium silicate manufacture are soda ash and sand. Heated to 1100–
1200°C, the materials fuse and a glass forms upon cooling. This glass is sold as 
anhydrous powder or dissolved in water at the manufacturing plant. The resulting 
solution, also known as ‘waterglass’, may be sold as it is, or it may be causticised 
to form more alkaline solutions (Larosa-Thomson et al., 1997). Therefore, the 
process of synthesis of waterglass is costly and entails negative environmental 
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effects because it is necessary to reach high temperatures in the decarbonation of  
Na2CO3.
 In regard to the chemistry of silica, there are numerous studies concerning the 
solubility of silico-aluminous materials, polymerisation, colloidal and surface properties, 
etc. (Iler, 1979). Key features of the glass, along with transparency, are the high 
chemical resistance. Due to its good qualities, interaction almost always takes place 
between the glass and chemicals. Glasses are attacked in both aqueous acid and 
alkaline solutions, although the mechanisms of attack and the degree of corrosion 
are different in each case (Fernández Navarro, 2003). Apparently, the solubility of 
these glass materials is high when the pH values are high (El-Shamy and Panteno, 
1977; El Shamy et al., 1972; Paul, 1977). From pH 9 to 10.7, there is an apparent 
increase in the solubility of amorphous silica, owing to the formation of silicate ion 
in addition to the monomer which is in equilibrium with the solid phase. Above pH 
10.7, all the solid phase of amorphous silica dissolves to form soluble silicate, since 
at higher pH the concentration of Si(OH)4 is greatly lowered by conversion to ionic 
species, so that no amorphous solid can remain in equilibrium. Moreover, the effect 
of temperature was also studied on the solubility of glass (Paul, 1977; Goto, 1955), 
where an increase in the temperature favours the dissolution of the waste glass. 
 The main objective of this study is to know the possibility to generate solutions 
of sodium silicates (as potential waterglass solutions) by the solubility of different 
types of waste glass. Three different dissolution processes have been applied: at room 
temperature (22°C ± 2°C), at 80° ± 2°C and by mechano-chemical means. The final 
goal is to establish the optimal solubility conditions in order to investigate in further 
studies the feasibility of the use of waste glass as potential alkaline activators of 
materials such as slag or fly ash and to study the behaviour of AAS materials with 
a new type of activator. The uses of these dissolutions from the waste glass in the 
preparation of AAS systems will be discussed in the next sections.

4.2 Chemistry and structural characteristics of glasses 

Based on the major compositions, glasses can be classified into the following 
categories: vitreous silica, alkali silicates, soda-lime glasses, borosilicate glasses, lead 
glasses, barium glasses, and aluminosilicate glasses. Small amounts of additives are 
often added during the production of glasses to give glasses different colours or to 
improve specific properties. Soda-lime glasses are most widely used to manufacture 
containers, float and sheets. Soda-lime glasses represent over 80% by weight in waste 
glass. On a colour basis, 63% are clear, 25% are amber, 10% are green and 2% are 
blue or other colors. The main composition of these glasses is the same except small 
amounts of additives are used for colouring purpose. The typical compositions of 
different types for different applications are listed in Table 4.1. Soda-lime glasses 
consist of approximately 73% SiO2, 13% Na2O and 10% CaO. Thus, based on their 
chemical composition, soda-lime glasses will be pozzolanic-cementitious materials 
and a potential alkaline activator waterglass family. 
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Glasses and uses SiO2 Al2O3 B2O3 Na2O K2O MgO CaO BaO PbO Others

Soda–lime glasses

Containers
Float
Sheet
Light bulbs
Tempered ovenware

66–75
73–74
71–73
73
75

0.7–7
0.5–1.5
1
1.5

16–12
13.5–15
12–15
17
14

0.1–3
0.2

0.1–5
3.6–3.8
1.5–3.5
4

6–12
8.7–8.9
8–10
5
9.5

Borosilicate

Chemical apparatus
Pharmaceutical
Tungsten sealing

81
72
74

2
6
1

13
11
15

4
7
4

1

Lead glasses

Colour TV funnel
Neon tubing
Electronic parts
Optical dense flint

54
63
56
32

2
1
2

4
8
4
1

9
6
9
2

23
22
29
65

Barium glasses

Colour TV panel 
Optical dense barium crown 

65
36

2
4 10

7 9 2 2 2 2
41

10% SrO
9% ZnO

Aluminosilicate glasses

Combustion tubes
Fiberglass
Resistor substrates 

62
64.5
57

17
24.5
16

5

4

1
0.5

7
10.5
7

8

10 6

Source: McLellan and Shand, 1984.
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 The XRD mineralogical characterisation (see Figure 4.2a) shows the glass to 
be an amorphous material, with low range structural order. No peaks attributed to 
any crystallised compound can be identified except a broad diffraction halo, which 
is attributed to the glassy phase. The position of the diffraction halo is related to 
the lime content and sodium content in the glass (Diamond, 1983; McCarthy et al., 
1988; Van Roode et al., 1987; Shi and Zheng, 2007). 
 The structure of a glass can be described using a two-dimensional framework of 
SiO4 tetrahedra represented schematically in Figure 4.1. According to the network 

Silicon atom
Oxygen atom

Crystalline

(a)

Non-crystalline

(b)

(c)

Si

O - oxygen

Na or Ca

SiO4

Bridging oxygen

Non-bridging oxygen

Figure 4.1 (a–c) Structure of quartz, silica glass and Na-Ca silicate glass (adapted from 
Partyka et al., 2014).
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theory proposed by Zachariasen (1932), the components of a glass can be classified 
into three groups:

1. network formers; 
2. network modifiers; and 
3. intermediates. 

Network formers are characterised by small ionic ratio, the highest possible ionic 
valences, and are surrounded by four oxygen atoms. Together with oxygen atoms, 
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Figure 4.2 (a) XRD pattern and (b) FTIR spectrum for waste glass (soda-lime glasses) 
(Torres-Carrasco et al., 2014). 
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they form a more or less disordered three-dimensional network through tetrahedral. 
The bond energies between these network formers and oxygen atoms are usually 
higher than 335 KJ/mol. Si and P are typical network formers in vitreous blast furnace 
slag. The higher content the network formers are, the higher is the condensation 
degree of the glass. 
 Network modifiers have coordination number of 6 or 8, and have large ionic ratio. 
The presence of network modifiers disorders and depolymerises the network. The 
bond energies between the network modifiers and oxygen atoms are usually less 
than 210 KJ/mol. Na, K, Ca are typical network modifiers in vitreous blast furnace 
slag. 
 Intermediates can act as both network formers and modifiers. Their coordination 
number is 4 when they act as network formers and 6 as network modifiers. Their 
bond energies with oxygen atoms range from 210 to 335 KJ/mol. From the bond 
energies of network formers and network modifiers, it can be anticipated that the 
greater the content of network formers, the less reactive the glass is.
 The IR spectra for these glass waste (Figure 4.2) contained a wide and intense 
band at 900–1100 cm–1 associated with the Si-O (n3 (Si-O)) asymmetric stretching 
vibrations in the SiO4 tetrahedral groups present in the silicates, and another at 
450–470 cm–1 due to the n4 (O-Si-O) bending vibrations in the SiO4 groups, likewise 
in the silicates. The XRD and FTIR findings were practically identical in soda-lime 
glasses (see Figure 4.2). 

4.3 Waste glass solubility trials in highly alkaline media

The process of solubility of waste glasses in aqueous, acid and alkali media has been 
studied and depends on numerous factors such as the nature of solution, the particle 
size of waste, the temperature of solubility, the stirring time, etc. (Torres-Carrasco 
et al., 2014). Therefore, it is necessary to know under what conditions the higher 
solubility of silicon oxide from waste glass arises, then try to use this as an activating 
solution of silicoaluminous materials such as slag to produce AAMs. 
 Glass solubility was determined by Torres-Carrasco et al. (2014) in the following 
three processes: 

• at ambient temperature (22 ± 2°C)
• at high temperature (80 ± 2°C)
• by a mechano-chemical process (in a ball grinder) at ambient temperature (22 ± 2°C).

The chemical process consists of magnetic stirring at ambient temperature (22 ± 
2°C) and a constant speed, where the solid:liquid ratio is 1g of glass material per 
100 mL of solution (1:100). Besides these, there are other conditions such as three 
particle sizes (<45 mm, 45–90 mm and >125 mm), the stirring times of 10 min, 2, 
4 and 6 hours to determine the effect of time on glass dissolution and, finally, the 
use of three different solutions: distilled water (pH = 7) as the reference, a NaOH 
solution (pH = 13.8) and a 1:1 NaOH/Na2CO3 solution – 50% mix of NaOH and 
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Na2CO3 in molar (pH = 13.6), where the concentration of the two alkaline solutions 
was 5% of Na2O. The results of the behaviour of the solubility using these conditions 
are discussed in Section 4.3.1. 
 Based on the findings for the chemical process at ambient temperature, Torres-
Carrasco et al. decided to work with high temperature to see the solubility of these 
materials. All the other conditions remained unchanged: stirring times, glass particle 
size and the activating solutions (NaOH and NaOH/Na2CO3 at the same concentration 
as in chemical process at ambient temperature). Solution temperature was held steady 
at 80 ± 2°C. The results of the behaviour of the solubility using these conditions 
are discussed in Section 4.3.2.
 Lastly, in the mechano-chemical process trials, the glass was ground in a steel ball 
grinder. In such procedures, the relationship between the size and number of balls 
and the solid:liquid ratio had an important effect on the solubility process. The best 
grinding performance was found for 5 g of solid in 500 ml of solution and 1 kg of 
balls (with a size distribution of approximately 2.5% of balls 20 mm in diameter; 
and 12.3% measuring 15 mm, 29.3%, 9 mm and 56%, 5 mm in diameter). As in 
the case of the other processes, all conditions were the same. The results of the 
behaviour of the solubility using these conditions are discussed in Section 4.3.3.
 All the solutions obtained were gravity filtered and brought to a known volume 
for subsequent ICP-AES laboratory analysis of elements Si, Al, Ca and Mg. The 
analyses were conducted in a VARIAN 725-ES inductively coupled plasma atomic 
emission spectrometer. 

4.3.1 Chemical process at ambient temperature (22 ± 2°C) 

In most cases where glass is exposed to chemical attack, the medium is aqueous. 
The mechanism governing glass–water interaction must consequently be the first 
question addressed. Contact with the aqueous medium induces an exchange of 
sodium and hydrogen ions. Since the latter are present in water in equilibrium with 
OH– ions, this exchange governs dissolution (Fernández Navarro, 2003). As Figure 
4.3 shows, the solubility of the silicon oxide present in the glass rose with stirring 
time, irrespective of particle size. Nonetheless, solubility was highest when the glass 
particle size was under 45 microns, for the smaller the particle size the greater the 
specific surface and consequently the more intense the contact between the solution 
and the glass. The result is higher solubility.
 Highly alkaline attacks are governed by a different mechanism, in which the 
OH– groups are predominant, further to the following reactions (Fernández Navarro, 
2003): 

	 	 ∫Si-O-Si∫ + OH– Æ ∫Si-OH + ∫Si-O– (4.1)

Unsaturated ∫Si-O– groups may react with water molecules and form new silanol 
groups and more OH– groups: 

	 	 ∫Si-O– + H2O Æ ∫Si-OH + OH– (4.2)

The reaction between the glass and the OH– groups always hydrolyses oxygen bridges, 
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partially destroying the network. For that reason, glass is much less resistant to 
alkaline than acidic media. In alkaline media, glass may be said to be depolymerised, 
resulting in total destruction of its network and gradual solubilisation.
 Figure 4.4 shows the solubility of different types of glasses in the two alkaline 
media (NaOH and NaOH/Na2CO3) for glass particle sizes of under 45 mm. These 
findings confirmed the greater solubility of SiO2 and Al2O3 (forming oxides) in 
alkaline media than in water. In NaOH, solubility was 16–43% higher than in water, 
depending on the type of glass. When the solution pH was raised (using NaOH/
Na2CO3 or NaOH), the amount of SiO2 and Al2O3 extracted rose substantially, 
due to network destruction after the Si-O-Si and Al-O-Al bonds were broken. The 
differences between the two solutions were significant: SiO2 solubility was 12–53% 
higher and Al2O3 solubility 17–54% higher with NaOH/Na2CO3 than with NaOH. 
However, the difference between both pH values was not very remarkable, but in this 
case it is possible that other determining factors, such as the presence of a common 
ion (Na+) or the presence of carbonates contributed to dissolving a higher amount 
of glass (Ruiz-Santaquiteria et al., 2013). 
 As Figure 4.4 shows, the Mg and Ca oxides, regarded as network modifiers on the 
grounds of their electronegative potential values (Stanworth, 1950), failed to exhibit 
very high solubility over time. Because of their higher solubility (lower Ca-O and 
Mg-O bond energy than in Al-O and Si-O), they dissolved from the time of initial 
contact between the alkaline solution and the glass.
 Another interesting finding at ambient temperature was that glass solubility was 
very low and similar for the four types of glass studied (Figure 4.4), so that the 
nature of waste glass in this case is not important in their solubilisation. 

 0 60 120 180 240 300 360
Time (min)

< 45 mm
< 90 mm
< 125 mm

S
iO

2 
so

lu
bi

lis
ed

 (
%

)

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

Figure 4.3 Percentage of SiO2 solubilised in waste glass in water: effect of glass particle size 
(Torres-Carrasco et al., 2014). 



Handbook of Alkali-activated Cements, Mortars and Concretes84

Clear glass < 45 mm in NaOH solution
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Clear glass < 45 mm in NaOH/Na2CO3 solution
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Figure 4.4 (a–h) Chemical process at ambient temperature. Solubility of Si, Al, Ca and Mg 
oxides present in different types of glasses in alkaline media (NaOH and NaOH/Na2CO3) 
(Torres-Carrasco et al., 2014). 
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Green glass < 45 mm in NaOH solution
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Green glass < 45 mm in NaOH/Na2CO3 solution
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Figure 4.4 Continued
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Brown glass < 45 mm in NaOH solution
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Brown glass < 45 mm in NaOH/Na2CO3 solution
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Figure 4.4 Continued
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4.3.2 Chemical process at 80 ± 2°C 

Figure 4.5 shows the percentage of solubilised Si, Al, Ca and Mg oxides in two 
types of waste glass after chemical process at 80 ± 2°C. As with chemical process at 
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Figure 4.5 (a–d) Chemical process at 80 ± 2°C: Si, Al, Ca and Mg oxide solubility in alkaline 
solutions (Torres-Carrasco et al., 2014). 

ambient temperature, glass particle sizes was a key factor in the solubility of silicon 
oxide, where the higher solubility was reached for particle sizes lower than 45 mm. 
Moreover, unlike what occurred at ambient temperature, the effect of temperature 
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causes the particle size to be significant for Al2O3 and CaO. By contrast, the type 
of alkaline activator appeared to have a smaller impact at 80 ± 2°C than at ambient 
temperature. In the high temperature trial, the solubilisation percentages were on 
the order of 60% for SiO2 and 55% for Al2O3 in all types of glass (see Figure 
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Figure 4.5 Continued
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4.5) and the amount of SiO2 dissolved similarly in the two types of glass for both 
alkaline solutions. Nonetheless, the NaOH/Na2CO3 solution exhibited slightly better 
performance, dissolving 14% more of the SiO2 present in the glass. Given the higher 
solubility of the Ca and Mg oxides, the percentages dissolved were similar to the 
values found at ambient temperature. The findings for this type of process showed 
that temperature is a key variable in glass solubilisation. 

4.3.3 Mechano-chemical process at ambient temperature  
(22 ± 2°C)

The solubility values obtained for the different oxides in this process were very 
similar to those reported in the chemical process at room temperature. Figure 4.6 
shows a comparative representation of the three methods, confirming that the chemical 
process at room temperature and the mechano-chemical process dissolve the glass 
very similarly, while the chemical method at 80 ± 2°C is the most effective from 
the viewpoint of solubility of the glass. 
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Figure 4.6 SiO2 solubility in waste glasses: comparison of chemical and mechano-chemical 
process at ambient temperature and chemical process at 80 ± 2°C (Torres-Carrasco et al., 
2014). 

4.4 Formation of sodium silicate solution from waste 
glasses dissolution: study by 29Si NMR

From the previous analytical findings regarding the solubility of waste glasses, it 
is necessary to know and quantify the SiO2 contents dissolved from waste glasses 
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because the main objective of this work is to generate solutions of sodium silicate 
(as potential waterglass solution) from the different solubilisation processes 
(Torres-Carrasco et al., 2014; Puertas and Torres-Carrasco, 2014). Figure 4.7, in 
turn, reproduces the 29Si NMR spectrum for the original waste glass (mixed glass) 
and the spectrum for the liquid obtained after treating the waste glass with NaOH/
Na2CO3 at 80 ± 2°C for 2, 4 and 6 hours. The spectrum for the waste glass contains 
a single signal at around –93 ppm, indicative of the presence of the Q4 Si units that 
characterise silica glass. The spectrum for the post treatment liquid, even after a 
short time, exhibits a single signal at around –71 ppm, associated with the presence 
of Q0 units, i.e., dissolved Si monomers. This is important because, according to the 
literature (Engelhardt and Michel, 1987; Criado et al., 2008; Palomo et al., 2004), 
the effectiveness of Si in waterglass systems rises with declining condensation and 
polymerisation of the molecule in the medium. 
 The next step is to demonstrate that these sodium silicate solutions formed from 
waste glasses can be used as an alkaline activator of the waterglass family in the 
preparation of alkali-activated materials (AAMs).

NMR MAS 29Si
(a) Glass waste (b) Liquid after stirring at 80 ± 2°C

–93.26 ppm

Glass waste

–400 –300 –200 –100 0 100 200
ppm

–40 –50 –60 –70 –80 –90 –100
ppm

–71.14 ppm

6 hours

4 hours

2 hours

Figure 4.7 29Si MAS NMR spectra for (a) untreated solid waste glass and (b) liquid obtained 
after stirring waste in a NaOH/Na2CO3 solution for 2, 4 and 6 hours at 80 ± 2°C (reprinted from 
Puertas and Torres-Carrasco, 2014, Copyright © 2014, with permission from Elsevier).

4.5 Use of waste glasses as an activator in the 
preparation of alkali-activated slag cement pastes 

Prior studies determined the solubility of different types of waste glasses in highly 
alkaline media (Brykov and Korneev, 2008; Torres-Carrasco et al., 2012, 2014).  
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This waste has been found to dissolve most effectively (highest amounts of dissolved 
SiO2 and Al2O3) with a NaOH/Na2CO3 solution (5% Na2O) heated at 80 ± 2°C for 
6 hours (Puertas et al., 2012). The question that must now be addressed is whether 
the solutions resulting from the treatment of waste glasses can replace traditional 
waterglass in the preparation of alkaline cements. Consequently, the primary objective 
of the present research is to explore the feasibility of using urban and industrial waste 
glasses as a potential alkaline activator for blast furnace slag, evaluating the rheology 
and workability of these systems (see Section 4.5.1), its mechanical-resistant behaviour 
(see Section 4.5.2) and microstructural characterisation (see Section 4.5.3).
 In studies carried out by Rodríguez-Puertas et al. (2014) and Puertas and Torres-
Carrasco (2014) the rheology, mechanical behaviour and porosity as well as the 
characterisation of the main reaction products obtained were studied when a blast 
furnace slag was activated with different activator solutions, including a solution 
obtained through the process of solubility previously described. 
 The following activating solutions, all at a constant 5% Na2O by slag mass were 
used: 

• 50% mix of NaOH and Na2CO3 in molar with a pH of 13.6
• Commercial waterglass (27% SiO2; 8% Na2O and 65% H2O by weight) with a SiO2/Na2O 

ratio of 1.2
• 50% mix of NaOH and Na2CO3 in molar with different amounts of dissolved waste glass 

(from 1 to 25 g per 100 mL of solution). 

The last group was prepared by adding 1, 10, 15, 20 and 25 g of waste glass (with 
a particle size under 45 mm) to the sodium hydroxide/sodium carbonate solution, 
stirring at 80 ± 2°C for 6 h and subsequent filtering (Torres-Carrasco et al., 2014). 
Table 4.2 lists the weight of oxides dissolving out of the glass and into the activating 
solution (g/100 mL).
 Paste specimens measuring 1 ¥ 1 ¥ 6 cm were prepared to the compositions given 
in Table 4.3. The liquid/solid (L/S) ratio was 0.4 or 0.44, depending on the type of 
activator, to ensure that plasticity was as recommended in European standard EN 
196-3 in all cases. However, for rheological measurements, the L/S ratio was increased 
to 0.55 due to rotational viscosimeter requirements. The pastes were chamber-cured 

Table 4.2 SiO2, Al2O3, CaO and MgO (g) from the glass waste 
dissolved after treatment in 100 ml of 50% mix NaOH/Na2CO3

Glass waste SiO2 Al2O3 CaO MgO

(g/100 ml) (g/100 ml) (g/100 ml) (g/100 ml)

1 g
10 g
15 g
20 g
25 g

0.42
2.82
3.34
4.49
4.54

0.05
0.13
0.16
0.19
0.25

1.2 E-03

5.3 E-04

6.1 E-04

6.9 E-04

8.2 E-04

1.5 E-05

3.0 E-05

4.3 E-05

7.2 E-05

2.0 E-04

Source: Reprinted from Puertas and Torres-Carrasco, 2014, Copyright © 2014, with permission from Elsevier.
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(99% relative humidity, 20 ± 2°C) for 1, 2, 7 or 28 days and the prismatic specimens 
tested for mechanical strength. 
 The total porosity and pore size distribution were determined on pastes AAS 
N/C-25, AAS N/C and AAS WG at all ages. All other characterisation trials were 
conducted on the same pastes, but only on the 7-day specimens. After the mechanical 
tests, the pastes were immersed in acetone/ethanol to delay the hydration/activation 
process. The tests conducted on these pastes were Hg intrusion porosimetry, FTIR, 
XRD, 29Si and 27Al MAS NMR and BSEM/EDX. 

4.5.1 Rheology and workability

An understanding of paste rheology is a pre-requisite for understanding the rheology 
of their respective mortars and concretes, which may determine the mechanical 
strength and durability of these materials. However, the rheology of alkali-activated 
slags is still not fully understood. Palacios et al. (2008) studied the rheology of 
AAS pastes and mortars activated with waterglass and NaOH and demonstrated 
that paste rheology depended on the nature of the activator used. Moreover, there 
is no information regarding the rheology of AAS systems with activators containing 
waste glasses.
 Figure 4.8 shows the variations in shear stress at a constant shear rate in AAS WG and 
AAS N/C-25 with the same SiO2/Na2O ratio of 0.8 (Rodriguez-Puertas et al., 2014). This 
figure shows that in AAS WG pastes after an initial decline, shear stress values reach a 
maximum after around 6 min. This signal is attributed to the initial formation of a primary  
C-S-H gel produced by the reaction between silicate ions in the activator (WG) and 
the Ca2+ ions from the slag (Palacios et al., 2006; Varga et al., 2013). At a constant 
shear rate, this primary gel is broken down, producing the decline in shear stress 
values. Palacios et al. (2008) and Palacios and Puertas (2011) showed that formation 
of this C-S-H gel determines the early setting times found for AAS WG materials, 
and that setting times could be controlled, lengthening the mixing times. 
 However, AAS N/C-25 pastes behave very differently, as after initial decline of 

Table 4.3 Pastes prepared and activation conditions

Sample name Activator type L/S Glass content SiO2/Na2O pH

AAS N/Ca

AAS WGb

AAS N/C-1c

AAS N/C-10
AAS N/C-15
AAS N/C-20
AAS N/C-25

NaOH/Na2CO3
Waterglass
NaOH/Na2CO3
NaOH/Na2CO3
NaOH/Na2CO3
NaOH/Na2CO3
NaOH/Na2CO3

0.4
0.44
0.4
0.4
0.4
0.4
0.4

–
–
1 g
10 g
15 g
20 g
25 g

0
1.2
0.08
0.54
0.63
0.85
0.86

13.60
13.76
13.79
13.70
13.63
13.60
13.48

aAAS N/C = slag alkali-activated with NaOH/Na2CO3.
bAAS WG = slag alkali-activated with waterglass.
cAAS N/C-(1-25) = slag alkali-activated with NaOH/Na2CO3 and from 1 to 25 g of glass waste.
Source: Reprinted from Puertas and Torres-Carrasco, 2014, Copyright © 2014, with permission from Elsevier.
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shear stress values, no significant changes were observed until a maximum peak 
after around 30 min, indicating that the activating solution from the vitreous waste 
generates primary C-S-H gel at a significantly longer time than in the case of AAS 
WG. 
 Fluidity values of AAS WG and AAS N/C-25 pastes, found using the Minislump 
test, are illustrated in Figure 4.9 (Rodríguez-Puertas, 2014). 
 The Minislump test shows that AAS WG pastes lose their flowability after 7 
min of testing, due to the formation of the primary C-S-H gel. In this static test, 
contrary to that found for dynamic rheological tests (Figure 4.8), the absence of 
mixing produced hardening and setting of pastes as primary C-S-H gel flocs are 
not dispersed (Varga et al., 2013). In AAS N/C-25, pastes are more fluid, and the 
decrease in flowability values occurs between 15 and 30 min.
 These results show that AAS N/C-25 pastes have an adequate rheological behaviour. 
Therefore, the viability of the use of urban glass waste as potential alkaline activators, 
from the rheological and fluidity behaviour, is demonstrated, with the additional 
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Figure 4.8 Shear stress versus time in AAS WG and AAS N/C-25 pastes tested at a constant 
shear rate of 100 s–1 (Rodríguez-Puertas et al., 2014). 
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advantage of AAS N/C-25 pastes to maintain fluidity for longer times with respect 
to AAS WG pastes.

4.5.2 Mechanical strength and porosity 

The mechanical performance of the pastes studied is reflected in Figure 4.10. The 
figure shows that compressive strength rose with curing time in all the pastes. The 
lowest strength values were recorded, at all ages, for paste AAS N/C, i.e., the paste 
prepared with NaOH/Na2CO3 as the activator, and the highest for paste AAS WG, 
prepared with waterglass. The graph also shows that the higher the waste glass 
content in the activating solution in the AAS N/C family of pastes, the higher was 
their mechanical strength, although none was as strong as paste AAS WG. 
 The total porosity and pore size distribution (in the 100–0.01 mm range) for the 
pastes are respectively given in Figure 4.11, where the porosity values are shown 
as a percentage of the total sample volume. According to the figure, total porosity 
was greatest in paste AAS N/C at all ages, ranging from 18 to 24%. In the pastes 
prepared with Si-containing activators, total porosity was significantly lower: 4–9% 
in AAS WG and 7–9% in paste AAS N/C-25.
 Pore size distribution followed a similar pattern (Figure 4.11), with a greater 
proportion of micro- and mesopores in the pastes prepared with the activators 
containing silicon. The paste prepared with 25 g/100 mL glass waste had a larger 
fraction of pores smaller than 0.01 mm. These total porosity and pore size distribution 
findings are consistent with the compressive strength found for the materials tested 
(Figure 4.10). 
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Figure 4.9 Minislump values for AAS WG and AAS N/C-25 pastes (Rodríguez-Puertas, 
2014). 
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Figure 4.10 Compressive strength of AAS pastes prepared with different alkaline activators 
(reprinted from Puertas and Torres-Carrasco, 2014, Copyright © 2014, with permission from 
Elsevier).
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 The strength values found for paste AAS N/C-25 were observed to lie in between 
the strength developed by pastes AAS NC and AAS WG, although closer to the 
latter. The 28-day compressive strength in paste AAS N/C was 44 MPa, in paste 
AAS WG 83 MPa, and in paste AAS N/C-25 66 MPa. That behaviour is consistent 
with the known facts that the nature of the alkaline activator is a determinant in 
alkali-activated slag pastes, mortars and concretes (Palacios and Puertas, 2007; 
Fernández-Jiménez and Palomo, 2005; Fernández-Jiménez and Puertas, 2003; Wang 
et al., 1994), and that waterglass-activated materials develop the highest strength. 
Another determinant in the strength of these materials is the SiO2/Na2O ratio in 
the waterglass solution, whose optimal value stands at around 1.0–1.5 (Wang et 
al., 1994). According to the solubility data recorded (see Table 4.2), treating 25 g 
of glass waste in a NaOH/Na2CO3 solution yielded a solubility of 4.53 g/100 mL, 
from which the silica ratio in the solution used to prepare paste AAS N/C-25 was 
calculated to be 0.86. The ratio in paste AAS WG was 1.2. Figure 4.12 shows the 
relationship between the compressive strength of pastes after 28 days of curing and 
the modulus of SiO2/Na2O in the activators with and without waste glasses. As the 
modulus of SiO2/Na2O increases, the mechanical strength also increases (Wang 
et al., 1994).
 The Hg porosimetry findings concurred with the data reported in the literature 
(Puertas et al., 2006; Colling and Sanjayan, 2000; Palacios and Puertas, 2007), 
according to which AAS mortars and concretes prepared with waterglass have 
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Figure 4.12 Relationship between compressive strength at 28 days of curing and the modulus 
of SiO2/Na2O of activators with and without waste glasses (reprinted from Puertas and Torres-
Carrasco, 2014, Copyright © 2014, with permission from Elsevier).
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lower total porosity values and greater microporosity than materials prepared with 
other activators, such as NaOH or NaOH/Na2CO3. The AAS N/C-25 pastes had 
total porosity and pore size distribution values closer to the values observed in 
paste AAS WG than in paste AAS N/C. There is a relationship between porosity 
and compressive strength values that can be observed in Figure 4.13, whereas the 
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Figure 4.13 (a–c) Relationship between the compressive strength and the total porosity in 
AAS N/C, AAS WG and AAS N/C-25 (reprinted from Puertas and Torres-Carrasco, 2014, 
Copyright © 2014, with permission from Elsevier).
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curing time increases the total porosity decrease regardless of the type of solution 
used (Wang et al., 1994). This behaviour is similar to Portland cement systems.

4.5.3 Characterisation of reaction products: FTIR, XRD, 29Si and 
27Al NMR MAS, BSEM/EDX

The characterisation techniques used in this study (FTIR and XRD) confirmed that 
the main reaction product in paste AAS N/C-25 was a C-A-S-H gel. Various calcium 
and calcium-sodium carbonates were identified in the pastes prepared with activators 
having Na2CO3 as a component.
 The FTIR spectra for the anhydrous slag and the 7-day alkali-activated pastes 
are shown in Figure 4.14(a). An analysis of these spectra confirmed that reaction 
products formed as a result of the alkaline activation of the slag. The FTIR spectra 
for the pastes showed that the Si-O vibration band generated by the SiO4 groups 
in the anhydrous slag shifted from 996 cm–1 to 961–969 cm–1 due to the formation 
of a calcium aluminosilicate hydrate, a C-A-S-H-type gel (Fernández-Jiménez et 
al., 2003; Puertas et al., 2004, 2011). The band at around 460 cm–1 was attributed 
to n4(Si-O-Si) bond vibrations, while the signal at around 669 cm–1 was due to 
the stretching vibrations generated by the Al-O bonds in the AlO4 groups. The 
band at 1625 cm–1 was the result of the bending vibrations generated by the OH 
groups in the water. The spectra also contained signals at 1420 cm–1 attributed 
to n3(CO3

2–), while the vibration bands detected between 875 and 711 cm–1 were 
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Figure 4.13 Continued
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associated with n2(CO3
2–) and n4(CO3

2–), respectively, confirming paste carbonation or  
weathering.
 The bands in IR spectra for pastes AAS WG and AAS N/C-25, especially for the 
Al-O and Si-O vibrations, exhibited similar positions, widths and intensities. The 
1300–1500 cm–1 range on the IR spectrum for AAS N/C-25 contained absorption 
characteristics of carbonate groups, which were also identified on the IR spectrum for 
paste AAS N/C. These bands were attributed to the presence of calcium and calcium-
sodium carbonates in the samples (Fernández-Jiménez and Puertas, 2001).
 That finding was confirmed by XRD (see Figure 4.14(b)), along with the formation 
of a C-S-H-type gel (JCPDS 34-0002) and the formation of calcium carbonates 
(JCPDS 24-27) according to the reflection lines visible on the diffractograms for all 
the samples. The hydrotalcite (Mg6Al2(CO3(OH))16·4H2O) (JCPDS 22-0700) phase 
was also identified on the XRD patterns for all the pastes at 2q = 11.27° (Palacios 
and Puertas, 2011). These XRD findings afforded further proof of the similarity 
between pastes AAS WG and AAS N/C-25. 
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Figure 4.14 (a) FTIR spectra for the anhydrous slag and 7 day pastes; (b) XRD patterns 
for the anhydrous slag and 7-day pastes (reprinted from Puertas and Torres-Carrasco, 2014, 
Copyright © 2014, with permission from Elsevier).
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 Figure 4.15 shows the 29Si and 27Al MAS NMR spectra for the anhydrous slag 
and the three 7-day AAS pastes. The identification of the components on the 29Si 
NMR spectra was based on prior aluminosilicate studies (Schilling et al., 1994; 
Richardson et al., 1994; Richardson and Cabrera, 2000; Engelhardt and Michel, 
1987). The spectrum deconvolution data are listed in Table 4.4.
 The 29Si NMR spectrum for the anhydrous slag exhibited a wide signal at around 
–75.50 ppm. According to Richardson and Groves (1997), that signal is associated 
with Q0 units around –69 ppm, and to Schilling et al. (1994), to Q1 units around –73 
ppm. Attributing the signal to Q1 units would be a sign that the silicate groups present 
in the slag were organised primarily as dimers. The 27Al MAS NMR spectrum for 
the anhydrous slag, in turn, had a signal centred on +59.38 ppm associated with the 
presence of tetrahedrally coordinated aluminium (AlT = 65.33%). Two smaller signals 
at around +33.00 and +10.50 ppm, were respectively attributed to pentahedrally (AlP 
= 23.19%) and octahedrally (AlO = 10.98%) coordinated Al (Puertas et al., 2011).

Figure 4.14 Continued
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Figure 4.15 (a) 29Si and (b) 27Al MAS NMR spectra for the anhydrous slag and the 7-day 
alkali-activated pastes (reprinted from Puertas and Torres-Carrasco, 2014, Copyright © 2014, 
with permission from Elsevier).

 The 29Si MAS NMR spectrum for paste AAS N/C contained a wide signal with 
several peaks (Figure 4.15(a)). Its deconvolution revealed the presence of unreacted 
Q0 and Q1 units from the anhydrous slag. In addition, other signals were detected 
and attributed to Q1 (end of chain), Q2 (1Al), (0Al), Q3 (1Al) and Q3(0Al) units 
(Fernández-Jiménez et al., 2003; Kirkpatrick and Cong, 1994). These units were 
associated with the formation of C-A-S-H gel, the main reaction product in slag 
alkali activation (Fernández-Jiménez et al., 2003; Puertas et al., 2011). The same 
signals were visible on the 29Si MAS NMR spectrum for paste AAS WG, although 
clearly shifted toward more negative values. Lastly, the shape and deconvolution 
data for the paste AAS N/C-25 29Si MAS NMR spectrum were intermediate to the 
characteristics of the other two pastes.
 The 27Al MAS NMR spectra for anhydrous slag and the three pastes (Figure 
4.15(b)) exhibited three clearly identified signals. Two were located in a wide, 
intense and asymmetrical band at around 60 ppm: one centred on around 59 ppm 
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and associated with tetrahedral aluminium (AlT) and a smaller signal at around 31 
ppm due to the presence of pentahedral aluminium (AlP). A third, less intense but 
narrower signal, indicating the presence of octahedral aluminium (AlO), appeared 
at 8 ppm (Fernández-Jiménez et al., 2003; Kirkpatrick and Cong, 1994; Cincotto et 
al., 2003). The AlT signal at 59 ppm was narrower on the spectra for the AAS WG 
and AAS N/C-25 pastes than on paste AAS N/C. That, together with the greater 
intensity of the signal, was an indication that part of the AlT had been taken up into 
the structure of the C-A-S-H gel.
 The BSEM/EDX study (see Figure 4.16) revealed microstructural differences in the 
pastes depending on the activator used in their preparation. Further to its micrograph, 
paste AAS N/C contained substantial quantities of anhydrous slag particles (see Figure 
4.16(a)), as well as an open and scantly compact structure. Less anhydrous slag and 
a more compact and uniform C-A-S-H gel were observed in the paste AAS WG 
micrograph (see Figure 4.16(b)). The microcracks characteristic of the intense drying 
shrinkage associated with these pastes were likewise visible (Palacios and Puertas, 
2007). The AAS N/C-25 microstructure (Figure 4.16(c)) exhibited intermediate 
features, with smaller amounts of anhydrous slag than paste AAS N/C but a less 
uniform morphology than AAS WG. Table 4.5 gives the results of local analyses 
in different zones of the C-A-S-H gel to determine their Ca/Si ratios, which were 
found to be around 1 or less.
 Further to the present knowledge of the micro- and nanostructure of AAS pastes, 
the interaction between activating solution and vitreous slag yields C-A-S-H-type 
gels, whose composition and structure depend on the nature of the alkaline activator 
(Fernández-Jiménez et al., 2003; Puertas et al., 2011). When the activator is waterglass 
or similar, such as the activator prepared here with glass waste, the gel formed 
has a more condensed structure (longer mean chain length, more aluminium in its 
composition, more cross-linked or Q3 units), which is the reason for the greater 

Table 4.4 Deconvolution data for 29Si and 27Al MAS NMR spectra 
by the nature of the activator (anhydrous slag and 7-day pastes)

Sample  Q0 
(slag)

Q0/Q1 
(slag)

Q1 (end of 
chain)

Q2 
(1Al)

Q2 
(0Al)

Q3 

(1Al)
Q3 
(0Al)

Slag Pos. (ppm)
Width
Integral (%)

–68.60
7.62
20.54

–75.50
7.62
79.46

AAS N/C Pos. (ppm)
Width
Integral (%)

–67.52
6.22
8.23

–73.40
6.22
23.32

–78.05
6.22
19.98

–81.90
6.22
19.56

–85.91
6.22
18.09

–91.07
6.22
5.27

–95.07
6.22
5.55

AAS WG Pos. (ppm)
Width
Integral (%)

–66.92
7.05
6.26

–73.59
7.05
20.08

–78.47
7.05
15.69

–81.82
7.05
18.05

–85.86
7.05
27.80

–92.76
7.05
7.41

–97.47
7.05
4.71

AAS 
N/C–25

Pos. (ppm)
Width
Integral (%)

–66.59
6.65
6.22

–73.14
6.65
23.06

–78.17
6.65
19.25

–81.56
6.65
18.10

–85.50
6.65
23.30

–91.20
6.65
5.59

–96.30
6.65
4.48

 



Handbook of Alkali-activated Cements, Mortars and Concretes104

(c) Activated slag pastes 
with NaOH/Na2CO3 +

waste glass

(b) Activated slag pastes 
with waterglass

(a) Activated slag pastes
with NaOH/Na2CO3

Figure 4.16 BSEM and SEM images of activated slag pastes with: (a) NaOH/Na2CO3,  
(b) Waterglass and (c) NaOH/Na2CO3 + waste glass.

Table 4.5 EDX determination of atomic ratio

Sample Zone Number of 
analyses

Ca/Si Al/Ca Al/Si

AAS N/C
AAS WG
AAS N/C-25

C-A-S-H gel
C-A-S-H gel
C-A-S-H gel

20
20
20

1.06 ± 0.07
0.80 ± 0.05
0.94 ± 0.07

0.35 ± 0.04
0.30 ± 0.03
0.34 ± 0.04

0.37 ± 0.05
0.24 ± 0.02
0.31 ± 0.02

microporosity and consequently lower porosity and higher mechanical strength of 
these systems. In the present study, in terms of composition and structure, the C-A-S-H 
gel formed in paste AAS N/C-25 was observed to resemble the gel formed in paste 
AAS WG more closely than the gel in paste AAS N/C. The different SiO2/Na2O 
ratio in the AAS WG and AAS N/C-25 pastes explains the differences observed in 
the reactivity, structure and composition of the C-A-S-H gels formed (see Tables 
4.4 and 4.5).
 An analysis of the deconvoluted 29Si and 27Al MAS NMR spectra and the 
microstructural studies revealed structural and compositional differences among the 
calcium silicate hydrates formed with the three activators. These differences can be 
gleaned from Table 4.6, which gives data for the 7-day 29SI MAS NMR spectra. 
The calcium aluminosilicate hydrate formed in paste AAS WG had a lower Q1/SQ2 
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ratio than the same product in the other two pastes. In other words, the former had 
a greater proportion of Q2 units and consequently longer tetrahedral silicate chains 
(around nine tetrahedra, see Table 4.5). Paste AAS WG also had a higher percentage 
of Q3 units, denoting more intense inter-chain cross-linking and the formation of 
layered structures in some areas (Puertas et al., 2011). The 27Al MAS NMR spectra, 
in turn, revealed a higher AlT content in this gel. More polymerised C-A-S-H gel 
structures have low Ca/Si ratios, such as obtained in this study (paste AAS WG had 
a Ca/Si ratio of around 0.9).
 The mean chain lengths of the C-A-S-H gels, found with the Richardson method 
(Richadrson et al., 1994; Richardson and Cabrera, 2000; Richardson and Groves, 
1993; Richardson, 1999) (Table 4.6), were shown to follow the pattern:

  AAS Wg < AAS N/C-25 < AAS N/C

 The silicon present in the activator has been shown to contribute to the formation 
of calcium aluminosilicate hydrate in AAS WG paste (Puertas et al., 2004, 2011). 
The findings for all the trials conducted here showed that the silicon present in glass 
waste (AAS N/C-25) also favoured the formation of a silicon-rich C-A-S-H gel. The 
29Si and 27Al MAS NMR spectra confirmed greater reactivity in these pastes than in 
paste AAS N/C (from 73.34% to 70.72%, see Table 4.6), as well as more densely 
polymerised structures with higher Q1/SQ2 ratios, a larger proportion of Q3-type 
cross-linked units and more AlT in the gel structure, as deduced from smaller Ca/Si 
ratios (see Table 4.5).
 Again, the differences between the AAS WG and AAS N/C-25 gel structure and 
composition were due to the difference in the activator SiO2/Na2O ratio.

4.6 Conclusions

The analytical findings shown in this work indicate that silicon from waste glasses 
dissolved in NaOH/Na2CO3 solutions can induce much the same effects as the silicon 
in waterglass, so these waste glasses can be used as activators in alkali-activated 
systems (AAS). 

Table 4.6 29Si and 27Al MAS NMR parameters in activated pastes, 
by the activator used

Parameters (%) AAS N/C AAS WG AAS N/C-25

a = Q0 + Qslag
a

∑Q2/QTotal
b

Q2 (0Al)/Q2 (1Al)
Q1/∑Q2

∑Q3/Q1 + ∑Q2

MCL (main chain length)

68.45
0.55
0.92
0.53
0.18
6.74

73.34
0.62
1.54
0.34
0.20
9.00

70.72
0.58
1.28
0.46
0.16
7.24

aQslag = Q0/Q1slag. bQTotal = ∑Qn where Qn stands for Q1, Q2 and Q3 units.
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 The best conditions of solubility for these waste glasses were when the solution 
was NaOH/Na2CO3 (pH = 13.6). Chemical activation at 80 ± 2°C for 6 hours under 
stirring, delivered the highest SiO2 and Al2O3 solubility, dissolving around 60% of 
the respective oxides and favoured the partial dissolution of the Si in the glass into 
its most reactive monomeric form.
 The solutions resulting from the treatment of waste glasses acted as alkaline 
activators, partially dissolving vitreous blast furnace slag and generating compounds 
and microstructures similar to the products observed in waterglass-AAS pastes. 
Rheological and fluidity behaviour of these pastes is better than AAS WG ones, 
whereas the behaviour of these pastes in terms of strength and microstructural 
development was comparable to the performance observed in AAS pastes prepared 
with conventional activators.
 The present findings show that the composition and structure of the C-A-S-H 
gels formed in two AAS pastes, one prepared with waterglass and the other with 
activators containing waste glasses, were similar. The differences observed between 
their reactivity, mechanical strength and gel nano and microstructure were due to 
the difference in the activator SiO2/Na2O ratios.
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5.1 Introduction

Alkali-activated cements/binders (Wang, 1991; Shi et al., 2006; Pacheco-Torgal et 
al., 2008) consist of two components: cementitious components (starting materials) 
and alkaline activators. The cementitious components are aluminosilicate materials 
and are either natural or artificial pozzolans. Artificial pozzolans include ‘industrial 
by-products’ such as granulated blast furnace slag, granulated phosphorus slag, steel 
slag, coal fly ash, silica fume and non-ferrous slags, and ‘burnt materials’ such as 
metakaolin and rice husk ash. Natural pozzolans include volcanic glasses such as 
volcanic ash and pumice; volcanic tuffs such as zeolites; and siliceous pozzolans 
such as opal and diatomaceous earth. 
 Commonly used supplementary cementitious materials (Pacheco-Torgal et al., 
2008; Siddique and Khan, 2011) such as ground granulated blast furnace slag, 
metakaolin and fly ash are the most popular cementitious components in alkali-
activated cement systems for various reasons, including the favourable mechanical 
properties achievable with these starting materials.
 Ground granulated blast furnace slag (GGBFS) is a pozzolanic material generated 
from the by-product of the blast furnaces used to make iron. Molten slag, one of the 
two products produced when iron ore, coke and limestone melt in the blast furnace, 
comprises mostly silicates and alumina. The molten slag is tapped from the blast 
furnace and rapidly quenched through high pressure water jets. This forms granular 
particles generally smaller than 5 mm diameter comprising approximately 95% 
non-crystalline calcium-aluminosilicates (National Slag Association, 2013). The 
granulated slag is then dried and ground to a very fine powder. Basic requirements 
and classification of GGBFS for use in concrete are prescribed in ASTM C989/
C989M-12a (2012).
 Metakaolin is a dehydroxylated form of kaolinitic clay obtained by calcination 
at a temperature between 500°C and 800°C (Siddique and Khan, 2011). When 
appropriately treated at this temperature, kaolinite becomes metakaolin which has 
two-dimensional order in crystal structure. Physically, metakaolin is an off-white 
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powder with extremely small particle size. The average particle size is usually in 
the range of about 3–5 mm. Chemically, metakaolin consists of SiO2 and Al2O3 with 
smaller amounts of other elements such as iron oxides, calcium oxides, magnesium 
oxide and potassium oxide. The relevant standard providing the requirements for 
metakaolin for use in concrete is ASTM C618-12a (2012).
 Fly ash is produced from burning of pulverized coal in an electric power 
generating plant. During combustion of the coal, other mineral constituents such as 
clay, feldspar, quartz and shale fuse and while in the suspension state with exhaust 
gas escape the combustion chamber. The fused particles cool and solidify into 
spherical particles and are trapped by bag filters or electrostatic precipitators. Fly 
ash particle size is primarily dependent upon the type of dust collection equipment. 
The chemical composition of fly ash is determined by the source and make-up of 
the coal(s) being burned. Generally, fly ash contains a substantial amount of SiO2 in 
both amorphous and crystalline forms, aluminium oxide and calcium oxide. Basic 
requirements and classification of fly ash for use in concrete are prescribed in ASTM 
C618-12a (2012). 
 There are a wide range of alkaline activators used in alkali-activated cement 
systems. They have been classified into six groups (Glukhovsky et al., 1980) as 
shown below where M is an alkali ion:

1. alkalis, MOH
2. weak acid salts, M2CO3, M2SO3, M3PO4, MF
3. silicates, M2O.nSiO3

4. aluminates, M2O.nAl2O3

5. aluminosilicates, M2O.Al2O3.(2-6) SiO3, and
6. strong acid salts, M2SO4.

The most commonly used alkaline activators are mixtures of sodium or potassium 
hydroxide (NaOH, KOH) with sodium waterglass (nSiO2.Na2O) or potassium 
waterglass (nSiO2.K2O) with relatively high SiO2-to-M2O ratio.
 Alkali-activated cements can be classified into five main categories (Shi et al., 
2011) using the main cementitious components as a criterion as follows:

1. alkali-activated slag-based cements
2. alkali-activated pozzolan cements (including alkali-activated fly ash cement, alkali-activated 

metakaolin cement)
3. alkali-activated lime-pozzolan/slag cements
4. alkali-activated calcium aluminate blended cements, and
5. alkali-activated Portland blended cements (hybrid cements).

Brief descriptions of the main characteristics of these alkali-activated cements can 
readily be found in the literature (Roy, 1999; Pacheco-Torgal et al., 2008; Davidovits, 
2011).
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5.2 Setting times of cementitious materials and alkali-
activated binder systems

Setting times of cementitious materials and alkali-activated binder systems are 
usually given as initial setting time and final setting time. Initial setting time is of 
practical importance since it is an indicator of the time available for transit, placing, 
compacting (if required) and finishing. Setting times are defined as times when the 
material will just withstand a prescribed pressure or resist penetration to a prescribed 
depth. Setting times of cement paste are usually determined using the Vicat needle 
method specified in ASTM C191-08 (2008) or equivalent standards. Setting times of 
mortars and concrete are commonly determined using methods specified in ASTM 
C807-08 (2008) and ASTM C403/C403M-08 (2008), respectively. 
 Similar to the case of Portland cement and blended cements, setting characteristics 
of alkali-activated materials depend strongly on the characteristics and the composition/
formulation of the systems. The setting characteristics of alkali-activated binders 
based on slag, metakaolin and fly ash are significantly different from each other. This 
is also applicable when the alkali-activated binders are made from the same type 
of starting materials but from different sources. This is a result of the connection 
between setting time and the nature of the reaction products formed between the 
starting material and the alkaline activator(s) used (Fernández-Jiménez and Puertas, 
2001). In this section, setting characteristics of some alkali-activated cements are 
discussed.

5.2.1 Alkali-activated GGBFS cements

Calorimetric studies of early hydration of alkali slag cements (Shi and Day, 1995; 
Fernández-Jiménez and Puertas, 1997) indicate that there are three classes/patterns 
of heat evolution curves as shown in Figure 5.1.

1. Type I curves show one early initial small heat evolution peak with no other peaks detected 
in the first 3 days. This pattern is observed for mixtures of slag and Na2HPO4 solution at 25 
and 50°C. When observed, the mixture is either very slow to set or does not set at all. 

2. Type II heat evolution curves of alkali slag cements are very similar in pattern to that 
of Portland cement including one initial peak followed by an induction period and one 
accelerated hydration peak after that. This pattern is commonly observed for NaOH-activated 
slag cement or with activators with high pH values.

3. Type III heat evolution curves have three peaks with two peaks occurring before the 
induction period. This pattern is commonly observed with slag activated by Na2SiO3. The 
first peak is attributed to the wetting and initial dissolution of the slag particle. The second 
initial peak is attributed to the reaction between dissolved Ca2+ from slag and anions/anion 
groups from activators including the initial formation of calcium silicate hydrate (C-S-H) 
due to Ca from slag and silicate anions from the activator (Brough and Atkinson, 2002). 
This reaction and the corresponding reaction products are the key elements affecting the 
setting times of this group of alkali-activated slag cements (Fernández-Jiménez and Puertas, 
2003), particularly the initial setting time of the mix. The timing of the last peak-hydration 
peak of slag is related primarily to the final setting time.
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Figure 5.1 (a–c) Hydration models of alkali-slag cements (reprinted from Shi and Day, 1995, 
Copyright © 1995), with permission from Elsevier).

Initial and final setting times of alkali-activated slag cement pastes (using activators 
with 3% of Na2O by mass of the slag) were reported as 2h 20min and 4h 45min 
for waterglass activator; 3h 40min and 4h 40 min for sodium hydroxide activator; 
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and greater than 3 days for sodium carbonate activator (Andersson and Gram, 
1987). The Blaine fineness of the slag does not appear to affect the setting times of 
alkali-activated slag cement greatly in the range of 350–530 m2/kg (Andersson and 
Gram, 1987). However, a very sharp reduction in setting times is noted when the 
slag fineness is increased from 530 to 670 m2/kg and tested with various activators, 
namely, 6% Na2O.0.9SiO2 and Na2O.3.35SiO2; 5% Na2CO3; and 5% NaOH. Setting 
time of alkali-activated slag is also influenced by the basicity [(CaO+MgO)/SiO2] 
of the slag. Higher basicity will likely result in shorter setting times regardless of 
the nature of activators used (Krivenko, 1992). 
 As indicated earlier, Na2O.nSiO2-activated slag cements tend to exhibit shorter 
setting time than either NaOH- or Na2CO3-activated slag cements, noting that 
setting times usually decrease with increased activator dosage as shown in Figure 
5.2 (Chang, 2003). Increase in the modulus of liquid sodium silicate (Bakharev et 
al., 1999) commonly results in decrease in initial and final setting times. When solid 
sodium silicate is used, the trend is somewhat reversed (Peng, 1982, cited in Shi et 
al., 2006). This has been attributed to the decreased dissolution rate and solubility 
of sodium silicate glass with increased modulus.
 The combination of two or more activators can drastically change the setting 
characteristics of alkali-activated slag. For example, the addition of 1.3% K2SO4 to 
4% NaOH-activated slag cement can lead to an increase in initial setting time of 34 
min to about 100 min (Chen and Liao, 1992). The setting times of liquid waterglass-
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Figure 5.2 Influence of sodium silicate-based alkali activator dosage on initial setting time of 
alkali-activated slag cements (reprinted from Chang, 2003, Copyright © 2003, with permission 
from Elsevier).
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activated slag can also be increased by addition of K2CO3 (Gu, 1991, cited in Shi 
et al., 2006). Similar observations have been made when phosphoric acid is used at 
a dosage greater than 0.84 m in the mixing water of sodium silicate-activated slag 
cement (Chang, 2003). For the retarding effect, several additives have also been 
investigated as set retarders for alkali-activated slag cements. They include potassium 
sodium tartrate, molasses (Wu et al., 1993, cited in Shi et al., 2006) and malic acid 
(Brough et al., 2000). 

5.2.2 Alkali-activated metakaolin

Metakaolin is different from GGBFS in many respects (Duxson et al., 2007; Duxson 
and Provis, 2008; Provis and van Deventer, 2009; Li et al., 2010; Rashad, 2013); 
the notable ones are as follows. 

1. The glassy phase of GGBFS is formed by melting and rapid cooling. In the case of 
metakaolin, the crystalline structure is broken down to form amorphous phase by calcinations 
at a temperature lower than that necessary to generate liquid phase and produce glass on 
cooling.

2. The major components of GGBFS (ACI 233R-03, 2003; ASA, 2011) are CaO (32–45%), 
SiO2 (32–42%), Al2O3 (7–16%) and MgO (5–15%), while the main components of metakaolin 
(Ambroise et al., 1994; Wild et al., 1996; Tafraoui et al., 2009) are SiO2 (51–58%), and 
Al2O3 (35–41%) with CaO usually about 1% or less.

3. The reaction mechanism of alkali activation of metakaolin is different from that of alkali 
activation of GGBFS due to the high content of CaO in the glass structure and its influence 
in the hydration process. The reaction of metakaolin/sodium activator mixture system 
involves the formation of sodium aluminate silicate hydrate (N-A-S-H) gel (De Silva and 
Sagoe-Crentsil, 2008). 

Activators commonly used for activation of metakaolin are a mixture of sodium 
hydroxide and (liquid) sodium silicate solution since this can produce materials with 
higher mechanical strength than that activated with either sodium hydroxide or sodium 
silicate only (Blanco-Varela et al., 2007). The mixture is commonly selected and 
formulated for better mechanical properties with SiO2/Al2O3 in the range of 3.0–3.8 
and Na2O/Al2O3 of approximately 1.0 (Rowles and O’Connor, 2003). 
 It has been indicated that alkaline activation of metakaolin for use as cementitious 
material is an exothermic process having three steps: an initial and fast step of 
dissolution followed by an induction period and finally an exothermic step (Granizo et 
al., 2000) of precipitation of cementitious materials/polycondensation of hydrolysed 
aluminate and silicate species (Davidovits, 1994; Weng et al., 2002). Similarly 
to alkali-activated slag, the material is in a plastic state for most if not all of the 
induction period. After the final exothermic step, the material is hardened. 
 Published results of isothermal calorimetry studies shown in Figure 5.3 (Muñiz-
Villarreal et al., 2011) indicate that the setting times of metakaolin activated with 
NaOH and waterglass are extended at temperatures below 30°C. At temperatures 
above 30°C, the setting times of alkali-activated metakaolin are ‘compatible’ to 
that of normal cement when the SiO2/Al2O3 molar ratio of 3.8 (or slightly higher) 
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is maintained in the mix and the optimum strength development is obtained with 
SiO2/Al2O3 molar ratio of 3.4–3.8 (De Silva and Sagoe-Crentsil, 2008). At the range 
of SiO2/Al2O3 molar ratio of 2.5–5.0, the setting time increases with the increasing 
SiO2/Al2O3 ratio. The same authors suggested that the Al appears to play a major 
role in controlling the setting characteristics of metakaolin/NaOH/sodium silicate 
systems as the rate of condensation between silicate species is slower than that 
between aluminate and silicate species, therefore setting occurs later with increasing 
Si content.
 These results suggest strongly that by formulating an appropriate mixture of alkali-
activated metakaolin, desirable strength and setting time of the mix can be achieved 
under the selected curing regime/temperature. The optimum curing temperature of 
alkali-activated metakaolin was found to be approximately 60°C which gave the 
best geo-polymerization process (Muñiz-Villarreal et al., 2011). However, it was 
also found that treatment of fresh mixture at high temperature accelerated setting 
and strength development but also led to lower 28-day mechanical properties and 
increases in pore size and pore volume of the paste (Rovnaník, 2010). Setting 
times (and compressive strengths) are also affected by the specific surface area of 
metakaolin activated by NaOH/sodium silicate. The higher the specific surface area 
of metakaolin, the quicker is the setting time (Weng et al., 2005). Activated lime-
metakaolin cements had also been studied (De Silva and Glasser, 1992a, 1992b). 
Studies of setting times of lime-metakaolin cement with different activators (Jiang, 
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Figure 5.3 Iso-thermal heat evolution curves for a metakaolin activated with NaOH and 
waterglass at different temperatures (reprinted from Muñiz-Villarreal et al., 2011, Copyright 
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1997) indicated that Na2SO4-activated lime-metakaolin cement showed much longer 
setting times than those of NaOH- and Na2CO3-activated cements. 

5.2.3 Alkali-activated fly ash

Both Class F (Palomo et al., 1999; Hardjito et al., 2004; Duxson et al., 2007) and 
Class C fly ashes (Chindaprasirt et al., 2007; Guo et al., 2010; Chindaprasirt et 
al., 2011) as per ASTM C618-12a (2012) can be used as cementing materials in 
alkali-activated cements. Class F fly ash is required to have a high content of SiO2 
+ Al2O3 + Fe2O3 of 70% minimum and is generally low in CaO (usually around 
3–5%). Class F fly ash has pozzolanic properties. Class C fly ash is a fly ash with a 
lower requirement of SiO2 + Al2O3 + Fe2O3 content and usually contains a relatively 
high CaO content. Class C fly ash has some cementitious properties in addition to 
pozzolanic properties.
 According to the literature (Diaz et al., 2010; Diaz-Loya et al., 2011), factors 
such as particle size distribution, degree of vitrification and location of the glass 
diffraction maximum (which is related to the analytical CaO content) strongly 
affect both fresh and hardened properties of the resulting alkali-activated cements/
geopolymers. Setting times of fly ash-based geopolymers appear to be significantly 
quickened with increased CaO content (Temuujin et al., 2009; Diaz et al., 2010) 
as shown in Figure 5.4. For Class F fly ash, particularly coarse size fly ashes, the 
setting times of the alkali-activated cement at temperatures lower than 30°C are 
extended and can be longer than 1 day. Curing of alkali-activated Class F fly ash is 
therefore commonly carried out at high temperatures within the range of 40–90°C. 
At normal temperature, fresh Class F fly ash can be handled (placed, compacted and 
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finished) up to two hours without indication of setting or evidence of degradation 
in the compressive strength (Hardjito, 2005). 
 The curing temperature has a significant effect on the activation kinetics of Class 
F fly ash-based alkali-activated cements (Chithiraputhiran and Neithalath, 2013). 
At room temperature, the main reaction product of alkali-activated fly ash is an 
amorphous aluminosilicate gel with a 3D structure but it is short range ordered. 
As temperature increases, a metastable intermediate Al-rich phase is formed at an 
early stage which then evolves into a more stable Si-rich phase – zeolite precursor 
with time (Palomo et al., 2004). Zeolite crystallization may happen in the long term 
as the final stage of alkali-activated fly ash. The typical molar ratios of hydration 
products of Class F fly ash are approximately Si/Al = 1.5 and Na/Al = 0.48; and Si/
Al = 2.8 and Na/Al= 0.46 for NaOH activator and NaOH/sodium silicate activator, 
respectively. A summary of hydration products of alkali-activated fly ashes (Class 
F) under different curing conditions can be found in the literature (Krivenko and 
Kovalchuk, 2002).
 When Class C fly ash is used, calcium silicate hydrate (C-S-H) (Chindaprasirt et 
al., 2012; Somna et al., 2011), calcium aluminate silicate hydrate (C-A-S-H) (Garcia-
Lodeiro et al., 2011) and traces of calcium alumino silicate zeolite (Guo et al., 2010) 
can be found. The rapid formation of C-S-H has been attributed to the rapid setting 
characteristics of the alkali-activated Class C fly ash cement (Rattanasak et al., 2011) 
which can be 1–2 hours at room temperature. Recent research (Garcia-Lodeiro et al., 
2011; Chindaprasirt et al., 2012) indicates that in addition to the calcium content, 
the SiO2/Al2O3 has a critical influence on the setting characteristics, and the initial 
precipitation of C-A-S-H may be another key factor regulating the setting time. In 
the Class C fly ash/NaOH/sodium silicate system, the increases in both SiO2 and 
Al2O3 shortens setting time as shown in Figure 5.5 due to the involvement of Ca2+ 
in the setting time with formation of C-A-S-H gel. The C-A-S-H gel is stable at 
high pH (over 12) environments and is, therefore, dominant in the setting process, 
whereas N-A-S-H gel formation is possible at lower pH (9–12) and is secondary in 
this system (Chindaprasirt et al., 2012). The strength of the class C fly ash/NaOH/
sodium silicate system is also related to the amount of SiO2 and Al2O3. 
 With regard to setting characteristics, the issues facing alkali-activated Class C 
fly ash is short setting times (when rapid setting is not required), whereas extended 
setting time is a concern for alkali-activated Class F fly ash at room temperature. 
This can be resolved in practice by blending with other pozzolans such as ground 
GGBFS and selecting suitable activators. To adjust the setting characteristic of 
alkali-activated fly ash, the use of accelerator and retarder is also practised. Lee 
and and Deventer (2002) examined the incorporation of inorganic salt addition on 
the setting characteristics of KOH/sodium silicate-activated Class F fly ash pastes. 
Setting was accelerated by Ca and Mg salts through solid dissolution. The authors 
also found that potassium salts delayed setting only when the initial activated solution 
was low in soluble silicate. Furthermore, the right composition of Cl, CO3 and NO3 
salts could retard setting. For Class C fly ash, some of the normal accelerators and 
retarders are applicable. Addition of the proper amount of sucrose efficiently delays 
the setting time of alkali-activated high calcium fly ash paste with no adverse effect 
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Figure 5.5 Final set and strength of Class C fly ash/NaOH/sodium silicate cement with 
various SiO2/Al2O3 ratios (reprinted from Chindaprasirt et al., 2012, with kind permission 
from Springer Science and Business Media).

on strength. Addition of 1 and 2% sucrose could delay final setting time from 130 
min to 210 and 230 min, respectively (Rattanasak et al., 2011). On the other hand, 
addition of 1 and 2% CaCl2 in the system could accelerate the setting with reduction 
of final setting times from 130 min to 60 and 45 min, respectively. 

5.3 Bleeding phenomena in concrete 

Bleeds of concrete are commonly evaluated by:

1. monitoring reduction in height of a sample of undisturbed concrete,
2. measuring the amount of bleed water rising to the surface of an undisturbed sample; this 

is measured after drawing off with a pipette as per ASTM C232/C232M-12 (2012), and
3. observing the mix under test such as ASTM C1611/C1611M-09be1 (2009) for visual 

stability index.

These methods could be applied in the case of alkali-activated binder as well.
 Alkali-activated paste, mortar and concrete are multiphase mixtures of components 
of varying densities. With such a mixture, gravity is an enemy of homogeneity. For 
cementitious materials, gravity-induced homogeneities are commonly divided into 
two categories depending on the phase that is migrating: bleeding and segregation 
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(Kovler and Roussel, 2011). Bleeding is concerned with water migration, whereas 
segregation is concerned with the movement of the coarsest particles. Both are 
induced by density difference segregation (Kovler and Roussel, 2011). It should 
be noted that for cementitious materials, bleeding is not strictly the settlement of 
cement grains but is a consolidation process, i.e. the upward movement of water or 
solution through a dense network of interacting cementing material grains (Tan et al., 
1987; Josserand et al., 2006). The key factors influencing bleeding are therefore the 
interactions between cement grains, permeability of the fresh cement paste and the 
viscous nature of the fluid. In practical terms, bleeding exhibits as an accumulation 
of water at the surface of paste, mortar and concrete.
 For alkali-activated cements, there have not been any reports indicating that 
concretes made with this type of cements are prone to excessive bleed under 
handling, compaction and vibration. For alkali-activated slag, it is known that 
the slag pastes show higher apparent viscosity and yield stress than those without 
alkaline activators (Jiang, 1997). In addition to this, the slump loss of alkali-activated 
slag paste is generally higher than that of Portland cement (Jolicoeur et al., 1992) 
(except when solid sodium silicate is used) suggesting the viscosity and yield stress 
of the alkali-activated slag cement increase with time more prominently than those 
of conventional cement paste. The overall picture is that since the alkali-activated 
slag pastes are generally cohesive/sticky, the susceptibility of the alkali-activated 
slag cement concrete to excessive bleed should not be a concern for well-designed 
concrete mixes in comparison to Portland cement concrete mixes. This has been 
experimentally confirmed and reported (Collins and Sanjayan, 1999). It should be 
noted that the lack of bleed of alkali-activated slag cement concrete (in conjunction 
with drying shrinkage (Chi et al., 2012) may contribute to the occurrence of cracking/
microcracking (Collins and Sanjayan, 2001; Puertas et al., 2003) observed on the 
surface when there is lack of moist curing. This is an issue to be considered for 
practical application of the alkali-activated slag cement concrete. Workability of 
alkali-activated slag cement concrete is strongly dependent on the activator modulus 
(Law et al., 2012). Higher activator modulus results in sticky concrete mix with lower 
slump. Lower activator modulus results in higher slump concrete with an increased 
rate of bleeding. The use of set retarding admixture in the mix would also lead to 
increased bleed (Collins and Sanjayan, 1998).
 Alkali-activated Class F fly ash concretes normally show cohesive characteristics. 
However, when the concretes are subjected to prolonged mixing time, mixtures 
with high water content show bleed and segregation followed by exhibition of low 
compressive strength (Hardjito, 2005; Hardjito and Rangan, 2005). This however, can 
be minimized by premixing sodium silicate and sodium hydroxide together at least 
one day before introduction to solid constituents. The increase in rate of bleeding 
noted previously for alkali-activated slag cement with low modulus activators is 
also applicable for alkali-activated Class F fly ash cement (Adam, 2009). In the 
case of self-compacting alkali-activated Class F fly ash cement concrete, it has been 
observed that when the water exceeds a certain level (increased water/geopolymer 
solids ratio), bleeding and segregation will result (Ahmed et al., 2011) noting that 
the total mass of water is the sum of the mass of water contained in sodium silicate 
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solution and sodium hydroxide solution, and the mass of extra water. The use of 
plasticizers to obtain workability of the mix may result in excessive bleeding when 
the mix is not appropriately designed and tested. Some helpful guidance on the design 
of geopolymer concrete mixtures can be found in the literature (Rangan, 2008).
 Numerous studies (Chindaprasirt et al., 2007; Topark-Ngarm et al., 2011; 
Chindaprasirt et al., 2011) have also been carried out on the properties and behaviours 
of alkali-activated Class C fly ash cements. The general consensus is that the alkali-
activated Class C fly ash cements are more cohesive and show less susceptibility to 
bleed. This is also applicable to alkali-activated metakaolin cement, noting that the 
properties of alkali-activated metakaolin cement are more consistent than that of fly 
ash-based geopolymer due to a more consistent starting material.

5.4 Segregation and cohesion in concrete

ASTM C125-13 (2013) states that segregation is the unintentional separation of the 
constituents of concrete or particles of an aggregate, causing a lack of uniformity 
in their distribution. The property that describes the ability of concrete to resist 
segregation is conventionally known as cohesion (Binns, 2003; Domone, 2003). 
Currently there is no specific test for determining this quality in fresh concrete. 
Viscosity of the plastic concrete is arguably a measure of the cohesiveness of the 
concrete. Cohesive concrete mixes are known to be more stable and more resistant 
to segregation and bleeding.
 It was mentioned previously that apparent viscosity (and yield stress) of alkali-
activated slag cement paste is generally higher than that of Portland cement paste. 
It has also been observed that both the static and dynamic viscosity of low calcium 
fly ash-based geopolymer concrete are larger than that of normal Portland cement 
concrete (Škvára et al., 2006). This is also applicable for fly ash-based geopolymer 
and metakaolin-based geopolymer concretes (Chindaprasirt et al., 2007; Wu and 
Sun, 2007; Poulesquen et al., 2011; Lizcano et al., 2012; Chotetanorm et al., 2013). 
The general trend is that alkali-activated cement concrete will be less susceptible 
to segregation in comparison to Portland cement concretes and this characteristic 
can be attributed to the higher cohesiveness of alkali-activated cement concrete. 
However, segregation can also occur in alkali-activated cement concrete, particularly 
for mixes using low modulus activators or NaOH activators of low molarities or 
mixes with high water-to-geopolymer solids ratios. It should be noted further that 
segregation is also dependent on factors other than the concrete mixes such as the 
extent and method of compaction; transportation and casting method. For example, 
over-vibration can cause segregation in a concrete mix which normally does not 
show segregation.
 For mortar, segregation is often found in a mixture with high paste content. If too 
little paste is used, the mixture is too harsh and does not possess cohesiveness. Mortar 
containing a low amount of activator solution does not have sufficient cohesiveness. 
Rostami and Brendley (2003, cited by Brooks et al., 2010) show that about 8–18% 
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chemical activator is required to produce mortar with the required cohesiveness, but 
more than 18% of activating chemical may result in heavy segregation and adversely 
affect the strength of mortar.
 For concrete, it is also important to use proper paste content and good aggregate 
gradation. Hardjito and Rangan (2005) suggest the good coherent alkali-activated 
mixture can be obtained using aggregate contents of 75–80% similar to normal 
cement concrete. Marín-López et al. (2009) also suggested the ratio of geopolymer 
paste to aggregate ratio of approximately 0.33 (which corresponds to 75% aggregate 
content) to obtain a good homogeneous distribution of the aggregate particles to 
avoid segregation. Using this aggregate content, high workability fresh geopolymer 
concrete with a slump of 240 mm without segregation is obtained (Hardjito et al., 
2004).
 Since the risk of segregation would be more prevalent with high flowing concrete, 
there are test methods to assess the likelihood of segregation for high flowing 
concrete such as self-compacting concrete. These test methods include ASTM C1610/
C1610M-10 (2010); ASTM C1611/C1611M-09be1 (2009) and the sieve stability 
test. ASTM C1611/C1611M-09be1 (2009) can be adapted for most concrete while 
the sieve stability test is more suitable for high flow concrete. The visual stability 
index (VSI) obtained from ASTM C1610 / C1610M-10 (2010) is suitable for self-
compacting concrete. However, these procedures can be adapted to obtain some 
quantitative comparison between concrete mixes tested by flow table test (BS EN 
12350-5, 2009). For example, the VSI is used successfully to gauge the stability of 
alkali-activated Class C fly ash concrete with NaOH and sodium silicate as activators 
(Topark-Ngarm et al., 2011). The stability of concretes was better with low liquid 
to ash ratio and high sodium silicate content. The high sodium silicate/NaOH ratios 
gave better stability mixes due to the increased viscosity of mixes.

5.5 Future trends

The increase in usage of alkali-activated paste, mortar and concrete in the future 
is evident. A variety of properties of fresh paste, mortar and concrete are therefore 
needed in order to serve the specific requirements of various usages and also for 
special applications. For example in the repair of concrete (Pacheco-Torgal et al., 
2012), the quick setting types may be required to reduce the time of repair; and self-
compacting concrete is required for highly workable mixes to ensure proper placing 
(Hardjito et al., 2004; Topark-Ngarm et al., 2011; Ahmed et al., 2011). Furthermore, 
various blends of starting materials will be used to produce alkali-activated concrete 
with specific properties both in the fresh and hardened states. The alkali-activated 
Portland blended cements (hybrid cements) are also a good alternative. Portland 
cement is used as an additive in controlling the setting and to enhance the strength 
development of the mixes at room temperature (Pangdaeng et al., 2014; Phoo-
ngernkham et al, 2013). This is attractive and may set the future trend as the hybrid 
alkali-activated fly ash–Portland cement can obtain good strengths under normal 
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curing (Pangdaeng et al., 2014) without resorting to temperature curing, which thus 
can save labour and energy costs. 

5.6 Sources of further information and advice

The literature supports that setting, bleeding and segregation of alkali-activated 
paste, mortar and concrete are important properties. Setting, in particular, can be 
regulated with adjustment of starting materials and activators (Fernández-Jiménez 
and Puertas, 2001; De Silva and Sagoe-Crentsil, 2008; Chindaprasirt et al., 2012) 
as well as mixing condition and speed (Chindaprasirt et al., 2014). The related 
phenomenon of flash setting is not yet well documented. The literature only reveals 
a few reported cases of flash setting of alkali-activated binders. The overdosage of 
strong alkali activators, namely, NaOH, Ca(OH)2 and KOH (at high concentration) 
(Lim et al., 2012) and low water content (Slabbert, 2008) can lead to flash setting. 
In his thesis, Slabbert (2008) also discussed other possible causes for flash setting. 
Care should be taken to avoid this mishap; it is not common but it can happen.
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activated geopolymeric concrete 
binders
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Università degli Studi di Modena e Reggio Emilia, Modena, Italy

6.1 Introduction: main forming techniques

Industrially, a material has a practical interest if a shape, however complex, can be 
produced quickly and at low cost. Given the characteristics of the geopolymeric 
fresh pastes, colloidal dispersions featuring temporary structural stability prior to 
the polymerization process, some forming methods are eligible as best suitable for 
this purpose. Unfortunately, the scientific and technical literature is not very rich 
in examples on this topic in relation to geopolymeric systems. For this reason, in 
this section we briefly describe not only the most commonly used forming methods, 
but also those of potential application that have received only a limited and quick 
reference: casting, extrusion, double-diaphragm forming, compression molding, 
injection molding, hand lay-up, rotational molding, and shaping by 3D printer. In some 
cases it has been possible to trace only a brief reference about the experimentation 
without any additional information on the actual efficiency of the forming technique. 
Nevertheless, the techniques presented in the following are all potentially usable 
depending on the characteristics of the geopolymer paste before consolidation which 
have to match the parameters requested by each single forming process.

6.1.1 Casting

Casting, also known as ‘slip casting’, is a technique most widely used in the field 
of geopolymers. It is used for the production of complex shapes from a suspension 
poured into a mold. The suspension is made of raw materials in powder form, 
dispersed in a liquid which, in the case of geopolymers, is water. To complete the 
formulation other reagents and additives are added to generate the chemical reactions 
necessary for consolidation and for the correct rheological behavior for the forming 
process. The suspension is very concentrated in solid content but it is more fluid 
than a paste. It appears therefore easily deformable, even simply under the action of 
its own weight. It is obtained by mixing and it is homogenized by forced dispersion 
of the various components. Finally the suspension must possess the appropriate 
rheological characteristics suitable for casting, i.e. to be poured into a mold with 
the negative shape of the desired item inside.
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 Traditional casting is divided into drain and solid casting. In the former the slip is 
poured into the mold and as the slip hardens against the inside of the mold, reaching 
the desired wall thickness for the piece, the mold is inverted and the excess slip is 
drained away. Afterwards the piece is left to dry in the mold until it is stiff and then 
removed for the subsequent steps (Singer and Singer, 1979). Solid casting is used for 
thick pieces such as sanitary ware, chemical stoneware and refractory blocks. The 
slip is again poured into a mold which is surrounded by plaster on all sides with a 
reservoir for slip, and is removed when the solid piece is held within.
 Often, especially in complex forms, drain and solid casting are present simultaneously 
and this requires maximum attention because, in the areas of contact between 
these parts a small difference in the density may occur and lead to severe damage. 
Traditionally, the method is used to produce both complex and large objects, such 
as sanitary ware, and small, but equally complex, items, such as tableware (cups, 
teapots etc.). In the construction industry casting is reported for the pouring of the 
hydraulic binder, currently concrete but in the future geopolymer, in the presence 
or absence of steel reinforcements.
 Casting, and in particular solid casting, is the most diffused method of forming 
geopolymers. The presence of a significant quantity of water in the starting formulation 
makes possible the preparation of a suspension with the required rheological 
characteristics. Unlike traditional ceramic systems, for geopolymer forming the mold 
is not required to possess a water absorption capacity, so there is greater freedom 
of choice of materials to be shaped for the mold. The materials of the mold should 
not show any reactions at the high pH of the geopolymer, so the most common are 
plastics such as polyethylene (PE) at different densities or poly(propene) PP. In 
the filling operations, the rheological behavior of the suspension phase is of great 
importance, as it must present as low viscosity as possible in order to allow a rapid 
and complete filling of the mold even in the smallest details, or in the most distant 
parts of the mold from the entry points of the suspension. Indeed a fluid system 
even in conditions of slow motion, or low shear rate, allows a more efficient filling 
compared to a higher viscosity. A small yield stress, but not zero, is preferable to 
reduce the phenomenon of sedimentation of particles in the stages of storage or during 
the initial moments of the consolidation. In general, shear thinning and thixotropic 
rheological behavior are the properties required for a correct casting.
 Tape casting is similar to slip casting and is used to form sheets with large 
surface area and thin cross section. It was developed more than 50 years ago for the 
production of ceramic capacitors used in the emerging microelectronics industry. 
Also in this case, a suspension of geopolymer is obtained by mixing together its 
different components. Slurries are milled and then mixed in a pressure vessel where 
viscosity and temperature are controlled, and vacuum de-airing is performed prior to 
casting. Good slip preparation practices are essential to making high-quality finished 
products. Inconsistent, non-uniform mixtures are often the cause of tape defects. 
The slip is then cast onto a flat surface, commonly a polymeric films of Mylar, by 
doctor blade to a carrier film. After the slip has been doctor bladed to a carrier, the 
wet tape is dried to remove the liquid phase. 
 It is possible to have two different tape casting machines which are either 
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stationary doctor blade/moving carrier film or moving doctor blade/stationary carrier 
film machines (Mistler, 1991). In Figure 6.1(a) an example of geopolymer sheet 
obtained with this technique is presented. In Figure 6.1(b) a sketch of the doctor 
blade is shown: the suspension (A) is put into the doctor blade. It is then moved in 
the direction of the arrows. The slip passes below the gap controlled by the blade 
(C) which is adjustable by means of two micrometre screws (D). 

Figure 6.1 (a) Tape cast geopolymer sheet (0.1 mm thick) (courtesy M. Romagnoli); (b) 
sketch of doctor blade.

6.1.2 Extrusion

Extrusion is a forming process used to create products with a constant cross-section 
such as pipes, bricks, profiles, etc. It is very common in the field of ceramics, 
metal processing, food industry, and plastic materials, just to mention the most 
important.
 The material to be extruded must possess a plastic behavior and deform irreversibly, 
but must keep the shape once the applied force for the deformation ceases and finally 
has to sustain its own weight. The viscosity of the paste used in extrusion is therefore 
much higher than in the case of casting and is obtained through a smaller amount of 
liquid phase. The elastic behavior must be maintained at a low level, preferably zero 
to avoid phenomena of die swelling, a partial recovery or ‘swell’ back to the former 
shape and volume of the materials after exiting the die, or to surface irregularities 
known as shark skin. The optimal characteristics are obtained with either a correct 

(a)
D

C

B
A

(b)
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formulation of the paste, and with the possible use of chemical additives, and with 
the most suitable choice of process variables and the geometry of the extruder. The 
viscoelastic behavior of a system depends on the intrinsic properties of the material 
in relation to those of the process. From a rheological point of view this is expressed 
through the Deborah number (See Section 6.2.5).
 The system for continuous and direct extrusion, the most widely used in industrial 
production, is shown in Figure 6.2(a). With this system the shape is given by entering 
the material in the extruder through a hopper. The paste is forced to pass through a 
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Figure 6.2 (a) Scheme of a continuous and direct extruder: 1. extrusion auger; 2. hopper; 3. 
die; 4. extruded material. (b) Extrusion dies used in the brick industry to produce porotherm-
style clay block brick (courtesy of M. Romagnoli).
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shaped opening, called a ‘die’ or ‘extrusion die’, which deforms under the pressure 
of a piston or an extrusion auger. Often the hopper is preceded by a depression zone 
in order to reduce entrained air from mixing. This treatment allows the porosity of 
the extruded material and some of the eventual flaws to be reduced.
 An example of extrusion dies for the production of bricks is shown in Figure 
6.2(b). The products obtained with this technique can have a complex shape and 
well-finished surface, provided that the material to be extruded has the rheological 
characteristics required.
 The extrusion technique can be divided into some variants.

1. In direct extrusion, represented schematically in Figure 6.3(a), the material is compressed 
by the piston toward the chain, in the case of a batch system, a screw in the case of a 
continuous process. The example in the figure falls into the first category.

2. In inverse extrusion, represented schematically in Figure 6.3(b), the chain is moving, 
connected to a piston, which has a central cavity in order to allow the exit of the extruded 
product. The method is discontinuous, but allows for a reduction of friction between the 
extruder and the material.

3. Hydrostatic extrusion is similar to direct extrusion, but in this case there is a fluid in contact 
with the material to be extruded, thus acting as a transfer system pressure. The main benefit 
of using this method is the reduction of friction, generally considerable between the walls 
of the extruder and the material.

4. Impact extrusion is used to make hollow shapes, and is obtained by impact of a shaped 
punch on the material placed inside a container which is also suitably shaped.

Direct extrusion is the most used technique in the ceramic field, especially because 
it can be operated in a continuous way, particularly advantageous in the case of 
industrial production.
 Several factors can influence the extrusion process, especially the rheology of 
the material under the process conditions. Such behavior can be adjusted through 
proper formulation of the paste, the use of suitable additives, the adjustment of 

(a)

(b)

Figure 6.3 Sketch of (a) direct and (b) indirect extrusion.
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process variables such as the extrusion pressure, the adjustment of the dies, etc. 
The optimal behavior in fact must always consider the geometrical characteristics 
of the extruder, the complexity of the die and the extrusion speed, which should be 
sustained. 
 The main defects typical of the forming process by extrusion are as follows.

• Fractures and extrusion streaks visible immediately after the exit from the die. These 
defects may be due to low plasticity of the material or the presence of impurities such as 
coarse particles of solid.

• Presence of internal fractures. This defect is particularly present in direct extrusion using 
a screw and is due to a lack of plasticity of the material, which is unable to reconstruct 
the cuts produced by the internal motion of the screw soon before the extrusion die.

• Deformations at the exit of the die. At the exit of the extruder it may occur that the 
shaped material undergoes unwanted curvatures. This defect is caused by a gradient in the 
extrusion rate of different parts of the paste. An adjustment of the braking plates present 
on the die eliminates this defect. Deformations from die swelling (Figure 6.4) and shark 
skin are instead due to improper viscoelasticity of the paste. In these cases the solution 
is a correction of the paste composition, the speed of extrusion or the geometry of the 
extruder. 

• Excessively rapid drying of the extruded material. The drying step must be slow enough 
not to cause crack formation due to uneven shrinkage. Generally this defect is controlled 
by correcting the velocity or geometry by swirling jets of hot air.

In traditional ceramics mixtures, water is added in order to obtain a material 
sufficiently plastic to allow extrusion, the amount varying between 15 and 20–22% 

Figure 6.4 Example of die swelling in organic polymers (source: https://commons.wikimedia.
org/wiki/File:Powder_Coating_after_Extrusion.JPG).
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by weight. This quantity may be subject to change due to the particular characteristics 
of raw materials. It must be underlined that if this water quantity is compatible 
with that required for the geopolymerization, then extrusion can be used provided 
that the extruder is constructed with materials that can withstand the conditions of 
mechanical and chemical stress generated by the geopolymer paste (Reed, 1995; 
Langan et al., 2011).

6.1.3 Double-diaphragm forming 

Double-diaphragm forming is a technique in which a foil of a thermoplastic substance 
is placed between two deformable layers indicated as diaphragms. The sandwich 
material is then heated and formed by hydrostatic pressing (Figure 6.5). This method 
allows composite materials containing reinforcing fibers to be produced, but generally 
requires a relatively long molding time.

Clamping ring
Top diaphragm

Material

Shaft seal

Bottom diaphragm

Mold

Figure 6.5 Sketch of double-diaphragm forming technique.

6.1.4 Compression molding

Compression molding is typically used for advanced composite materials where the 
sample is preheated and then placed inside a mold. Once closed, a force is applied onto 
the mold to form the material. The consolidation is obtained following a subsequent 
heating within the mold (Figure 6.6). The artefact is then extracted after appropriate 

Figure 6.6 Sketch of compression molding.
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cooling. The technique is widely used in the automotive field. In the case of a 
geopolymer with a consistency similar to pulp, the method can be used effectively 
even if in the literature it was possible to find only a single reference (Davidovits, 
2008) poorly detailed relative to an experiment conducted at the industrial level.

6.1.5 Injection molding

In injection molding the ceramic material and/or polymer in the form of a suspension 
or fluid paste is injected into the cavity of a mold by means of an extruder with a 
screw (Figure 6.7(a)). After consolidation, the product size can be extracted from 
the mold. Forming with this method is generally used to manufacture small pieces 
of complex form.

6.1.6 Hand lay-up

Hand lay-up is an open forming method for the manufacture of composite materials. 
It is the simplest and oldest method and can be considered within the lamination 
methods suited especially for large components. A reinforcing material such as glass, 
polymeric or carbon fibers are placed manually into the open mold after having 
poured a resin which, in this case, may be a suspension of geopolymer. Manually, 
using a trowel or roller, the suspension is spread all over the mold, soaking the fibers 

(a)

(b)

Mold

Resin

Fiber
Consolidation

roller

Figure 6.7 Sketches of (a) injection molding and (b) hand lay-up.
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(Figure 6.7(b)). The hardening step follows before demolding. For a geopolymer 
in the form of suspension there is only one report on experimentation at industrial 
level (Davidovits, 2008).

6.1.7 Rotational molding

This is a particular molding technique used to create hollow objects of large 
dimensions. It is much used for the forming of objects in plastic material, but there 
are also examples of attempts in ceramic materials (Figure 6.8) (Calamai, 2006). The 
method consists in placing the material in the form of suspension within a hollow 
mold that rotates (generally along two axes) so as to adhere the suspension to its 
walls in a homogeneous layer. The latter can be heated thus allowing a geopolymeric 
object to harden more rapidly. Once a sufficient consolidation is reached, the mold 
may be cooled and opened in order to extract the product.

Figure 6.8 Example of a hollow sphere in alumina obtained by rotational molding (Calamai, 
2006).

6.1.8 Shaping by 3D printer

The three-dimensional printing technique creates a 1:1 or different scale copy of an 
object designed with 3D modeling software. It is based on the addition of successive 
layers of materials up to the final product. There are examples of experiments for 
the cement which, depending on its characteristics, is also potentially applicable to 
geopolymers (Figure 6.9).

6.2 Rheology of suspensions

In the case of forming methods that require geopolymeric systems in the form of 
suspension or paste, the shape is given by applying forces with directions, intensity 
and duration that would generate extensional and shear deformations. Knowing the 
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behavior of the system under the action of these forces is crucial to obtain products with 
the desired shape, free from defects and with the use of cheap techniques. Rheology, 
or the science that studies the deformation and flow of a system subjected to external 
forces, then becomes an indispensable tool to control the forming process.
 Rheology has long found a prominent role both in the scientific and in the 
technology field for its usefulness in the understanding and control of production 
processes. Knowledge of the rheological behavior is of paramount importance in 
industrial fields such as plastics, paints, food, lubricants, cement and ceramic materials 
just to name a few.
 Rheology is a multidisciplinary science because it requires knowledge of physics, 
mathematics, and also of materials science because the rheological behavior is a 
direct consequence of the characteristics of the material.
 In this section, we do not have the ambition to present a comprehensive presentation 
of rheological science, which would require much more space, as well as falling 
outside the scope of this book. We want, instead, to give a brief description of some 
rheological variables that have a great importance in the study and control of the 
forming of geopolymeric systems. The aim is to provide an overview to act as a 
starting point for all those who are interested in gaining further insights.

6.2.1 Basic rheological concepts

In materials science the systems are divided into solids and fluids. When an external 
force is applied on the former, they store the energy by deforming. When the applied 
stress is removed, they return to their undeformed state. On the contrary, the latter 
dissipate the energy producing an irreversible deformation. This means that when 
the external stress is removed, a fluid does not return to its initial shape. Among 
the fluids we have liquids and gases. Energy is dissipated both to change the shape 
and produce heat (Mezger, 2006). 

Figure 6.9 Use of binders in 3D printer (Buswell and Austin, 2010).
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 The reality, however, presents us with systems that do not belong exclusively to 
one of these two extremes, but they are placed in the middle and may modify their 
aggregation state as a function of the applied force, the environmental conditions 
and the characteristics of the material. Real systems behave in a viscoelastic manner, 
that is to say that their deformation is partly reversible and partly irreversible. This 
evidence makes the rheological approach more complex and, at the same time, 
essential to the industrial process.

6.2.2 Viscosity

Dynamic viscosity, denoted by the Greek letter h, is certainly the most well known 
of the rheological variables. It measures the resistance with which a material deforms 
irreversibly when deformed by an external force. This behavior is due to internal 
frictions in the material that are generated during the deformation. The greater the 
viscosity of a material, the lower its deformation per time unit under equal applied 
force. In rheology, a classic defi nition of viscosity is given by using the Two-Plates-
Model (Figure 6.10). According to this description, the sample is placed between 
two surfaces ideally perfectly parallel and placed at distance h from each other. It 
is also assumed that the sample has a perfect adhesion onto the two surfaces. Then 
a force F

Æ
 is applied in parallel to the upper surface in order to avoid to exerting a 

pressure on the material. 
 Shear stress s (or in some cases t) is defi ned as the force F applied per unit 
area A:

  
s  =  (Pa)F

A  
(6.1)

It is expressed in Pascals (Pa) in the International System of units, similarly to pressure, 
although it is not really a pressure as commonly understood. In this condition we can 
assess the movement of the upper surface which, in an initial phase, accelerates until 
reaching a constant speed vmax when the internal friction forces inside the sample 
balance the external applied force. If under these conditions the system enters a 
regime of laminar motion, i.e. when the motion of the fl uid occurs with sliding of 
infi nitesimal layers on each other without any kind of mixing of fl uid even on a 

h

x

F, n
Æ

Figure 6.10 Two-Plates-Model of viscosity.
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microscopic scale, then it is possible to defi ne the shear rate g· (s–1) and the strain g 
(dimensionless). In the condition in which the speed of each sheet of fl uid decreases 
linearly from a maximum, in contact with the upper plate, to zero, in contact with the 
lower, the velocity gradient is calculated as the ratio between the speed vmax reached 
by the surface in motion (the upper) and the distance h between the two plates.

  
g  =  ( )max –1( )–1( )

v
h

( )s( )
 

(6.2)

The shear rate is related to the fl ow velocity of the material: high values of g· correspond 
to a fl ow with high speed and vice versa. These two quantities are related to each 
other through a third one known as dynamic viscosity. It is expressed as the ratio 
between the shear stress s (Pa) and the shear rate g· (s–1).

  
h s

g
 =  (Pas)

   
(6.3)

The unit of measure of dynamic viscosity in the SI system is the Pascal ¥ seconds 
(Pa.s). The most commonly used submultiple is the milliPascal ¥ second (mPa.s). Still 
surviving in common use is the historical unit centiPoise (cP) in the CGS system, 
which is equivalent to mPa.s. As a multiple there is the Poise (P). In good practice, 
these units should be abandoned (Barnes et al., 2000; Mezger, 2006).
 The strain g is defi ned as the ratio between the deformation of the body x as a 
result of shear stress and the distance h between the two plates.

  
g x

 =
h  

(6.4)

The viscosity is not necessarily a constant property for a material, and in fact it 
very rarely is since in most cases viscosity changes under the effect of different 
parameters. An easy and common classifi cation of materials sees materials divided 
into ‘Newtonian’ and ‘non-Newtonian’ fl uids. The fi rst group collects materials whose 
viscosity does not change with the change of shear rate, assuming constant all the 
other variables that could affect the material. This clarifi cation is necessary because 
phenomena such as temperature variation, sedimentation of any solid phases present, 
evaporation of the liquid phase, reactions within the material, etc., can change the 
state of the system. The non-Newtonian fl uids have a change in viscosity due only 
to a change of the shear rate, keeping constant all the other variables. Systems with 
non-Newtonian behavior are further divided as follows:

• shear thinning: their viscosity decreases with increasing shear rate
• shear thickening: their viscosity increases with increasing shear rate. 

Since viscosity is not constant for these materials it is defi ned as ‘apparent viscosity’. 
Typically the systems consisting of solid powder dispersed in a liquid phase in a 
medium–high concentration show a non-Newtonian behavior. The variation of viscosity 
with shear rate is attributed to a reorganization of the dispersed phase within the 
continuous phase, which restructures favoring or hindering the fl ow. In the presence 
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of superficially charged solid particles, the phenomenon of variation of viscosity is 
due to rupture of the electrostatic interactions between particles.
 In Figure 6.11(a) the rheological behavior is presented as apparent viscosity vs the 
shear rate of two aqueous suspensions of a metakaolin geopolymer. The two samples 
show a different solid content while all the other variables of the composition remain 
the same. Both show a non-Newtonian behavior, less pronounced in the system with a 
lower concentration. The effect of the higher solid content produces a higher apparent 
viscosity which increases with time as a consequence of the consolidation reaction. 
These results are also confirmed by other studies (Criado et al., 2009), which have 
shown that the behavior of geopolymeric suspensions often, but not always, follows 
the Bingham model (Bingham, 1916) reported below:

  s = s0 + Kg·  (6.5)

where s0 is the yield stress, K is a coefficient known as ‘plastic viscosity’ and g· is 
the velocity gradient.
 The effect of viscosity increase due to the increase of the solid content is well 
known in the field of suspensions similar to the geopolymeric ones. A model often 
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Figure 6.11 (a) Viscosity vs shear rate of metakaolin geopolymers at two different solid 
content: at lower concentration (n) and higher concentration (m). (b) Shear stress vs.shear 
rate in a geopolymer suspension with yield stress (Romagnoli et al., 2012).
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used to describe this behavior is the Krieger-Dougherty model (Krieger and Dougherty, 
1959):
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(6.6)

where F is the volume fraction of solid contained in the suspension; Fm is the 
maximum volume fraction of solid the suspension can contain corresponding to the 
content at which the viscosity becomes infi nite (this condition is usually ascribed to 
the attainment of a close-packed structure); hs is the viscosity of the liquid phase; 
and |h| the intrinsic viscosity.

6.2.3 Yield stress

For practical purposes it is important to introduce the concept of yield stress or yield 
point s0, defi ned as the minimum value of the shear stress necessary to produce a 
fl ow of the system. Although in the fi eld of rheology, after a thorough analysis, 
the conclusion was reached that in fact such a limit does not exist and that its 
manifestation is only a problem related to the reaction time of the system to the 
stress, the use of the concept of yield stress in the application area persists because 
it is useful for practical purposes.
 Figure 6.11(b) is a graph of shear stress vs shear rate for a geopolymeric system 
in aqueous phase. It can be observed as the experimental points intersect the 
ordinate axis, at g· =  0, to a value of non-zero shear stress. This can be seen – at 
the macroscopic level – as presenting a certain diffi culty in starting the fl ow when 
the applied forces are near to but lower than this value.
 As a general summary, some typical behaviors of rheological systems are presented 
in Figure 6.12. The fi rst is Newtonian behavior , characterized by a constant 
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Figure 6.12 Typical shear dependent rheological behaviors:  Newtonian;  pseudoplastic; 
 plastic;  dilatant or shear thickening;  Bingham.
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viscosity that in the plot of shear stress/shear rate is represented with a straight line at 
a constant slope. The second  is shear thinning (also called pseudoplastic) behavior 
without yield stress, while the third  behavior is shear thinning with yield stress 
(also called plastic), which differs from the previous one for yield stress. Both  and 
 behaviors show a less than linear dependence of the shear stress with increasing 
shear rate which means a reduction in viscosity with increasing of g·. The fourth  
is the dilatant fluid characterized by a greater than linear increase of the shear stress 
which corresponds to an increase in viscosity with shear rate. Finally, the fifth  
and last behavior is Bingham fluid, which is similar to Newtonian, but with a yield 
stress. 
 Please bear in mind that these are just the model behaviors and that a real system 
may present different behaviors. For example, it is possible that the sample shows 
different behaviors from those listed in different ranges of shear rate.

6.2.4 Time-dependence

Many systems have a behavior referred to as ‘time-dependent’ which manifests 
itself as a change in viscosity over time at constant shear rate or shear stress. The 
phenomenon is thus different from that seen in Sections 6.2.2 and 6.2.3 where, in 
the case of non-Newtonian, the viscosity is changed, but due to the variation of the 
flow regime.
 Also in this case we can have two opposite behaviors, one known as ‘anti-
thixotropy’ (also called rheopexy), and the second as ‘thixotropy’. Both phenomena 
are special types of time–dependent behaviors; in fact they present the additional 
feature of being reversible. The term ‘time-dependence’ can be better explained by 
looking at the example in Figure 6.13. The material is first subjected to a deformation 
at constant shear rate until time t1, then the system rests until time t2, and finally 
is again deformed at the same shear rate value of the previous speed. The graph 
represents this rheological behavior with the dotted line. The behavior of the two 
samples, both time-dependent, are shown in thicker black lines. If they are subjected 
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Figure 6.13 On-off procedure (dotted line) on a time-dependent thixotropic material (solid 
line) and one only time-dependent (dashed line).
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to cycles of shear rates for a time sufficiently long to permit the achievement of a 
stable viscosity value, they may show the following trends of viscosity: (i) the sample 
represented by the solid line is time-dependent and in particular it is thixotropic, 
(ii) the other (dashed line) is simply time-dependent. Their difference lies in the 
fact that both curves, passing from a state of no-flow to one of motion, exhibit a 
viscosity that decreases over time. The first sample, however, always reaches the 
same equilibrium viscosity value while the second does not always reach the same 
equilibrium viscosity, rather presenting a decrease with time. The anti-thixotropic 
fluid behaves in the opposite way or shows an increase in viscosity when flowing 
at constant shear rate.
 The time-dependent phenomena are due to a variation in microstructure of the 
suspension which passes from one microstructure to another following the change 
of the shear rate. A geopolymeric system, due to its reactivity and occurrence of 
sedimentation and evaporation phenomena, hardly shows behaviors closely resembling 
thixotropic or anti-thixotropic. Geopolymer rheological behavior can rather be defined 
as generally time-dependent.

6.2.5 Viscoelasticity

As mentioned above, viscoelastic systems have characteristics intermediate between 
the two limiting cases of ideal solid and ideal fluid. Such behaviors may have some 
importance both during the molding as well as in the first stages of consolidation. It 
is clear to expect that, during the consolidation process, the elastic component should 
increase with respect to the viscous one. In these cases, the rheological measurement 
techniques are very sensitive in detecting changes that occur in the material at the 
microstructural level, especially in the early stages.
 In actual systems, macroscopic viscoelastic phenomena such as the one known 
as the ‘Weissenberg effect’ are observed. If a fluid system with an important 
viscoelastic behavior is mixed in a container by means of a vertical rotating shaft, 
an ascent movement of the paste along the rod may be observed, contrary to fluid 
with a minimum of viscoelasticity which instead is pushed towards the walls by 
centrifugal forces. This behavior can have a practical effect in the mixing phase 
of the suspension or during the pouring of the suspension into the mold. Another 
typical phenomenon is the ‘Barus effect’, also known as ‘die swelling’ that occurs 
when a viscoelastic system is forced to escape from an orifice, as in the case of a 
system formed by extrusion. In these conditions, the material shows an increase 
in cross-sectional area at the exit of the extrusion die with a consequent change of 
its size. In the worst cases there is even the appearance of superficial fractures and 
severe deformations of the extruded material.
 In the field of rheology particular attention has been devoted to the study of linear 
viscoelasticity which considers small deformations of the sample. This limitation, 
which allows a treatment less complex than that in the non-linear field, allows useful 
information to be obtained on the behavior of the material. While not entering into a 
complex discussion of this issue, which is beyond the scope of this book, however, it 
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is useful to present some important concepts. One of these is the ‘Deborah number’. 
The distinction between solid and fl uid is no longer so clear since the system can 
show either behavior depending on its characteristics and the type of stress to which 
it is subjected. The problem has been resolved by introducing the concept of Deborah 
number (De), which is defi ned as the ratio between the characteristic relaxation 
time of the material t and the time of observation of the phenomenon, T (Reiner, 
1964).

  
D

Te  = t
 

(6.7)

The Deborah number is dimensionless since it is defi ned as the ratio of two times. 
High values of De are characteristic of solid-like behaviors while for small values, 
less than one, the behavior is liquid-like. From this it follows that a system with 
a certain value t can behave like a fl uid if the observation time T is greater than 
the characteristic relaxation time (De low) or as a solid if, vice versa, the time of 
observation is smaller (De high). It must be added that the characteristic time of a 
system changes to vary its microstructure and its temperature, therefore it cannot be 
considered a constant of the material regardless of its chemical condition, physical 
and microstructural properties at the time of stress.
 The viscoelasticity of a material is often defi ned on the basis of two variables G¢ 
(storage modulus) and G≤ (loss modulus), which respectively measure the elastic and 
viscous component of the sample. If the measurement is performed with a rheometer 
using a measurement system in coaxial cylinders, cone-plate or plate-plate (see 
Section 6.3.3), the applied stress is varied according to a sinusoidal model like the 
one shown in Figure 6.14. The deformation of the sample must be small and should 
not exceed the limit of the linear viscoelasticity which depends on the characteristics 
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Figure 6.14 Test in oscillatory condition. Variation of shear stress (dashed line) and 
corresponding strain (solid line).
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of the material and, as we shall see later, the oscillation frequency of the measuring 
system.
 In the graph, when the stress is positive, the measurement system applies a force 
on the sample by turning it in one direction, when it is negative in the opposite 
direction. The instrument then measures the deformation g produced in the sample 
represented by the solid line. As you can see, there is a phase shift between the two 
curves indicated with the letter d. In these conditions, we have that:

  
¢G ( ) =  cos  (Pa)0

0
( )w( )

s
g

ds  ds  
 

 (6.8)

  
¢¢G ( ) =  sin  (Pa)0

0
( )w( )

s
g
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(6.9)

where s0 is the maximum shear stress applied on the material in a test; g0 is the 
maximum deformation reached; w is the frequency used or the number of sinusoidal 
cycles completed per second; and d is the phase shift between the applied stress s 
and deformation g (Mezger, 2006).

  
tan( ) = d ¢¢

¢
G
G   

(6.10)

The tangent of phase shift or phase angle tand is defi ned as the ratio between G≤  and 
G¢ (Steffe, 1996). It is used as a measure of the prevalence of the elastic contribution 
when tan d < 1 or that in the case in which it is viscous tan d > 1 in the viscoelastic 
behavior of a sample.

6.2.6 Extensional viscosity

Extensional viscosity is generally encountered less than a material subjected to shear 
deformation. In spite of this, elongational deformations are often encountered when 
a fl uid system is forced to exit from a container due to the application of a pressure 
on the container itself. Classic examples are toothpaste or cream coming out from 
a tube under the infl uence of an external force. More generally, an extensional 
deformation is present when a fl uid is moving inside a pipe that changes its diameter. 
If a diameter restriction occurs, a portion of fl uid will be forced to deform and stretch 
going from a larger diameter to a smaller one. The type of motion is different from 
in shear and therefore it defi nes an extensional viscosity, he, which can also differ 
greatly from the shear viscosity.
 Typically extensional deformations are present in such forming methods as casting, 
extrusion and injection molding.
 In the case of the simplest extensional fl ows, the uniaxial one, it is possible to 
defi ne an extensional stress se (also called the tension) and an elongational rate 
e· . Figure 6.15 shows the reference model relative to a uniaxial stretching. This 
introduces an element of material bound to one side while the other acts as a force 
which determines an extension which, under equilibrium conditions, is characterized 
by a velocity V. Based on this simple model, se is equal to the ratio between the 
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applied force and the surface A perpendicular to the force. The elongational rate is, 
under some conditions, calculated as the ratio between the speed of elongation V 
and the length L.
 In a similar way to the defi nition of the viscosity for a shear motion, the extensional 
viscosity is defi ned as:

  
h s

ee
e =  (Pa.s)
  

(6.11)

In conditions of low shear rate, the following mathematical relationship exists between 
the two viscosities for Newtonian fl uids (Barnes et al., 2000):

  he = 3h (6.12)

In general, however, the behavior of a material under shear or extensional fl ow 
is different. Interesting is the difference in the case of fl uids in which elongated 
particles or fi bers are present in the system. In the case of a shear fl ow, increasing 
the shear rate, the particles or fi bers will be gradually oriented in the direction of the 
deformation, so the opposition to the movement decreases until reaching a minimum 
when they are perfectly aligned with the fl ow direction of the fl uid. Conversely, in an 
extensional motion, the same rotation in the direction of motion produces an increase 
in viscosity as the particles or the fi bers resist the stretching induced in the material. 
The difference between the two viscosities depends very heavily on morphological 
characteristics of the solid phase dispersed (Barnes et al., 2000).

6.3 Rheometry

To defi ne the rheological behavior of a material, the procedures and tools used are 
not secondary variables. Given the importance of these aspects, a specifi c fi eld of 
rheology called ‘Rheometry’ has been developed. In this section the most important 
and diffused instruments and procedures used in the rheological characterization of 
materials are briefl y presented.

6.3.1 Main measuring instruments

There are several examples of instruments for measuring the rheological characteristics 
of fl uid systems. Some are defi ned as ‘absolute’ and are based on the measurement 
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Figure 6.15 Model of extensional uniaxial fl ow when a force F is applied on a sample.
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of physical quantities such as absolute forces, torques, strains and speeds. The flow 
conditions which occur in the material are the closest possible to those required 
for a proper assessment of the rheological behavior of the samples. The flow is as 
simple and as laminar as possible; the speeds and forces are known. Instruments 
with these characteristics are called ‘rheometers’. The results that are obtained can 
be expressed in absolute units, such as the Pascal per second as regards viscosity. 
They may be considered the top level instruments in the rheological characterization 
of a fluid system.
 Other tools widely used industrially for their simplicity and low cost are defined 
as ‘relative’ viscosimeters. Using them the flow conditions of the samples are not so 
known for an accurate rheological definition as the previous ones. In fact the flow 
of the fluids is not often well defined and controlled. The flow is non-laminar, the 
shear rates are not always constant but often complex and not well defined, the shear 
stresses are not well known nor controlled in any point of the sample. For all these 
reasons, the results obtained on non-Newtonian fluids with this class of instruments 
should be considered relative, good for qualitative comparisons between samples, 
but not expressible in absolute units.

6.3.2 Relative instruments

In this category, the most common for use with fluids such as geopolymers are: the 
Ford cup, the Gallenkamp viscosimeter and the rotational ‘Brookfield’ viscometer. 
On the basis of analogies with cements, also methods such as the slump test must 
be considered.
 The Ford cup (Figure 6.16) is essentially a funnel with an orifice located at 
the bottom, of a defined and known diameter, from which the material is poured 

Figure 6.16 Ford cup.
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out by gravity. The measurement is performed by filling the funnel with a known 
volume and measuring the time it takes to empty: the greater is the efflux time, 
the greater the viscosity of the fluid. It is possible either to change the diameter of 
the orifice (in order to extend the range of measurable viscosity) or to perform the 
measurements to have an idea of the sample time-dependence. The regime of motion 
of the material is a mixture of shear and extensional flow with large variability of its  
characteristics.
 The Gallenkamp viscometer (Figure 6.17(a)) is formed by a measuring steel 
rotor, generally cylindrical in shape, hanging from a cable of harmonic steel. The 
cylinder is immersed in the sample and then rotated 360° so as to put the metal wire 
in torsion. When left free, the torsion of the wire generates a restoring force that 
allows the rotor to turn toward the starting position while the suspension opposes the 
motion because of its viscosity. The cylinder then slows down to a stop at a certain 
angle with respect to the initial position. From the measurement of this angle the 
viscosity of the sample is derived. The condition of motion that is generated within 
the suspension during the test is neither constant nor simple to model. Also in this 

Figure 6.17 (a) Gallenkamp and (b) Brookfield viscosimeters.

(a) (b)
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case it is possible to perform measurements so as to have an idea of the sample 
time-dependence.
 The ‘Brookfield’ viscometer (Figure 6.17(b)) is an electrical rotational instrumentation 
so used that the brand name has become the synonym for this model. It is based 
on the measurement of the torque required to turn a rotor immersed in a fluid 
at a constant rotation speed. As the rotor is indented, a variously shaped tool is 
immersed in the sample and connected to the electric engine of the instrument. The 
most common ones have the form of flat discs, called ‘spindles’, connected to the 
viscometer through a vertical shaft. There are others of cylindrical shape or in the 
form of a small palette. The spindles can rotate at different speeds.
 All the instruments described can be usefully employed for measuring the 
viscosity of Newtonian samples, but for the non-Newtonian ones there are strong 
limits and therefore they can only be used for relative measures and careful analysis 
of the results is still required. The same considerations are valid for the instruments 
described below. 
 The slump test is probably the most widely used method for determining the 
fluidity of fresh concrete and hence similarly for fresh geopolymers. The test, 
normed by EN 12350-2 (Figure 6.18), owes part of its diffusion to its simplicity, 
low cost of the equipment used, the easy interpretation of results, and the fact that 
it can be performed both on site and in the laboratory. It is based on the evaluation 
of the deformation that a slurry, in the shape of a truncated cone, called an Abrams 
cone, by means of a suitable container, undergoes the effect of its own weight. 
The test takes place before moistening the mold, then putting it on a rigid, smooth, 
moist, non-absorbent horizontal surface. The cone is then filled up quickly so as to 
eliminate any air pockets that may be present in accordance with written procedures. 
After the cone is filled, the paste surface is smoothed and the mold is removed, in 
a period of between 5 and 10 seconds, lifting it with care in the vertical direction. 
Immediately after the removal of the Abrams cone, the slump S is measured as the 
difference between the nominal height of the cone (hm = 300 mm) and the highest 
point of the sample.
 Based on the result of the slump test, five classes of consistency are identified 
ranging from a moist texture (slump from 10 to 40 mm) to a superfluid behavior 
(slump ≥ 220 mm). From the data of the slump test, we can get a measurement of 
yield stress. Among the proposed equations, the following is one of the most used 
(Ferraris and de Larrard, 1998):

Slump S

Figure 6.18 Slump test.
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where s0 is the yield stress in Pa, s is the slump in mm and s the density in 
kg/m3.
 Slightly different versions of the method are the following:

1. The mini-slump test is a variation of the slump test with reduced size. In fact the cone is 
smaller than the Abrams cone (h = 57 mm). The cone is placed at the centre of a square 
of glass or other similar material on which are depicted diagonals and medians. Once the 
cone is fi lled and lifted, after a minute the average enlargement of the sample along the 
diagonals and medians is measured. High average values correspond to high fl uidities 
and vice versa.

2. The mini-fl ow test is a variant of the mini-slump test (see ASTM C230) where, once 
raised, the mold taper is placed on a plastic surface, which is raised and lowered 15 times 
in 15 seconds favoring the spreading of the sample. The measurement is performed by 
determining the diameter or area of the sample on the surface. Also in this case, high 
average values correspond to high fl uidities and vice versa.

The data obtained using these methods have been used by some researchers in 
practical applications, but provide less rich information than rotational methods 
(Criado et al., 2009). The method also allows the effect of time on the characteristics 
of the suspension to be measured. In fact, the viscosity increases with time and this 
is measured by a decrease in the area of spreading of the sample after the lifting of 
the cone. The use of mini-slump tests allows the effect of additives such as Na2O 
on the rheology of geopolymers based on foundry slag to be highlighted (Qing-
Hua and Sarkar, 1994) and also on high calcium fl y ash (Chaimoon et al., 2012). 
In the work it is reported that the viscosity increases with the increasing of sodium 
silicate in the formulation. The surface of the geopolymer after the lifting of the 
cone decreases with respect to the suspension without silicate. The same effect, 
qualitatively speaking, is observed by adding calcium hydroxide to the suspension.  
In general, however, the mini-fl ow test method is judged more suitable for Portland 
cement rather than for geopolymers as good correlations have not been found with 
the results of methods described in the next section (Tattersall and Banfi ll, 1983; 
Beaupré and Mindess, 1998).

6.3.3 Instruments for absolute measurements

These tools can be divided into two types: searle and couette. In the fi rst case the 
sample is placed on a surface or inside a cylindrical container, then the measuring 
system is placed in contact with the material. During the measurement, the cylindrical 
container is put in rotation. In the second case, it is vice versa: the sample is a cup 
that rotates while the bob, immersed into the sample, remains stationary. 
 The measurement systems have different shapes: cylindrical, conical and fl at. The 
former are combined with cylindrical containers while others require that the samples 
are placed on a fl at surface. They are schematically presented in Figure 6.19. The 
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measurements can be made in two ways: (a) controlled stress and (b) controlled shear 
rate. In the former, the shear stress is imposed on the sample and the resulting shear 
rate is measured (rheometer works in control stress mode or CS). In the latter the 
shear rate is imposed and the necessary shear stress is measured (rheometer works 
in control rate mode or CR).

6.3.4 Procedures for measurement and analysis of results

The instrumentation described in the previous sections must be used according to 
procedures adapted to measure the rheological properties of interest. The sample in 
fact responds according to how it is solicited during the test. In the field of rheometry 
some ‘standard’ procedures were developed and below some of the most used are 
reported. The first, represented in Figure 6.20(a) and called a ‘loop test’ consists of 
increasing the shear rate (or shear stress) from a minimum to a maximum value in 
a linear manner and then decreasing it back down to the starting value. The cycle 
can be repeated several times, generally two or three times. The results, shown in 
Figure 6.20(b), allow the following information to be obtained: whether the system 
is Newtonian, the viscosity at different shear rates, the presence of time-dependence, 
and yield stress. The time-dependence is more properly evaluated with procedures 
such as those shown in Figure 6.21. The first is an example of an on-off procedure 
(Figure 6.21(a)). It consists of a succession of periods in which the sample is 
subjected to constant shear rates (or shear stress) for a defined time and by periods 
of rest to increasing times.
 In addition to time-dependence, the measurement obtained allows evaluation of 
the kinetics of the microstructure’s reconstruction of the sample. The second standard 
procedure, known as the steps procedure (Figure 6.21(b)), consists of subjecting the 
sample to shear rates (or shear stresses), gradually increasing each one for a time 
sufficient to achieve a situation of equilibrium. Once the maximum value of shear 
rate is reached, the sample goes back down the curve to the lower limit. The resulting 
viscosity allows estimation of the time-dependence in different flow regimes and at 
the same time the viscosities at different shear rates.

 (a) (b) (c)

Couette

Searle

Figure 6.19 Most common measuring system tools used in rotational rheometers: (a) searle 
and couette in coaxial cylinders; (b) cone-plate and (c) plate-plate.
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 The measurement of the viscoelastic properties is achieved using mainly two 
types of measure: the ‘creep and recovery’ and the ‘oscillatory’ measurements. The 
first consists in applying a constant shear stress on the material and to record the 
deformation of the sample over time (creep). Over a short time, elastic behavior is 
more pronounced while at long times the viscous behavior is more in evidence. The 
stage of creep can follow the stage of recovery where the shear stress is cancelled, and 
the deformation is observed in the reverse direction due to the elastic component. 
 The procedure of oscillatory measurement, as already seen in Section 6.2.5, consists 
in applying to the material a shear stress or a deformation that varies sinusoidally 
in intensity and direction according to an imposed frequency w. This induces a 
deformation in the material which is partly elastic and partly viscous. With tools like 
absolute rheometers it is possible to differentiate the two contributions by measuring 
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Figure 6.20 (a) Loop test and (b) example of results for a non-Newtonian and time-dependent 
sample.
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Figure 6.21 (a) On-off and (b) steps procedures.
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them through parameters such as G¢ and G≤. However, there are also other valid 
procedures for measuring these and other rheological properties. For more details, 
refer to the recommended readings at the end of the chapter.

6.4 Examples of rheological behaviors of geopolymers

Up to the present, few scientific papers have studied deeply the rheology of geopolymeric 
suspensions and pastes. The results found in the scientific and technological literature 
show that geopolymeric suspensions with formulations suitable for casting, or 
aqueous suspensions with a medium–high solid content, show a trend ranging from 
Bingham to shear thinning.
 If an aqueous suspension of a metakaolinitic geopolymer with a solid content around 
60 wt.% is considered, it presents a non-null yield stress. In general, it is possible 
to observe that it is quite difficult to measure geopolymers because of the peculiar 
characteristics of these systems. In effect, they show sedimentation, evaporation as 
well as chemical reactivity. An approximate value can be calculated more easily, 
with all the limits of the method, by fitting the data obtained experimentally using 
classical rheological models. Values of yield stress between 7 and 25 Pa have 
been reported for samples with different solid contents, temperatures and additives 
(Romagnoli et al., 2012). 
 The experimental data may be fitted using, for example, the Herschel–Bulkley 
model:

  s = so + Kg·n (6.14)

where: s is the shear stress, s0 is the yield stress, g· the shear stress, and K and n 
are two constants used to fit the data. In particular, the latter provides a reference 
parameter to determine if the rheological behavior of the system is Newtonian, 
shear thinning or shear thickening. In particular, if n = 1, Eq. (6.12) becomes the 
Bingham model (6.4); if n = 1 and s0 = 0, the behavior is Newtonian; with n > 1 
the suspension is shear thickening; while with n < 1 and s0 > 0 the suspension has 
a shear thinning behavior with yield stress and without yield stress if s0 = 0. 
 Some authors consider the Bingham model as the better one to describe the 
experimental data (Palomo et al., 2005). However, such a model is not always 
satisfactory (Romagnoli et al., 2012). In some cases the Herschel–Bulkley model 
is able to better fit the experimental data because its three parameters give it more 
flexibility.
 In Figure 6.22 the 3D plots show the effect of the solid content and temperature on 
the n parameter of Herschel–Bulkley model. Figure 6.22(a) refers to freshly prepared 
suspensions, and Figure 6.22(b) shows the same suspensions but after 90 min of 
aging at constant temperature in a flask hermetically closed to prevent evaporation 
of the liquid phase. The additive used, a water soluble sodium polyacrylate with 
low molecular weight, has shown a null effect in the concentration used so it was 
not considered here.
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 The two graphs show that the n values are close or lower than 1. This means 
that the geopolymers have a shear thinning or at most Binghamian behavior (in fact 
all the samples have yield stress). After 90 minutes, the surface of the 3D plot is 
steeper and slightly lower than the surfaces for the just prepared suspensions. This 
may be due to the geopolymerization reactions that take place within the samples. 
The effect of temperature is more pronounced and inverse with respect to the solid 
content: as the temperature decreases the parameter n increases but the converse 
happens for the solid percentage.
 In Figure 6.23 it is possible to observe the effect of the solid and additive content 
on the yield stress in samples of metakaolin-based geopolymers just prepared and 
after 90 minutes of curing at constant temperature in a plastic bottle hermetically 
closed. In general, no null values are observed. The variations depend only on the 
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Figure 6.22 3D plot for n coefficient of Herschel–Bulkley model for aqueous suspension of 
metakaolin-based geopolymers, as function of solid content and temperature, for (a) fresh 
samples and (b) after 90 minutes with the addition of 0.10 wt.% of additive (Romagnoli 
et al., 2012).
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solid content rather than the additive and the temperature, in the range 20–35°C. 
With respect to temperature, the result should not be understood as evidence of the 
limited effect of this variable on the yield stress, but rather as its small influence on 
the considered range. In the case of the additive, it also appears ineffective in the 
explored interval of concentration.
 The yield stress increases as the solid content increases (Romagnoli et al., 2012; 
Phair et al., 2003). As shown in Figure 6.24, after 90 minutes the effect of additive 
and solid percentage remains the same as seen previously.
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Figure 6.23 Countor plot for yield stress of metakaolin-based geopolymer aqueous suspensions 
vs percentage of additive and solid content, for (a) fresh samples and (b) after 90 minutes at 
27.5°C. The data are obtained using the Herschel–Bulkley model (Romagnoli et al., 2012).
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Figura 6.24 Countor plot for yield stress (in Pa) of metakaolin-based geopolymers aqueous 
suspensions vs percentage of additive and solid content, for samples after 90 minutes of 
aging at (a) 20°C and (b) 35°C. The data are obtained using the Herschel–Bulkley model 
(Romagnoli et al., 2012).
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 However, at 20°C the yield stress is generally lower than in the freshly prepared 
samples and measured at the same temperature. On the contrary, the samples 
maintained at 35°C, after 90 minutes, always have a yield stress higher than the 
samples measured at the same temperature immediately after their preparation. These 
differences may be due to the polymerization reactions that are accelerated with the 
increasing of temperature.
 Not all the additives have shown scarce effect on the rheology of these systems. 
In the case of fly ash-based geopolymer, additives normally used for OPC, such as 
purified lignosulphonate, modified polycarboxylic ethers, and melamine-derived 
synthetic polymers, have shown the effectiveness to change viscosity and yield 
stress. Figure 6.25 shows their effect measured with a flow table spread (Spanish 
standard UNE 80-116-86) (Criado et al., 2009).
 Regarding the viscosity at low shear rates, it is observable that the solid content 
is the main parameter that determines the value of viscosity both in the freshly 
made suspension (Figure 6.26(a)) and after an aging of 90 min (Figure 6.26(b)). 
However in the latter, the increasing of the viscosity with the solid content is more  
evident. 
 Moreover, in the time range of aging observed in the paper by Romagnoli et al. 
(2012), the temperature works in the opposite way with respect to the well-known 
effect of this parameter on the rheology of a suspension. In fact, if generally an 
increase of temperature determines a decrease of viscosity, in the metakaolin-based 
geopolymer samples, an increase of temperature can determine an increase of 
viscosity. This reverse trend could be assumed to have the same explanation seen 
for the increase of yield stress with temperature.
 As expected on the basis of the shear thinning behavior of the samples, with the 
increasing of the shear rate the viscosity decreases as observed in Figure 6.27, where 
the viscosity is measured at 300 s–1 versus solid content and additive percentage in 
freshly and aged samples, in comparison with Figure 6.26, where the viscosity is 
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Figure 6.25 Flow table spread in fly-ash mortar (Ref) with respect to the same fly-ash mortar 
with some commercial additives (Car = modified polycarboxylic ethers; Mel = melamine-
derived synthetic polymers; Lig = purified lignosulphonate) (elaborated data from Criado 
et al., 2009).



Rheology parameters of alkali-activated geopolymeric concrete binders 163

measured at 10 s–1. The effect of solid content is still the main parameter while the 
effect of additive is very poor.
 Therefore the viscosity, measured with a rotational rheometer permits control 
of the progress of the reactions inside the geopolymeric suspensions (Palomo et 
al., 2005). On the contrary the yield stress does not always seem to be an efficient 
rheological parameter for following the kinetics of geopolymerization.
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Figura 6.26 3D plot for viscosity at 10 s–1 for aqueous suspension of metakaolin-based 
geopolymers, as a function of solid content and temperature, for (a) fresh samples and (b) 
after 90 minutes with the addition of 0.10 wt.% of additive (Romagnoli et al., 2012).



Handbook of Alkali-activated Cements, Mortars and Concretes164

6.4.1 Viscoelastic behavior 

Oscillatory measurements allow even better analysis of the trend of geopolymerization 
from the very early minutes after the mixing of the components. In effect, when 
conducted in the range of linear viscoelasticity, the oscillations produce only little 
stress on the material that does not substantially alter the three-dimensional structure 
formed during the reactions. Moreover, they are very sensitive to microstructural 
changes in the sample during the geopolymerization reaction.
 In general, for samples obtained with metakaolin, the storage modulus G¢ exceeds 
the loss modulus G≤ after the mixing of the components (Figure 6.28). In the G¢ curve 
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Figure 6.27 3D plot for viscosity at 300 s–1 for aqueous suspension of metakaolin-based 
geopolymers, as a function of solid content and temperature, for (a) fresh samples and (b) 
after 90 minutes with the addition of 0.10 wt.% of additive (Romagnoli et al., 2012).



Rheology parameters of alkali-activated geopolymeric concrete binders 165

it is possible to observe the effect of the dissolution of the aluminosilicates. As a 
consequence, the store modulus increases due to the formation of oligomers into the 
suspensions. The oscillatory measurements also permit differentiation of the effect of 
the alkaline base used: NaOH or KOH. The G¢ and G≤ curves crossing may be due 
to the formation of links among the monomers produced by the dissolution of the 
metakaolin to form stronger structures. The predominance of the elastic properties 
is reached, therefore, very early in the geopolymeric system. On the contrary G≤ is 
initially constant and after falls to zero.
 Measurements in oscillatory mode are very sensitive to temperature and alkaline 
activators.
 With increasing sodium hydroxide, an increase of the slope of G¢ and a more 
rapid consolidation of the material was observed. Substituting sodium hydroxide with 
potassium hydroxide meant a longer time was required for the elastic modulus to 
grow, so predominantly viscous modulus was observed (Poulesquen et al., 2011).

6.4.2 Workability tests of geopolymers compared to OPC 

Alkali-activated slag (AAS) concrete has been found to have some superior properties 
as compared to OPC concrete, namely, low heat of hydration, high early strength, 
and excellent durability in aggressive environments (Roy and Idorn, 1982; Pu et al., 
1988; Bakharev et al., 1999). Nevertheless, there are some workability problems 
that impede its practical application (Collins and Sanjayan, 1999). 
 An interesting paper by Bakharev et al. (2000) tried to rationalize the study of 
workability of concrete that incorporated alkali-activated slag as the only binder. 
The activators were liquid sodium silicates (4 ± 7% Na, mass of slag) and a multi-
compound activator (NaOH + Na2CO3) (8% Na, mass of slag). To ameliorate 
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Figure 6.28 Qualitative trend of storage modulus G¢ (solid line) and loss modulus G≤ (dashed 
line) versus aging time for a geopolymer during curing (elaborated data from Poulesquen 
et al., 2011).
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the workability, measured by the slump loss test, different additives have been 
proposed: superplasticizer based on modified naphthalene formaldehyde polymers 
(S), air-entraining agent (AEA), water-reducing (WRRE), shrinkage-reducing (SHR) 
admixtures at dosages of 6 ± 10 ml/kg, and gypsum (G) (6% of slag weight). Concrete 
activated by liquid sodium silicate had the best mechanical properties. AEA, SHR, 
and G significantly reduced its shrinkage but only AEA improved also workability 
and had no negative effect on compressive strength (Figure 6.29) (Bakharev et al., 
2000; Jang et al., 2014).
 Alkali-activated slag and Portland cement (OPC) mortars were also compared in 
term of workability with mini-slump tests (truncated conical mold 19 ¥ 38.1 ¥ 57.2 
cm3) (Palacios and Puertas 2005). Mortars were prepared with quartz as aggregate 
to binder ratio of 2:1 and with 0.5 liquid to solid (l/s) ratio. An important effect of 
the two types of alkaline solutions used to activate the blast furnace slag mortars 
was found. NaOH and waterglass both in two different concentrations of Na2O were 
used, 4% and 5% by mass of slag.
 As shown in Figure 6.30 the waterglass (WG) addition to blast furnace-activated 
geopolymer decreases the flowability with respect to NaOH, OPC still maintaining 
the highest values of slump.
 In Figure 6.31 the initial and final setting times of the activated slag pastes are 
reported in comparison to the Portland cement paste. It can be observed that the 
setting time of the geopolymers were much shorter than for OPC. NaOH-activated 
slag pastes with 4% and 5% of Na2O were observed to have very similar setting 
times, although compared to the WG-activated pastes, the initial times were slightly 
longer and the final times shorter in most cases. However, the setting times for the 
pastes could be extended significantly by adding naphthalene-based superplasticizer 
(1% of additive by mass of binder) (Palacios and Puertas, 2005).
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Figure 6.29 Effect of admixtures on slump loss for AAS concrete samples with sodium silicate 
activator (data elaborated from Bakharev et al., 2000).
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6.4.3 Defect related to rheological behavior 

Examples of defects associated with unsuitable rheological behavior can be very 
numreous. Below we report a short list of the most important.

1. In the case of slip casting, the incomplete filling of the mold in all its parts may depend on: 
too high a viscosity; too high value of yield stress or an excessive time-dependence of the 
suspension. In particular, a high kinetic of rebuilding of viscosity is highly dangerous.

2. In the case of extrusion or inject molding, a high viscosity produces overheating of the 
paste and extruder. In these conditions, the process can become irregular with the onset 
of deformation or fracture in the extruded materials. Acceleration of the process of 
geopolymerization is also possible due to the rise of temperature as seen in Section 6.4.

3. Again in extrusion, too high a viscosity can produce a strong friction between the material 
and the internal surfaces of the extruder and screw. As a result, pollution is observable in 
the material jointly with an accelerated wear of the extruder.
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Figure 6.30 Development in time of the slump of the alkali-activated slag and Portland cement 
pastes (data elaborated from Palacios and Puertas, 2005).
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final setting times were determined according to European standard EN 196-3 (data elaborated 
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4. Too high a viscoelasticity of the paste may produce superficial defect such as the well-
known shark skin (a regular ridged surface distortion, with the ridges running perpendicular 
to the extrusion direction).

5. An excessive viscosity produces the incorporation into the paste of air bubbles during the 
mixing phase. The air that is not eliminated may produce excessive porosity, reduction 
of mechanical strength, and low surface bulk quality.

6.5 Future trends

The scientific and technical works on the rheology of geopolymers are very few despite 
the importance of the topic. Among the future trends in geopolymer investigations, 
rheology has to be pursued to increase the knowledge of rheological behavior and 
in particular the effect of various parameters such as the following.

1. The temperature at which the consolidation of the geopolymer occurs. This physical 
parameter has an important effect on the reaction kinetics.

2. The effect of the geopolymer composition and the degree of amorphicity in the raw 
materials. These two aspects determine a different dissolution kinetics of the raw materials 
which have an effect on the rheological behavior.

3. The effect of cations and anions present in the water used to prepare the mixture. In 
the industrial field distilled water or water at controlled and constant composition often 
cannot be used. The variation of cations and anions may have an important effect on the 
rheological parameters such as viscosity, yield stress and the time-dependence.

4. To find additives capable of reducing or, more generally, correcting the viscosity of the 
geopolymeric suspensions thus allowing the viscosity to be reduced and the solid content 
to be increased. This produces more resistant geopolymer from the mechanical point of 
view.
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7Mechanical strength and 
Young’s modulus of alkali-
activated cement-based binders
M. Komljenović
University of Belgrade, Belgrade, Serbia

7.1 Introduction

The majority of published studies on alkali-activated binders (AAB) have focused on 
the compressive and flexural strength as the most important mechanical properties. 
Compressive strength testing, due to its simplicity and availability is commonly 
used as a basic measure of usability of different materials in the synthesis of AAB. 
For some materials, such as concrete, the compressive strength is one of the most 
important material properties used by engineers when designing and building 
structures. Compressive strength testing also represents a valuable tool by which the 
synthesis-structure-properties relationship of AAB may be analyzed. Understanding 
this relationship is of crucial importance for practical applications. 
 Tensile testing is a fundamental mechanical test used to determine the Young’s 
modulus of elasticity and other tensile properties. Elastic properties of materials 
under applied force are of particular importance for construction applications. 
Generally AAB, like cement-based systems, exhibit poor tensile and flexural 
properties. The standardized correlations for the prediction of elastic modulus of 
Portland cement concrete as a function of compressive strength are commonly used 
in practice. However, the use of existing empirical equations for the prediction of 
elastic properties of AAB leads to errors due to significant differences in properties 
of these two systems. New correlations between elastic modulus and compressive 
strength should be established for the AAB concrete. The incorporation of fibers is a 
plausible solution for overcoming this deficiency as it changes AAB brittle behavior 
with significant improvement in tensile properties.

7.2 Types of prime materials – solid precursors

Most common types of prime materials used for AAB production are metallurgical 
slags, thermally activated (calcined) clays, and coal combustion-based fly ashes. 
Ground granulated blast furnace slag (BFS) is the most widely used metallurgical 
slag for the production of AAB (Shi et al., 2006; Ben Haha et al., 2011a; Rashad, 
2013b). On the other hand, calcined clays (metakaolin) and fly ash (ASTM C 618 
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Class F and Class C) are the most frequently used aluminosilicate prime materials in 
geopolymer synthesis (Duxson et al., 2007a; Komnitsas and Zaharaki, 2007; Davidovits, 
2008; Provis and van Deventer, 2009; Blissett and Rowson, 2012; Rashad, 2013a; 
Shaikh, 2013). The strength of AAB depends on the type of the prime materials. 
AAB produced from calcined prime materials, such as slag, metakaolin and fly ash 
most commonly achieve higher strength than AAB from non-calcined prime materials 
(Xu and van Deventer, 2002). Calcined materials are mostly amorphous since the 
calcination process activates materials by changing their crystalline into amorphous 
structure, which provides extra energy storage and activity increase.
 The basic types of prime materials differ markedly in physical, chemical and 
mineralogical properties. Each of these factors is important, which means that a 
simple specific procedure for the production of AAB from different types of prime 
materials is highly unlikely to exist. The great value of metakaolin-based AAB or 
geopolymers, due to its chemical simplicity, is that it may serve as a basic model 
system for studying more complex alkali-activated systems, such as fly ash-based 
geopolymers (van Deventer et al., 2007). Davidovits (1989, 1991) was the first to 
coin the term ‘geopolymer’ by combining two distinct properties of AAB: similarity 
to natural geological systems and its polymeric structure.
 AAB are most commonly based on BFS, metakaolin and/or fly ash. Despite 
the fact that other prime materials have been used to a limited extent, it is worth 
mentioning such materials as their use represents alternative routes for the production 
of AAB. Ladle slag (Natali Murri et al., 2013; Bignozzi et al., 2013), phosphorus 
slag (Shi et al., 2006), ferronickel slag (Komnitsas et al., 2009, 2013), non-ferrous 
metallurgy slags (Pontikes et al., 2013), red mud (Pan et al., 2003; Kumar, A. and 
Kumar, S. 2013), waste ceramic (Sun et al., 2013), tungsten mine waste (Pacheco-
Torgal et al., 2008a, 2010; Pacheco-Torgal and Jalali, 2010), copper mine tailings 
(Ahmari and Zhang, 2013), fluid catalytic cracking catalyst residue (Tashima et al., 
2012; Rodríguez et al., 2013), air pollution control residues glass (Kourti et al., 
2011), cement-rich fraction of construction and demolition waste (Shui et al., 2011; 
Payá et al., 2012), municipal solid waste incineration ash (Lancellotti et al., 2010; 
Zheng et al., 2011), palm oil fuel ash (Mijarsh et al., 2014; Yusuf et al., 2014), 
rice husk and bark ash (Songpiriyakij et al., 2010; Wongpa et al., 2010), volcanic 
ash (Lemougna et al., 2011, 2014; Tchakoute et al., 2013), kaolinitic clay (Slaty et 
al., 2013), natural zeolite (Villa et al., 2010) and natural pozzolans (Bondar et al., 
2011, 2013) have been used among others.

7.3 Compressive and flexural strength of alkali-
activated binders

During the alkali activation process, the vitreous phase of prime materials dissolves, 
forming calciumsilicate or aluminosilicate gel afterwards (Li et al., 2010). This 
reaction depends on a whole series of parameters such as: particle size distribution, 
chemical composition, amount of vitreous phase in prime materials, as well as the 
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nature, concentration, and pH of activators (Davidovits, 1991, 2008; Shi and Qian, 
2000; Shi et al., 2006, 2011; Khale and Chaudhary, 2007; Provis and van Deventer, 
2009; Juenger et al., 2011; Lyu et al., 2013). Conditions of the reaction, i.e. the 
curing conditions (temperature, relative humidity, curing time), also show a great 
influence on the development of microstructure, and thereafter on the mechanical 
properties of AAB.

7.3.1 Chemical properties of prime materials

Slowly cooled slags tend to be crystalline and non-reactive. However, many rapidly 
cooled (granulated or pelletized) slags can contain crystalline inclusions. The 
chemical composition and highly amorphous nature of BFS favor the development 
of high strength of alkali-activated BFS. The strength also depends on the basicity 
(CaO/SiO2 or CaO + MgO/SiO2 + Al2O3 ratio) of the slag. Under the same reaction 
conditions basic slag develops much higher strength compared to acid and neutral 
slag (Wang et al., 1994).
 Higher MgO content of the slag resulted in a faster reaction and higher paste 
compressive strengths (50–80% increase after 28 days) of silicate-activated BFS, 
but in the case of hydroxide-activated BFS the strength increase was quite limited 
(Ben Haha et al., 2011b). Mortar strength testing showed less distinct effects than 
observed for the pastes. Higher Al2O3 content of the slag resulted in a slower reaction 
and a lower compressive strength during the first days. At 28 days and longer, no 
significant effects of slag Al2O3 content on the compressive strengths were observed 
(Ben Haha et al., 2012). On the other hand, small addition of Al2O3 powder to sodium 
silicate-activated slag concrete resulted in significant compressive strength increase 
(Sakulich et al., 2010). After 28 days of curing at room temperature the strength 
of alkali-activated slag (AAS) concrete was ~65 MPa, compared to ~45 MPa for 
concrete without Al2O3 addition.
 The purity of metakaolin is the dominant factor affecting geopolymer strength 
(San Nicolas et al., 2013; Autef et al., 2013a, 2013b; Arellano-Aguilar et al., 2014). 
Strength of geopolymers increases with purity of metakaolin. Calcination temperature 
of kaolin also has great influence on the environment of aluminum atoms in the 
metakaolin and consequently on the structure and mechanical properties of metakaolin-
based geopolymers (Wang et al., 2010). Commercially produced metakaolin usually 
has high levels of purity as well as consistent chemical composition and properties 
(Kuenzel et al., 2013). Thermal pre-treatment of common clays in reducing atmosphere 
provides better performance of clay-based geopolymeric binders than treatment of 
clays in oxidizing atmosphere at the same temperature (Seiffarth et al., 2013).
 The availability of aluminum for the reaction is one of the most important factors 
that influence the geopolymer strength (Weng et al., 2005; Steveson and Sagoe-Crentsil, 
2005a; Duxson et al., 2007a). Maximum compressive strength of metakaolin-based 
geopolymers was usually achieved when the Si/Al and Na/Al ratios were 1.9–2.5 
and 1.0–1.3, respectively (Rowles and O’Connor, 2003; Duxson et al., 2007b). 
On the other hand, Burciaga-Díaz and Escalante-García (2012) reported maximum 
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compressive strength (~80 MPa) of metakaolin-based geopolymer at SiO2/Al2O3 = 
3.0 and Na2O/Al2O3 = 0.7 molar ratios. Ruiz-Santaquiteria et al. (2013) studied the 
suitability of three common clays for use as prime materials in the production of 
alkaline cements. Red, white and ball clay, dehydroxylated at 750°C for 5 h, were 
activated with sodium hydroxide and cured at 85°C and 90% relative humidity (RH) 
for 20 h. It was observed that when the reactive phase content was above 50%, 
the reactive SiO2/Al2O3 ratio in the starting materials had a larger impact than the 
amount of reactive phase on the developed strength.
 Coal-fired fly ashes are relatively cheap and readily available industrial by-products. 
However, fly ashes are highly heterogeneous prime materials with variable chemical 
and physical properties not only from source to source, but from batch to batch (van 
Deventer et al., 2007; Vassilev and Vassileva, 2009; Komljenović et al., 2009; Diaz 
et al., 2010). Vassilev and Vassileva (2007) have developed a new approach for the 
classification system of coal fly ashes (FAs) based on their origin, phase-mineral 
and chemical composition, properties and behavior (Figure 7.1). Medium and high 
acid fly ashes have the highest amount of glassy phase, highest pozzolanic activity, 
and most likely high potential for alkali activation. Valcke et al. (2013) proposed a 
new method for screening coal combustion fly ashes for application in geopolymers 

Figure 7.1 Classification system of 41 fly ashes from 37 coal-fired thermo-electric power 
stations in Spain, Bulgaria, The Netherlands, Italy, Turkey, and Greece (wt.%): (a) chemical 
classification; (b) phase-mineral classification (P: pozzolanic; I: inert; A: active; M: mixed) 
(reprinted from Vassilev and Vassileva, 2007, Copyright © 2007, with permission from 
Elsevier).
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Figure 7.1 Continued

based on electron microscope feature sizing and chemical typing (FS&CT). Inter-
particle variations in chemistry and size can be quantitatively measured and related 
to the reactivity of the fly ash.
 The amount of reactive silicon and aluminum of fly ash also plays an important 
role in the strength development of alkali-activated fly ashes (Steveson and Sagoe-
Crentsil, 2005b; Chindaprasirt et al., 2009). Fernández-Jiménez et al. (2006a) 
studied properties of sodium hydroxide activated Class F fly ashes. Very high mortar 
strength (70-80 MPa) was achieved after 7 days of reaction at 85°C under relative 
humidity >95%. It was concluded that the best performing fly ashes under alkaline 
activation are ashes with high reactive SiO2 and Al2O3 contents and ‘(Si/Al)reactive’ 
ratios below 2. In some cases the effective aluminum in fly ashes is insufficient 
for geopolymerization, and additional Al-source materials, such as metakaolin, are 
required to provide VI-coordinated aluminum to meet the effective SiO2/Al2O3 ratio 
requirement (Wu and Sun, 2010).
 Besides the high content of vitreous phase, low calcium content of fly ashes is 
another important factor which determines the reactivity and properties of fly ash-
based geopolymers (Winnefeld et al., 2010). High calcium (ASTM Class C) fly 
ashes provided much lower geopolymer strength than low calcium fly ashes, due 
to the lower alkali aluminate silicate hydrate contents, and a much more porous 



Handbook of Alkali-activated Cements, Mortars and Concretes176

microstructure formed. On the other hand, adding small amounts of calcium hydroxide 
(8%) to low calcium fly ash resulted in a remarkable increase in strength of sodium 
hydroxide activated fly ash (Dombrowski et al., 2007). However, high calcium fly 
ash-based geopolymer can also achieve high strength by providing optimal design 
and procedure (Chindaprasirt et al., 2007; Guo et al., 2010; Diaz-Loya et al., 2011). 
Furthermore, 100% Class C fly ash concrete can develop high strength even without 
chemical activator (Berry et al., 2011). Finally, it can be concluded that calcium 
content is an oversimplified criterion for estimating the quality of fly ashes as prime 
sources for AAB production.

7.3.2 Physical properties of prime materials

Particle size or fineness is a key physical factor influencing the mechanical properties 
of AAB. Reactivity of prime materials increases as fineness increases (particle size 
decreases). However, increase of fineness over a certain threshold value may have an 
adverse effect on strength due to the higher water demand. Higher (mortar or paste) 
compressive strength can be achieved by increasing fineness of BFS, especially at 
early ages (Brough and Atkinson, 2002; Križan et al. 2005). Wang et al. (1994) 
suggested the optimal fineness of BFS in the range between 400 and 550 m2/kg. 
However, the BFS fineness increasing can cause significant shortening of setting 
time of alkali-activated BFS (Križan, 2005). On the other hand, partial replacement 
of slag with ultra-fine slag (~1500 m2/kg) showed significantly greater strength 
than AAS at ages greater than 1 day, with minimal loss of concrete workability 
(Collins and Sanjayan, 1999a). BFS fineness can be significantly increased either 
by classification (extraction of the fine fraction), for example by the cyclone 
segregation method (Lim et al., 2012), or by mechanical activation (Kumar et al., 
2005, 2008), resulting in the increased reactivity of BFS as well. Reactivity of 
other types of slag, such as silico-manganese slag, was also successfully improved 
by mechanical activation in eccentric vibratory mill (Kumar et al., 2013). Very 
high compressive strength (~100 MPa after 28 days of curing) of AAS paste was  
obtained.
 Weng et al. (2005) studied properties of geopolymers based on sodium silicate-
activated metakaolin of different SSA, and cured for 2 h at 85°C. It was found that 
higher specific surface area of metakaolin powders provided higher compressive 
strength of metakaolin-based geopolymers, which was, as in the case of alkali-activated 
BFS, accompanied by shorter setting time. Granizo et al. (2007) have also found 
that flexural strength of sodium silicate-activated metakaolin was directly impacted 
by the specific surface of metakaolin. Commercially available metakaolin usually 
contains very small particles, whereby the mean particle size (d50) is only a few mm 
(Duxson et al., 2005; Kuenzel et al., 2013). Mechanical activation of commercial 
raw kaolin was found to reduce its particle size and increase its specific surface 
area (Hounsi et al., 2013). Consequently, geopolymer strength of mechanically and 
sodium silicate-activated kaolin was improved by 76% with respect to the solely 
chemically activated kaolin and under same curing conditions. The addition of 1% 
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of nano-SiO2 particles with the average particle size of 10 nm improved the strength 
of metakaolin-based geopolymer (Gao et al., 2013).
 The particle size of fly ash plays an important role in the process of alkali 
activation. In order to determine potential reactivity of fly ash as alkaline cement, 
Fernández-Jiménez and Palomo (2003) have characterized groups of Spanish fly 
ashes, alkali-activated by sodium hydroxide. The mechanical strength of fly ash-based 
geopolymers mortars, containing only fly ash particles lower than 45 mm, exceeded 
60 MPa after 1 day of curing at 85°C. High strength was also connected to the high 
reactive silica content present. The importance of fly ash particle size distribution 
was also later confirmed. Komljenović et al. (2010) studied a group of Serbian fly 
ashes activated by different alkali and alkaline earth activators. Regardless of the 
nature and concentration of the activator used, the geopolymer based on fly ash 
with the highest content of fine particles (<43 mm) showed the highest compressive 
strength in all cases. Chindaprasirt et al. (2011) also studied the effect of fineness of 
fly ash on geopolymer properties (setting time, workability, strength development, 
and drying shrinkage) made from air-classified high-calcium fly ash. The strength 
of mortars was improved using fine fly ash, but the setting time of paste decreased 
with an increase in fly ash fineness. High 28-day geopolymer mortar compressive 
strength of 86.0 MPa was obtained. Fineness of lignite bottom ash was also crucial 
for geopolymer strength development (Sata et al., 2012).
 In order to improve fly ash homogeneity and reactivity, van Riessen and Chen-
Tan (2013) studied the beneficiation of fly ash conducted in a three-stage procedure 
using sieving, milling and magnetic separation. At each stage of beneficiation the 
proportion of reactive amorphous material increased resulting in increased reactivity 
and strength of geopolymer paste produced. Compressive strength of all samples 
after 7 days of curing (24 h at 70°C) was 100 MPa or more with sieving producing 
a 32% increase in strength. Mechanical activation also proved to be successful in 
the case of fly ash (Kumar et al., 2007a, 2007b; Kumar, S. and Kumar, R., 2011). 
Vibratory milling was much more successful than attrition milling, giving up to 
a 50% improvement in strength of geopolymer pastes, and reaching up to 120 
MPa after 24 h curing at 60°C (Figure 7.2). On the other hand, attrition milling 
(in a planetary ball mill) of several Class F fly ashes proved to be quite successful 
resulting in the remarkable strength increase (more than 30 times) of fly ash-based 
geopolymer mortars, exceeding a strength of 70 MPa after only 4 hours of curing 
at 95°C (Marjanović et al., 2014) (Figure 7.3). Curing at room temperature (~90% 
RH) developed geopolymer mortar compressive strength of 30 MPa after 1 day, and 
57 MPa after 28 days (Nikolić et al., 2014). However, in both cases geopolymer 
setting time was very short.
 Particle shape significantly affects water demand and rheological properties, and 
consequently strength of AAB (Provis et al., 2010). Characteristic angular particles 
of BFS, spherical (solid or hollow) and irregular particles of fly ash, and angular 
layered (platy) particles of metakaolin have different properties showing different 
effects in each of these areas. More spherical particles present in the system means 
lower water demand and better workability. 
 The use of metakaolin in geopolymers is relatively problematic due to the high 
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Figure 7.2 Strength of geopolymers based on raw fly ash (RFA), classified fly ash (CFA) and 
mechanically activated fly ash using vibratory mill (VMFA), and attrition mill (AMFA) versus 
amount of NaOH (reprinted from Kumar et al., 2007b, Copyright © 2007, with permission 
from Elsevier).
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Figure 7.3 Correlation of geopolymer compressive strength and fly ash particle size (d50). 
Four different raw fly ashes (RFA) and mechanically activated fly ashes (MAFA). Adapted 
from Marjanović et al. (2014), with permission from Elsevier.

water demand experienced, while the use of fly ashes enhances the rheology and 
strength development (Provis et al., 2010; Rashad, 2013a; Zhang et al., 2014). 
Metakaolin obtained from industrial flash calciner contains more spherical particles 
and possesses lower specific surface area compared to metakaolin from traditional 
rotary kiln (San Nicolas et al., 2013). This higher circularity, associated with the lower 
specific surface area, provides better workability. However, the negative influence of 
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metakaolin on mortar workability, as well as the decrease of geopolymer compressive 
strength between 7 and 28 days of curing still remains (Duxson et al., 2007b; Rüscher 
et al., 2010; Pelisser et al., 2013; San Nicolas et al., 2013) (Figure 7.4).
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Figure 7.4 Compressive strength of geopolymer mortars with six metakaolins (MKF: flash-
calcined metakaolin; MKR: rotary kiln calcined metakaolin; three kaolins with different levels 
of purity) (reprinted from San Nicolas et al., 2013, Copyright © 2013, with permission from 
Elsevier).

7.3.3 Synthesis conditions

Fernández-Jiménez et al. (1999) studied the joint influence of a series of factors 
(specific surface of slag, curing temperature, activator concentration, and nature of 
alkaline activator) on the strength development of alkaline-activated BFS mortars 
up to 180 days. The most significant influencing factor was the alkaline activator 
nature, followed by the activator concentration, curing temperature, and, finally, 
the specific surface of the slag. The importance of influencing factors can also be 
extended to other alkali-activated systems.

7.3.3.1 Activator type and concentration

Although BFS does react with water (without any chemical activator), the rate of 
hydration is very slow (Song and Jennings, 1999). Mixing BFS with water will 
only provide hardened material if the reaction lasts for a very long period of time 
(Taylor et al., 2010). Therefore, the main purpose of alkali activator is to accelerate 
the hardening process. 
 The strength of alkali-activated BFS is highly affected by the activator type (nature) 
and concentration (Wang et al., 1994). BFS is usually more reactive than metakaolin 
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or fly ash, so BFS can be successfully activated not only by alkali hydroxides and 
silicates, but by alkali sulfates and carbonates as well (Shi, 1996; Bakharev et al., 
1999a; Živica, 2007; Xu et al., 2008; Pacheco-Torgal et al., 2008b; Rashad et al., 
2012, 2013). Activator dosage has a significant effect on strength of AAS cements, 
and there is an optimum dosage in most cases. However, the optimum dosage varies 
with the nature of the slag and alkali activators used, and the curing conditions (Shi 
and Day, 1996).
 The activation of BFS using NaOH results in high early (1 day) strength, but 
strength at 7 days and longer is lower than for the sodium silicate (waterglass) 
systems (Ben Haha et al., 2011a). Sodium silicate-activated BFS most commonly 
develops the highest strength (Fernández-Jiménez et al., 1999; Bakharev et al., 1999a; 
Burciaga-Díaz and Escalante-García, 2013), unfortunately usually accompanied by 
undesirable side effects, such as fast setting and/or high drying shrinkage (Wang 
et al., 1995; Bakharev et al., 1999b; Križan and Živanović, 2002; Živica, 2007; 
Komljenović et al., 2012; Bilim et al., 2013). Activation of BFS with KOH gave 
higher early (1 day) strength than for sodium silicate activation, but the subsequent 
strength development and strengths at later ages were much lower for the KOH 
system (Brough and Atkinson, 2002). Sodium carbonate activation of BFS provides 
significantly lower strength. However, setting time and drying shrinkage are more 
similar to the PC system (Atiş et al., 2009). The problem of undesirably short setting 
times for waterglass-activated slag mortars and concretes could also be overcome 
by extending mixing time (Palacios et al., 2008). Extended mixing time to up to 30 
min improved strength and reduced drying shrinkage as well (Palacios and Puertas, 
2011).
 Both compressive and flexural strength of alkali-activated metakaolin-based mortars 
increases with increase of sodium hydroxide concentration (Pacheco-Torgal et al., 
2011). However, increase of sodium hydroxide concentration reduces the workability 
of mortars. The flexural strength of metakaolin activated by sodium silicate and cured 
for 2 h at 85°C was greater than the strength of its analogue activated by NaOH 
alone (Granizo et al., 2007). Rowles and O’Connor (2003) studied the compressive 
strengths of sodium silicate activated metakaolin pastes with Si/Al molar ratios of 
1.0–3.0 and Na/Al molar ratios of 0.5–2.0. The polymers were cured at 75°C for 24 
h and their compressive strengths measured after aging for 7 days. The strength was 
found to depend systematically on the relative amounts of Si, Al, and Na, with the 
maximum being 64 ± 3 MPa for a Si/Al molar ratio of 2.5, and Na/Al molar ratio 
of 1.3. Increasing Si/Al and Na/Al molar ratios beyond the mentioned values led 
to a strength decrease. Duxson et al. (2005) also studied the relationship between 
sodium silicate-activated metakaolin-based geopolymer composition (Si/Al ratio 
between 1.15 and 2.15, and fixed Al2O3/Na2O ratio of 1), and mechanical properties 
of pastes. The geopolymers were cured at 40°C for 20 h. There was a rapid increase 
in the compressive strength of geopolymers with increasing Si/Al ratio. However, 
it was found that the optimal Si/Al ratio was 1.90, where maximum geopolymer 
strength (>70 MPa) was observed. At the highest Si/Al ratio of 2.15, the strength 
was reduced (Figure 7.5).
 Zhang et al. (2008) studied the influence of different parameters (SiO2/Al2O3, 
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K2O/Al2O3, and H2O/K2O molar ratios) on mechanical properties of metakaolin 
activated with potassium silicate and cured at 20°C and 95% RH for 28 days. SiO2/
Al2O3 molar ratio had the most significant effect on geopolymer compressive strength 
and the highest compressive strength (34.8 MPa) was achieved when SiO2/Al2O3 
= 4.5, K2O/Al2O3 = 0.8, and H2O/K2O = 5.0. The highest compressive strength 
(34.9 MPa) of metakaolin activated with sodium silicate was achieved at higher 
molar ratios: SiO2/Al2O3 = 5.5, Na2O/Al2O3 = 1.0, and H2O/Na2O = 7.0 (Zhang 
et al., 2010). Duxson et al. (2007b) studied the influence of mixed alkalis (sodium 
and potassium) ratio, and Si/Al ratio on mechanical properties of silicate-activated 
metakaolin-based geopolymer. The geopolymer pastes were cured at 40°C for 20 
h, and thereafter at ambient temperature and pressure until testing at the age of 7 
and 28 days. Regardless of the type of alkali and their ratio, maximum strength was 
again observed at an Si/Al ratio of 1.9. Minimal change in compressive strength of 
specimens was generally observed in specimens of different alkali or between 7 and 
28 days of aging. However, mixed-alkali specimens with high Si/Al ratio exhibited 
significant increases in strength, while pure alkali specimens displayed decreased 
strength.
 The nature of activator is one of the most dominant parameters in the alkali 
activation of fly ash. Komljenović et al. (2010) studied the influence of various 
activators and concentration on fly ash-based geopolymer mortar strength. Regardless 
of the fly ash properties, activation by sodium silicate provided the highest strength, 
due to dissolved and partially polymerized silicon. Concentration of activator can 
also considerably influence the mechanical characteristics of mortars based on 
alkali-activated fly ash (AAFA). The increase of activator concentration led to the 
compressive strength increase. Activation potential of the activators investigated 
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Figure 7.5 Young’s modulus and ultimate compressive strength versus Si/Al ratio of 
geopolymers. Error bars indicate the average deviation from the mean over the six samples 
measured (reprinted from Duxson et al., 2005, Copyright © 2005, with permission from 
Elsevier).
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(taking into account equal concentrations of 10% Na2O in relation to the mass of 
fly ash) was represented by the following pattern:

  KOH < NaOH + Na2CO3 < NaOH < Na2O·nSiO2

  minÆactivation potentialÆmax

The modulus of waterglass is also critical for the strength development of AAB. Wang 
et al. (2005) have found that the compressive strength of metakaolin-based geopolymers 
activated by a mixture of sodium silicate and sodium hydroxide, cured in an oven 
at 65°C for 10 h, increased along with the increase of NaOH concentration. Provis 
et al. (2009) studied the mechanical properties of geopolymer mortars synthesized 
from a single fly ash source using different sodium silicate modulus and liquid/solid 
ratios. Samples were cured sealed into plastic bags at 40°C for 3 days. A maximum 
in compressive strength (50–60 MPa) was found in the region of activator SiO2/
Na2O mole ratio of 1–1.5, and liquid/ash mass ratio of 0.5–0.8.
 Sodium aluminate, especially as an industrial waste source, showed significant 
potential in the process of alkali activation. Phair and van Deventer (2002) investigated 
various fly ash-based geopolymeric matrices activated with alkali silicate or alkali 
aluminate solutions. In some cases aluminate-activated geopolymers provided higher 
strength than traditional silicate-activated geopolymers. Van Riessen et al. (2013) 
explored a synergy between the alumina and geopolymer industries by using Bayer 
process liquors as a primary source of caustic sodium aluminate and by adding 
locally available fly ash as a source of reactive silica and additional alumina. Use of 
processed plant liquor resulted in the geopolymer compressive strength of 43 MPa. 
Ogundirana et al. (2013) explored the use of a spent aluminum etching solution (AES), 
which contains sodium aluminate, as an alkali activator. Fly ash/BFS slag mixture 
was activated with AES solution. Compressive strength of ~80 MPa was obtained 
after 28 days of curing at room temperature. However, the adverse effects of use of 
sodium aluminate were also reported. The incorporation of sodium aluminate into 
Class C fly ash alkali-activated by 10 m NaOH solution reduced the compressive 
strength (Oh et al., 2012).

7.3.3.2 Mixing conditions

Water plays an important role in the whole process of AAB synthesis. Water is 
a transporting medium for dissolved substances, but it does not take part in the 
chemical reaction, as in the case of Portland cement. Nevertheless, if the appropriate 
conditions for the reaction of alkali activation would be achieved, then the amount 
of water present in the system becomes an important factor for AAB workability 
and consequently for AAB strength.
 Yang et al. (2009) examined the influence of water/binder ratio on flow and 
compressive strength of sodium silicate-activated slag and fly ash. Alkali-activated 
slag mortars exhibited much higher compressive strength but slightly less flow than 
fly ash-based mortars for the same mixing condition. The highest mortar strength 
was achieved with the lowest water/binder ratio of 0.3. High liquid/solid ratio 
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could accelerate the dissolution of raw materials and the hydrolysis of Si4+ and 
Al3+ compounds but hinder the polycondensation when OH− concentration is high 
enough (Zuhua et al., 2009). Kobera et al. (2011) have shown that small changes in 
the mixing procedure may dramatically affect mechanical properties of metakaolin-
based geopolymer. They have examined two different methods of required water 
addition: (A) mixing water with alkali activated metakaolin (AAMK), when initial 
gel was already formed, or (B) Mixing water with activator solution, before alkali 
activation itself. Curing of AAMK at room temperature for 7 days provided similar 
compressive strength of (65–67 ± 5 MPa) of both geopolymer systems. However, 
additional accelerated aging (at 140°C for 14 days) caused significant differences 
in mechanical behavior. While system A exhibited unaltered compressive strength 
of about 69 ± 5 MPa, the compressive strength of system B was markedly reduced 
to ~55% of the original value (37 ± 5 MPa), which was explained by extensive 
crystallization (zeolitization). It was also concluded that the mechanical strength of 
prepared geopolymers was affected by the extent of hydration, i.e. the strength of 
binding water into the inorganic framework.

7.3.4 Curing conditions

Curing conditions prior to testing have an extremely significant impact on the 
mechanical properties of AAB, as the provision of proper curing is essential for 
high strength development (Kuenzel et al., 2012). Although the majority of standard 
procedures for Portland cement mechanical properties testing are applicable to AAB 
testing, the most desirable curing condition for Portland cement, such as curing in 
water, is not applicable, as it would lead to premature leaching and unavoidable 
loss of strength (Kirschner and Harmuth, 2004; Sajedi and Razak, 2010). Curing in 
a humid chamber (RH > 90%) at room temperature represents a more appropriate 
option (Rodríguez et al., 2008; Baščarević et al., 2013; Komljenović et al., 2013). 
If the reaction of alkali activation at room temperature is relatively slow then heat 
or steam curing would be required. However, it might lead to a halt in strength 
development or even to strength loss, if the water present in the system and required 
for the reaction continuance is irreversibly lost.
 There is a strong influence of curing temperature on strength development of 
alkali-activated BFS mortar, with significant retardation at 5°C and significant 
acceleration at 40°C, as compared with the strength development while curing at 
20°C (Brough and Atkinson, 2002). Curing at 80°C developed strength very rapidly, 
over 70 MPa after 12 hours, quite similar to the strength achieved after 28 days at 
room temperature. Aydın and Baradan (2012) studied the effects of heat (steam and 
autoclave) curing on the mechanical properties and microstructure of AAS mortars. 
A compressive strength of 70 MPa has been reached by incorporation of 2% Na2O 
under autoclave curing. Steam curing presented similar mechanical performance with 
autoclave curing for AAS mortar activated by the solutions with high modulus. Both 
curing methods were significantly effective in terms of reducing drying shrinkage 
of AAS mortars.



Handbook of Alkali-activated Cements, Mortars and Concretes184

 Heat treatment (closed curing) was found to be very effective in promoting 
high early strength of alkali-activated BFS concrete (AASC), and reducing drying 
shrinkage as well (Bakharev et al., 1999b). However, due to inhomogeneity of the 
microstructure and coarse pore structure, the strength of AASC at later ages was 
significantly reduced compared with AASC cured at room temperature. Collins and 
Sanjayan (1999b, 2001) studied the strength development and shrinkage of AASC 
cured at room temperature and different humidity (‘bath’ curing in lime-saturated 
water, ‘exposed’ curing at 50% RH, and ‘sealed’ curing in two polyethylene bags 
and a sealed container). Bath curing provided the highest strength, followed by sealed 
and exposed curing. Besides the lowest strength, exposed curing also showed 17% 
strength loss of AASC between 28 and 365 days, due to the loss of water, microcrack 
formation, and high drying shrinkage during this process. Obviously, if being used 
for construction purposes, it is imperative for the AASC to be properly cured.
 A process technology at ambient temperature may be less feasible for the 
production of building materials due to delayed setting and strength evolution. 
Kirschner and Harmuth (2004) investigated the effects of different curing conditions 
on the strength development of metakaolin-based geopolymers. Curing in water at 
ambient temperature deteriorated geopolymer strength in all cases, but the formation 
of cracks was suppressed. Curing at elevated temperature provided almost 50% lower 
strength than curing at ambient temperature, but also without crack formation. A heat 
treatment at 75°C for 4 h yielded desirable properties like water resistivity, limited 
shrinkage and sufficient strength values.
 Rovnanik (2010) has also analyzed the effects of different curing regimes on 
the compressive and flexural strength development of alkali-activated metakaolin. 
Curing at elevated temperature accelerated geopolymer strength development, but 
after 28 days the strength was lower compared with the strength of geopolymers 
obtained at room or slightly decreased temperature. Curing at 80°C for 1 h, as well 
as at 40°C for 4 h produced relatively high early (1 day) strength, and the highest 
28 days strength. The increase of curing temperature and time caused an increase 
of pore size and cumulative pore volume, which deteriorated mechanical properties. 
Temperature of 10°C retarded the setting and hardening of geopolymer mixture to 4 
days, but it had no negative effect on the quality and properties of hardened product 
at the age of 28 days.
 An interesting two-phase geopolymerization was reported by Alshaaer (2013). 
Immersion of kaolinite-based geopolymers in an alkali solution at 80°C for 1 h, as 
a second-phase geopolymerization, was investigated. The geopolymers produced 
exhibited an increase in compressive strength from 46 to 59 MPa, and from 22 to 
27 MPa after drying and water immersion, respectively.
 Curing conditions determine the water available during AAFA matrix hardening, 
and they play an essential role in the strength development. Palomo et al. (2004) 
studied the strength evolution of the sodium hydroxide-activated fly ash pastes as 
a function of temperature and time of activation. Higher reaction temperature and 
prolonged curing time developed higher strength, and the temperature was more 
influential than time. However, there was a temperature-dependent threshold for 
strength evolution, above which the increase in strength was markedly slower.
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 The influence of hydrothermal (closed heat) curing on geopolymer strength 
development, based on Class F fly ash activated by sodium silicate and sodium 
hydroxide solutions, was studied by Bakharev (2005). The effect of storage at room 
temperature (pre-curing) before the application of heat on strength development was also 
studied. Long pre-curing at room temperature was beneficial for strength development 
as it allowed shortening of time of heat treatment for high strength achievement. 
Shorter (6 h) heat curing was more beneficial for the strength development of fly ash 
activated by sodium silicate than longer (24 h) heat treatment. Geopolymer formed 
with sodium hydroxide had more stable strength properties than samples formed 
with sodium silicate. The changes which occurred after 24 h of heat treatment were 
reversible in the case of sodium silicate activator, as up to 20% loss of strength was 
observed afterwards for samples cured in water and in air. The strength retrogression 
of sodium silicate-activated fly ash is quite similar to the phenomenon noticed by 
Collins and Sanjayan (2001) in sodium silicate-activated BFS. Chindaprasirt et al. 
(2011) also studied the effect of the delay time (pre-curing at room temperature) before 
heat curing on the strength development of high-calcium fly ash-based geopolymer. 
The delay time had a positive impact on the strength development, but the effects 
of the delay time on the strength development of geopolymer mortars depended on 
the fineness of the fly ash as well.
 Closed heat curing (at 85°C up to 7 days, RH > 90%) provided much higher 
strength with respect to open heat curing, where lower relative humidity (RH < 
50%) was present and carbonation was not prevented (Criado et al., 2005). Curing 
procedures favoring carbonation negatively affected the strength development. 
The initial carbonation of the system involved the reduction of the pH levels, and 
therefore, the ash activation rate and the strength development were notably slowed 
down. Kovalchuk et al. (2007) have examined the effects of different curing regimes 
on Class F fly ash activated by sodium silicate. Sealed curing in molds at 95°C, 
dry curing at 150°C and steam curing at 95°C of demoulded samples were applied. 
Curing in covered molds can be successfully used with any type of AAFA mix, since 
it provides strength up to 102 MPa after 8 h of curing (Table 7.1). Dry curing was 
recommended only for NaOH-based systems (i.e., systems with a low SiO2/Al2O3 
ratio), since sodium silicate-based mixes tend to retard reaction kinetics. Izquierdo 
et al. (2010) studied geopolymers based on co-fired fly ash and BFS, synthesized 

Table 7.1 Compressive strength (MPa) of alkali-activated fly ash 
paste versus mix composition and curing condition

Molar ratio Compressive strength after

SiO2/Al2O3 Na2O/Al2O3 Curing in covered 
moulds (CCM)

Dry curing 
(DC)

Steam 
curing (SC)

S4N1
S3N1
S4N0
S3N0

4
3
4
3

1
1
0.5
0.5

102.1
88.9
64.1
50.4

31.8
57.1
27.6
45.6

71.0
55.5
76.0
36.4

Source: Reprinted from Kovalchuk et al., 2007, Copyright © 2007, with permission from Elsevier.
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at room temperature in open and closed curing conditions. Open curing conditions 
produced geopolymers characterized by high porosity and low compressive strength 
(16–26 MPa at 28 days), while closed curing promoted less porous systems and 
higher strength (49–52 MPa at 28 days). 
 Curing of bottom ash-based geopolymer mortar under controlled conditions (at 
room temperature 23 ± 2°C, and 50% RH) up to 1 year caused fluctuation of strength 
between 28 and 360 days, and even reduction of strength in the case of lower fineness 
of bottom ash (Sata et al., 2012). The need for the proper curing after hardening 
was confirmed by Baščarević et al. (2013). They studied the strength development 
of several Class F fly ashes alkali-activated by sodium silicate at 95°C for 24 h, and 
cured afterwards at room temperature in a humid chamber (RH > 90%) for up to 540 
days. Minor fluctuation of strength but no significant strength reduction was noticed, 
probably due to high relative humidity present while curing at room temperature, 
and possible carbonation which was not prevented. The strength fluctuation also 
depended on the properties of the fly ash itself. 
 Unconventional curing by ultrasound or microwaves was also reported. The 
use of ultrasonication during geopolymerization increased compressive strength of 
metakaolin and fly ash-based geopolymers (Feng et al., 2004). Microwave curing of 
fly ash-based geopolymers accelerated the geopolymerization process and produced 
faster mortar strength development and high strength comparable to the conventional 
heat curing (Somaratna et al., 2010; Chindaprasirt et al., 2013) (Figure 7.6).

0 20 40 60 80 100 120 140
Microwave curing time (min)

(a)

4 m NaOH
6 m NaOH
8 m NaOH
10 m NaOH

C
om

pr
es

si
ve

 s
tre

ng
th

 (
M

P
a)

70

60

50

40

30

20

10

0

Figure 7.6 Response of alkali-activated fly ash mortars to microwave curing. Error bars 
indicate one standard deviation from the mean compressive strength of three companion 
specimens. (a) Compressive strength versus microwave curing time and NaOH solution 
concentration. (b) Comparison of compressive strengths of heat cured (48 h at 75°C) and 
microwave cured mortars (reprinted from Somaratna et al., 2010, Copyright © 2010, with 
permission from Elsevier).
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7.4 Tensile strength of alkali-activated binders

Alkali-activated slag concrete (AASC) showed greater tensile strain capacity than OPC 
concrete due to the greater creep, lower elastic modulus and higher tensile strength 
of AASC (Collins and Sanjayan, 1999b; Chi, 2012). Alkali-activated fly ash concrete 
(AAFAC) generally shows higher splitting tensile strength than the OPC concrete of 
similar compressive strength. Olivia and Nikraz (2012) optimized synthesis condition 
properties of AAFAC by using the Taguchi method. A compressive strength of 55 
MPa of AAFAC at 28 days of curing was achieved. AAFAC showed higher splitting 
tensile and flexural strength, lower modulus of elasticity, and less drying shrinkage 
in respect to the OPC concrete of similar compressive strength (Table 7.2). 
 Ryu et al. (2013) investigated compressive and splitting tensile strength of AAFAC. 
The ratio of splitting tensile strength of AAFAC to its compressive strength was 
in the range from 7.8 to 8.2%, similar to that of OPC concrete. A new empirical 
formula was proposed for the relationship between compressive and splitting tensile 
strength. Sarker (2011) investigated the bond and tensile strength of AAFAC with 
reinforcing steel. AAFAC showed higher bond strength and higher splitting tensile 
strength than the reference OPC concrete of similar compressive strength. Heat-cured 
AAFAC needed a higher stress for the formation of cracks, and the failure modes 
were generally more brittle than those of the OPC concrete of similar compressive 
strength, due to the denser interfacial transition zone, higher bond and tensile strength 
of AAFAC (Sarker et al., 2013). Jing et al. (2006) activated fly ash with a mixture of 
calcium hydroxide and sodium hydroxide, compacted in a mold at 20–50 MPa, and 
then hydrothermally cured in an autoclave at 150–250°C for 15–60 h. The tensile 
strength determined by the Brazilian test reached more than 10 MPa.
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Figure 7.6 Continued
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 Tho-in et al. (2012) evaluated the properties of pervious geopolymer concrete 
(PGC) made of high-calcium fly ash, activated with sodium silicate and cured at 
60°C for 48 h. A compressive strength between 5.4 and 11.4 MPa and splitting 
tensile strength between 0.7 and 1.4 MPa were obtained. PGC showed mechanical 
properties similar to those of conventional pervious concrete. Properties of PGC made 
of high-calcium fly ash geopolymer binder and recycled aggregates (crushed structural 
concrete member and crushed clay brick) were further analyzed by Sata et al. (2013). 
The results of compressive strength, splitting tensile strength, total void ratio, and 
water permeability coefficient of the PGCs indicated that both investigated types of 
recycled aggregates can be used for making PGC with acceptable properties.

7.5 Young’s modulus of alkali-activated binders

The fundamental properties of cement and/or concrete are affected by the material 
properties at the nanoscale. In order to improve the macroscale properties, it is 
necessary to first understand the nanoscale properties. 

7.5.1 Alkali-activated binder gels

Recently published nanoindentation studies identified the elastic properties of basic 
structural units (gels) of AAB. Puertas et al. (2011) studied mechanical performance 
of C-S-H gels formed as a result of Portland cement hydration and of alkali 
activation of slag. C-S-H gel in OPC, and both (sodium hydroxide- and sodium 
silicate-activated) C-A-S-H gel in AAS, had distinct Young’s modulus of elasticity 
and hardness. The C-A-S-H in AAS, like the C-S-H gel in OPCs, can be found in 
three different mechanical states. After 28 days of curing in a humid chamber (98% 

Table 7.2 Mechanical properties of alkali-activated fly ash concrete 
(T) and OPC control concrete versus time

Compressive 
strength 
(MPa)

Flexural 
strength 
(MPa)

Splitting 
strength 
(MPa)

Modulus of 
elasticity 
(GPa)

Poisson’s 
ratio

28 
days

91 
days

28 
days

91 
days

28 
days

91 
days

28 
days

91 
days

28 
days

91 
days

OPC 
(control)

56.22 65.15 7.33 7.02 3.97 4.25 34.16 37.64 0.14 0.15

T7 56.49 56.51 7.39 9.21 4.13 4.18 25.33 27.18 0.15 0.17

T4 56.24 58.85 8.99 9.36 3.96 4.10 26.95 28.03 0.13 0.15

T10 60.20 63.29 8.38 9.85 4.29 4.79 29.05 26.80 0.15 0.15

Source: Reprinted from Olivia and Nikraz, 2012, Copyright © 2012, with permission from Elsevier.
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RH, 20 ± 2°C) Young’s modulus of C-S-H gel in OPC was in the overall range 
from 16 to 44 GPa, and hardness in the range 0.40–1.40 GPa. At the same time 
NaOH-AAS showed modulus of 12–43 GPa, and hardness 0.30–1.32, while sodium 
silicate-AAS showed 28–47 GPa, and 0.84–1.53. The nanoindentation measurements 
reflected porosity-related effects, i.e. dependence of Young’s modulus on packing 
efficiency. The C-A-S-H gel formed in sodium silicate-AAS had a very densely 
packed structure and the highest modulus of elasticity, followed by NaOH-AAS. The 
C-S-H gel formed in hydrated Portland cement had the lowest packing density and 
the lowest modulus of elasticity (Figure 7.7). Oh et al. (2011) studied the influence 
of Al substitution for Si on mechanical properties of C-S-H(I) by using high-pressure 
synchrotron X-ray diffraction analysis. The reaction product of alkali-activated slag 
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Figure 7.7 Young’s modulus versus porosity for Portland cement (OPC) C-S-H, NaOH-
activated (EN) C-A-S-H, and waterglass-activated (EW) C-A-S-H (reprinted from Puertas 
et al., 2011, Copyright © 2011, with permission from Elsevier).
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and synthetic C-S-H(I) were compared and it was found that, regardless of the Al 
substitution, different C-S-H(I) possessed similar mechanical properties.
 Němeček et al. (2011) studied elastic properties of the main reaction product 
(N-A-S-H gel) of alkali-activated aluminosilicate materials. Low calcium ground 
fly ash and metakaolin were activated with sodium silicate solution and cured under 
ambient (at ~22°C for 6 months) and heat conditions (at 80°C for 12 h). The mature 
N-A-S-H gel had almost constant intrinsic Young’s modulus of approximately 
17–18 GPa, independent of the precursor material (fly ash or metakaolin) and curing 
conditions (ambient or heat cured) for a given mixture composition. The determined 
value of Young’s modulus was similar to the typical value of 17.8 GPa for the 
low-density C-S-H gel found in cement paste. Da Silva et al. (2014) have recently 
proposed a new methodology for nanoindentation-assisted prediction of macroscale 
elastic properties, which allows a reliable advanced prediction of elastic properties 
of cementitious composites (Figure 7.8).

7.5.2 Alkali-activated binder paste

Young’s modulus is influenced rather by the alkali-activated metakaolin microstructure 
than by its chemical composition (Duxson et al., 2007b). The development of 
Young’s modulus was observed to be dependent on both Si/Al ratio and alkali 
(sodium and potassium), which may be related to the two different microstructures 
observed to form in the same specimens. The mixed-alkali (Na/K = 1/3) specimen 
with Si/Al = 2.15 exhibited maximum Young’s modulus of ~6 GPa after 28 days 
of aging (Figure 7.9).
 The effects of Si/Al ratios (in the 1.25–2.5 range), alkaline activator (K or Na), 
and curing time on the structure and mechanical properties (compressive strength, 
Young’s modulus, hardness, and fracture toughness) of geopolymers were also 
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Figure 7.8 Flowchart of the nanoindentation-assisted methodology for prediction of macroscale 
elastic properties of high performance cementitious composites (reprinted from da Silva et al., 
2014, Copyright © 2014, with permission from Elsevier).
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Figure 7.9 Elastic modulus (after 28 days) of metakaolin-based geopolymer pastes versus 
Si/Al molar ratio and Na/(Na + K) ratio (reprinted from Duxson et al., 2007b, Copyright © 
2007, with permission from Elsevier).

studied by Lizcano et al. (2012). Metakaolin and SiO2 mixture were alkali-activated 
(NaOH or KOH) and cured at 80°C for 24 and 48 h. The density of the geopolymers 
increased with increasing Si/Al ratios for both alkali activators, with significant effect 
on improvement of mechanical properties. The Young’s moduli of both Na- and 
K-based geopolymers increased with increasing Si/Al ratio up to Si/Al = 2.0. At 
higher ratios of Si/Al, all mechanical properties decreased regardless of increasing 
density. Potassium-activated geopolymer with Si/Al = 2.0 exhibited the highest 
Young’s modulus of ~5.5 GPa after 24 h of curing at 80°C. The trends shown, 
as well as measured values of Young’s modulus are quite similar to the results 
obtained by Duxson et al. (2007b). Kamseu et al. (2013) investigated the effects 
of bulk composition and microstructure on strengthening mechanisms and fracture 
resistance of metakaolin-based geopolymers. Geopolymers with variable Si/Al molar 
ratio (1.15–2.19) were obtained by alkali activation (sodium hydroxide, potassium 
hydroxide, and sodium silicate) of mixtures of two different types of metakaolin 
(Al-rich and Si-rich). Flexural strength, Young’s modulus, and impact toughness 
increased with increasing Si/Al molar ratio due to the formation of more polymerized 
phases and the presence of incompletely dissolved silica particles which contributed 
to the porosity reduction.
 Kirschner and Harmuth (2004) investigated the effects of curing conditions and 
degree of reaction on Young’s modulus of geopolymer binders, based on a commercial 
metakaolin activated with sodium silicate. The geopolymers were cured at 75°C for 
2 or 4 h, and then cured either at ambient conditions or under water for 28 days. The 
initial modulus of elasticity was much higher after 4 h of curing at 75°C (9.20 GPa) 
than after 2 h of curing (4.82 GPa) confirming modulus of elasticity dependence of 
the degree of reaction. Further curing also had an impact on modulus of elasticity. 
After 28 days of curing at ambient conditions both geopolymers had similar modulus 
of ~7 GPa, while curing under water did not significantly affect the initial modulus 
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of elasticity. Geopolymer modulus of elasticity dependence of the degree of reaction 
was confirmed by Williams et al. (2011). Metakaolin was activated with sodium 
silicate solution, and then cured in sealed containers at 70°C for 24 h. Variable 
elemental Si/Al ratio (1.55–3.08) of the bulk geopolymer samples caused different 
degree of reaction of metakaolin and different mechanical properties. The fraction 
of reacted metakaolin varied with only small changes in bulk chemistry from 10 to 
75% for geopolymers with compressive strengths varying from 3.1 to 67 MPa, and 
Young’s modulus from 0.24 to 2.0 GPa.
 He et al. (2012) studied the effects of source materials on mechanical properties 
by comparing two geopolymers derived from metakaolin and red mud–fly ash 
admixture. The stress–strain curves of the two geopolymers cured at room temperature 
at different durations exhibited a well-defined elastic regime, but the yielding was 
poorly defined. The metakaolin-based geopolymer exhibited higher compressive 
strength and greater stiffness or Young’s modulus than the red mud–fly ash-based 
one. Williams and van Riessen (2010) determined accurately the composition of 
the amorphous part of three different types of fly ash and synthesized geopolymers 
accordingly. The average geopolymer paste compressive strength was from 9.5 to 
48 MPa, while Young’s modulus was from 1 to 2 GPa, respectively. The metakaolin 
geopolymer made with the same nominal composition was found to have a compressive 
strength of 32 MPa with a Young’s modulus of 1.73 GPa. Van Riessen and Chen-Tan 
(2013) studied the beneficiation of fly ash conducted in a three-stage procedure using 
sieving, milling, and magnetic separation. Despite a 20–30% increase of geopolymer 
paste compressive strength, Young’s modulus stayed within a very narrow range 
(3.10–3.58 GPa), and at low values in comparison to the high strength cement (>20 
GPa). The lower than expected improvement of geopolymer mechanical properties 
was attributed to the changes in formulation required to maintain workability.

7.5.3 Alkali-activated binder mortar

Pelisser et al. (2013) characterized the mechanical and micro-nanomechanical 
properties of metakaolin-based geopolymer pastes and mortars. After 28 days of 
curing, geopolymer paste showed 64 MPa compressive strength, 17.6 MPa flexural 
strength, and elastic modulus of about 10 GPa. An excellent ratio between the flexural 
and compressive strength (27%) indicated good geopolymer resistance to cracking 
while under stress. Geopolymer mortar (sand/binder ratio = 3) compressive strength 
and elastic modulus were 59 MPa and 24.4 GPa, respectively. An increase of sand/
binder ratio up to 5 also increased elastic modulus up to 31.3 GPa. The micro-
nanomechanical properties of the geopolymer were very similar to those obtained for 
Portland cement. However, the geopolymer achieved greater deformation capacity 
and tensile strength than Portland cement. 
 Latella et al. (2008) determined the mechanical properties of different types of 
geopolymer mortar, but of the same composition (Na/Al ≈ 1, Si/Al ≈ 2 molar ratio). 
Four different combinations of different precursors and activators (metakaolin and 
sodium aluminate and sodium silicate; metakaolin and fumed silica and sodium 
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hydroxide; metakaolin and colloidal SiO2 and sodium hydroxide; metakaolin and 
sodium silicate) were used. The water content was dependent on the precursor used. 
Sealed curing in an oven at 60°C for 24 h was performed. The average geopolymer 
mortar compressive strength with 40% of sand was from 16 to 70 MPa, while 
Young’s modulus was from 5.5 to 14 GPa, respectively. Corresponding geopolymer 
pastes exhibited up to 20% higher compressive strength, but much lower Young’s 
modulus (up to 50%). The porosity level dictated the mechanical properties and 
Young’s modulus of the geopolymers irrespective of precursor type or composition. 
The removal of large macropores (defects) and minimization of the overall porosity 
is a requisite for improved strength and toughness. The mechanical properties of 
the geopolymers investigated are generally lower than those of ordinary Portland 
cement.
 Temuujin et al. (2010) examined mechanical properties of fly ash-based geopolymer 
mortars with varying levels of sand aggregate (from 9 to 1). Compressive strength 
and Young’s modulus of the geopolymer paste were 60 MPa and 2.27 GPa. Increase 
of the sand aggregate amount up to 50 wt.% did not affect either geopolymer mortar 
strength or modulus significantly. Geopolymer binder exhibited strong bonding to 
the sand aggregate as the amount of alkaline activator remained constant, while the 
increase in sand content resulted in a decreasing level of geopolymerization within the 
binder system. Steinerova (2011) also examined mechanical properties of metakaolin-
based geopolymer mortars with varying levels of quartz sand aggregate (from 0 to 
93%). The optimal content of the quartz sand aggregates was in the range of 75–78 
wt.%, reaching compressive strength of 70 MPa, flexural strength of 11.7 MPa, and 
Young’s modulus of 19 GPa. Such properties were the result of the strengthening 
effect of sand, strong interface, and a lack of large voids due to packing.

7.5.4 Alkali-activated binder concrete

Yang and Song (2012) provided a data bank and comprehensible design equations for 
the mechanical properties of calcium hydroxide-based alkali-activated BFS concrete. 
A total of 34 concrete mixtures were prepared. As the mechanical properties of AAS 
concrete mostly disagreed with predictions obtained from the equations specified in 
Code provisions, such as ACI 318-08, CEB-FIP, and EC2 for OPC concrete, new 
equations were proposed. The mechanical properties, including moduli of elasticity 
and rupture, splitting and direct tensile strengths, shear strength, and bond strength 
were proposed as a power function of the 28-day compressive strength (f ¢c) (Figure 
7.10).
 Hardjito (2005) studied mechanical properties of AAFAC based on Class F fly 
ash activated with sodium silicate. Naphthalene-based superplasticizer was used to 
improve the workability of concrete. The majority of the coarse aggregate fraction 
was of granite type. Curing at elevated temperatures (30–90°C) was performed in 
two different ways, i.e. dry curing (covered, wrapped) in a laboratory oven or steam 
curing in a chamber. Mean concrete compressive strength was in the range from 44 
to 89 MPa. The elastic properties of hardened fly ash-based geopolymer concrete, 
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i.e. the Young’s modulus (23–30.8 GPa), the Poisson’s ratio (0.13–0.16), and the 
indirect tensile strength (4.43–7.43 MPa), respectively, were similar to those of 
ordinary Portland cement (OPC) concrete. The measured stress–strain relations of 
geopolymer concrete also fitted well with equations developed originally for Portland 
cement concrete. The suitability of using the existing stress–strain models originally 
proposed for OPC concrete for the analysis of fly ash-based geopolymer concrete 
was also confirmed by Sarker (2009) and Yost et al. (2013).
 Fernández-Jiménez et al. (2006b) also investigated engineering properties of 
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Figure 7.10 Empirical equations for mechanical properties of Ca(OH)2-based alkali-activated 
slag (AAS) concrete: (a) modulus of elasticity versus compressive strength; (b) splitting tensile 
strength versus compressive strength (Yang and Song, 2012).
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AAFAC. After the first 24 h concrete compressive strength of ~45 MPa was achieved 
for sodium hydroxide, and ~50 MPa for the sodium silicate system. Besides high 
strength developing in a short period of time, AAFAC showed lower modulus 
of elasticity, better bond to reinforcing steel, and much less shrinkage than OPC 
concrete. Sofi et al. (2007) reported that the splitting tensile and flexural strength 
of AAFAC was comparable with the models presented by the standards for OPC-
based concretes. However, elastic modulus of AAFAC was lower than predicted 
for OPC systems of similar compressive strength. Diaz-Loya et al. (2011) studied 
mechanical properties (static elastic modulus, Poisson’s ratio, compressive strength, 
and flexural strength) of AAFAC made from 25 fly ash stockpiles (both Class F and 
C) from different sources. The highest compressive strength (~80 MPa), modulus 
of elasticity (~43 GPa), and Poisson’s ratio (0.22) were achieved with Class C fly 
ash. The average values of the mentioned properties were also higher in the case of 
Class C fly ash. The mechanical behavior of AAFAC was similar to that of OPC 
concrete. Flexural to compressive strength ratio of AAFAC was generally higher 
than predicted by the ACI 318 equation, and this was more pronounced in the case 
of Class F fly ash. On the other hand, the elastic modulus was generally lower than 
the ACI 318 prediction (Figure 7.11). Yost et al. (2013) fabricated full-scale steel 
reinforced concrete beams to study the structural behavior of AAFAC. The strength 
gain at elevated temperature was very rapid and the compressive strength at 1 day 
ranged between 47 and 53 MPa. The average 28-day compressive strength of AAFAC 
ranged from 52.2 to 57 MPa. AAFAC is a brittle material with an approximately 
linear stress–strain response, and an elastic modulus slightly less than that predicted 
by ACI 318.
 Lee and Lee (2013) investigated the mechanical properties of alkali-activated fly 
ash/BFS concrete manufactured at room temperature. The splitting tensile strength 
and modulus of elasticity of the alkali-activated fly ash/slag concrete were slightly 
lower than those of ordinary concrete as predicted by the ACI code and Eurocode 
2. High shrinkage of alkali-activated fly ash/slag concrete due to the increased 
number of small pores caused microcrack formation, and consequently decreased 
elastic modulus and long-term compressive strength. Wongpa et al. (2010) studied 
properties of inorganic polymer concrete (IPC) based on fly ash and rice husk–bark 
ash, activated with sodium silicate and cured under ambient conditions. The 
solution/ash (S/A) ratio was the major parameter controlling compressive strength, 
modulus of elasticity, and water permeability of IPCs. Paste/aggregate ratio also 
affected investigated properties of IPCs, but the influence was less expressed. 
The compressive strength had much lower influence on the modulus of elasticity 
of IPCs than in the case of conventional Portland cement concrete (Figure 7.12). 
The compressive strength of IPCs at the age of 28 days (18–35 MPa) had the 
highest value compared to 7 days and 90 days. However, the modulus of elasticity 
reached a maximum value after 7 days (10.4–16.9 GPa). After 90 days, modulus 
of elasticity was much lower (5.6–14.3) due to high shrinkage and very fast crack 
development, as confirmed by water permeability coefficient increase during the same  
period.
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also included.



Handbook of Alkali-activated Cements, Mortars and Concretes198

7.6 Fiber-reinforced alkali-activated binders 

The elastic properties of AAB under applied force are of particular importance for 
construction applications. These properties can be improved by introducing fiber 
reinforcement, such as short fibers or unidirectional long fibers into the AAB matrix. 
Incorporation of 0.5% polypropylene fibers (by volume of mortar) had some minor 
positive effect on mechanical properties of alkali-activated BFS, fly ash or BFS/fly 
ash (50/50%) mixture, while incorporation of 1.0% polypropylene fibers decreased 
modulus of elasticity of all investigated binders (Puertas et al., 2003). At the same 
time the modulus of elasticity of its cement-based counterpart was increased. The 
inclusion of alkali-resistant glass fibers at a dosage of up to 0.22% in AAS prisms 
led, as in the OPC specimens, to flexural strength enhancement and 20% reduction 
of drying shrinkage, but did not influence compressive strength (Puertas et al., 
2006). Incorporation of carbon fibers also showed negative impact on mechanical 
properties of AAS (Alcaide et al., 2007). Both compressive and flexural strength 
of AAS and reference cement mortar decreased with an increase in carbon fiber 
content. However, the inclusion of carbon fibers had some positive impact on AAS 
properties i.e. reduced drying shrinkage by about 50%.
 Despite the high brittleness of the AAS mortar itself, strain-hardening and high 
tensile ductility in polyvinyl alcohol (PVA) fiber reinforced AAS mortar was achieved 
(Lee et al., 2012). Bernal et al. (2010) investigated mechanical properties of AASC 
reinforced with steel fibers. Splitting tensile and flexural strength was significantly 
improved with increasing fiber content. However, with increasing fiber content the 
compressive strength was reduced, both in AASC and OPC type I-based reference 
concrete. Aydın and Baradan (2013a, 2013b) studied properties of a new type of 
ultra-high-strength composite material based on alkali-activated slag/silica fume (AAS/
SF). This new type of high-performance composite material was developed as an 
alternative construction material to cement-based reactive powder concrete (CRPC), 
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Figure 7.12 Relationship between modulus of elasticity and compressive strength of inorganic 
polymer concretes (IPCs) (reprinted from Wongpa et al., 2010, Copyright © 2010, with 
permission from Elsevier).
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with a compressive strength over 200 MPa. In contrast to Portland cement-based 
systems, the addition of silica fume had a positive effect on reducing water demand 
and shrinkage in alkali-activated systems. BFS/SF-quartz sand (four different size 
fractions, 3 mm maximum size) mixture was activated with sodium silicate (Ms = 
1.2, 4% Na2O by weight of binder). Water-to-binder ratio of all mixtures was 0.17. 
Autoclave curing resulted in lower mechanical properties with respect to the steam 
curing. In their first paper Aydın and Baradan (2013a) reported the effects of high 
strength brass-coated steel fiber reinforcement on the properties of AAS/SF mortars. 
Very high strength of the initial AAS/SF mortars improved dramatically with an 
increase of fiber volume fraction (0–2.0%) and length (6–13 mm). Compressive 
strength increased from 132 MPa without fibers to 192 MPa (6 mm fibers) and 223 
MPa (13 mm fibers) with 1.5% fiber reinforcement. Further increase of fiber volume 
fraction (up to 2.0%) had small impact on compressive strength. At the same time 
flexural strength of mortars increased from 12 MPa without fibers to 25.2 MPa (6 
mm fibers) and 48.4 MPa (13 mm fibers) with 2.0% fiber reinforcement. Longer 
fibers also resulted in better toughness of AAS/SF mortars. Regardless of the fiber 
length, the increase in fiber content reduced the drying shrinkage of AAS/SF mortars. 
In the second paper (Aydın and Baradan, 2013b), remarkable engineering properties 
of this new composite material (ARPC), reinforced with 1.5% high-strength brass-
coated steel fibers (13 mm), were reported and compared with a conventional CRPC 
(Table 7.3).
 Incorporation of fibers increases tensile strength of geopolymers and changes 
fracture behavior from a brittle to a more ductile pattern. MacKenzie and Bolton 
(2009) investigated mechanical properties of alkali-activated (potassium or sodium 

Table 7.3 Mechanical properties of steam-cured and standard-
cured alkali-activated (ARPC) and conventional CRPC

Steam-cured (12 h at 100°C) Standard-cured (28 days in 
water at 20°C)

ARPC CRPC ARPC CRPC

Compressive strength 
(MPa)

215.9 214.6 147.5 176.1

Splitting tensile 
strength (MPa)

19.5 19.2 15.6 15.8

Modulus of elasticity 
(GPa)

84.1 114.0 46.0 69.2

Poisson’s ratio 0.22 0.21 0.21 0.21

Fracture energy 
(N/m)

16,016 14,200 12,777 15,799

Flexural strength 
(MPa)

41.5 34.7 25.0 29.6

Source: Aydın and Baradan, 2013b.
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silicate) dehydroxylated halloysite clay, reinforced with single-wall carbon nanotubes 
or graphite. No significant difference between the tensile strengths (~2 MPa) of 
carbon nanotubes and graphite-containing potassium-based geopolymer composites 
was noticed, while sodium-based geopolymers performed greater tensile strengths 
of both composites. Maximum tensile strength (~8 MPa) was obtained at carbon 
nanotube contents of 0.25 wt.%. The significant difference in tensile strength between 
investigated composites was explained by the necessity for less processing water 
in the synthesis of the sodium samples. The use of natural protein-based fibers 
as long-fiber reinforcement of a geopolymer matrix was reported by Alzeer and 
MacKenzie (2012). Dehydroxylated kaolinite-type halloysite clay was activated 
with sodium silicate and reinforced with carpet (crossbred) or Merino wool fibers. 
The geopolymer composites showed an approximately 40% improvement of flexural 
strength in respect to the initial matrix, and unlike the initial matrix that displayed 
ceramic-like brittle fracture, wool-based composites showed graceful failure. Graceful 
failure of geopolymer composites was also achieved by natural cellulose-based fiber 
reinforcement (Alzeer and MacKenzie, 2013). The mechanical properties of fiber-
reinforced composites improved with increasing fiber content, achieving ultimate 
flexural strengths of ~70 MPa and modulus of elasticity of ~10 GPa at 10 vol.% 
fiber content.
 An innovative process involving chemical activation with sodium hydroxide, 
hydrothermal curing (heat and moisture), and hot-pressing of fly ash (both Class 
F and Class C) was proposed by Sun and Wu (2009). Class C fly ash composite 
showed greater splitting tensile strength (5.4 MPa) than Class F fly ash under the same 
hydrothermal hot-pressing conditions. The addition of short PVA fibers significantly 
improved the ductility of both Class C and Class F fly ash composites (Sun and Wu, 
2008). However, the first crack strength and the ultimate tensile strength of Class 
F fly ash composites were lower than those of Class C fly ash produced under the 
same conditions.
 Li et al. (2005) studied mechanical properties of short PVA fiber reinforced 
metakaolin–fly ash geopolymer composites manufactured by extrusion. Metakaolin 
replacement by small amounts of fly ash provided higher geopolymer flexural strengths 
and smaller deflections. The addition of PVA fibers largely increased the ductility 
of geopolymer and changed the failure modes from a brittle pattern to a ductile 
one. The addition of PVA fibers also resulted in a great increase in geopolymer 
impact toughness, while the addition of small amounts of fly ash further improved 
impact toughness and impact stiffness (Zhang et al., 2006). Larger amounts of 
added fly ash significantly reduced impact strength, impact toughness, and impact 
stiffness. Natali et al. (2011) investigated alkali-activated metakaolin/ladle-slag 
reinforced with different types of dispersed short fibers (1 wt.%): HT-carbon fibers, 
commercial E-glass fibers, PVA fibers, and PVC fibers. Significant flexural strength 
enhancement (30–70%) of geopolymer composites was achieved by all types of 
fiber investigated. Maximum values were found for the carbon fiber reinforced 
sample. Furthermore, the toughness of the investigated geopolymer composites was 
also increased, exhibiting a switch from a brittle failure mode to a more ductile  
one.
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 The effects of steel fiber reinforcement on the engineering properties (compressive 
strength, splitting tensile strength, modulus of rupture, modulus of elasticity, and 
Poisson’s ratio) of Class F fly ash-based geopolymer concrete was investigated by 
Ganesan et al. (2013). Concrete workability was improved by using a naphthalene-
based superplasticizer, and curing was performed for 24 h at a temperature of 60°C. 
The addition of 1% (by volume) of steel fibers increased compressive strength (49.23 
MPa, 8.51% increase), splitting tensile strength (4.17 MPa, 61.63%), modulus of 
rupture (6.2 MPa, 24%), modulus of elasticity (35.5 GPa, 64.92%), and Poisson’s 
ratio (0.21, 50%).
 The fact that short carbon fibers have a great strengthening and toughening effect 
was proved by Lin et al. (2008, 2009). They studied the effects of fiber content 
on mechanical properties and fracture behavior of short carbon fiber reinforced 
geopolymer matrix composites. Geopolymer matrix composites based on potassium 
silicate-activated metakaolin reinforced with different volume fractions of short 
carbon fibers were prepared. Geopolymer impregnated 20–50 layers of sheet-like 
short carbon fiber preform were laid together one by one to create a stack. Composites 
were cured in a vacuum bag at 80°C for 24 h, taken out of the bag and dried for an 
additional 24 h at 120°C. In order to obtain the final thickness of 5 mm for preform 
laminates, at the early stage of curing a pressure of 0, 0.2, 1.2, or 2.0 MPa was loaded. 
A remarkable flexural strength of >90 MPa and Young’s modulus of ~12 GPa was 
achieved at 4.5% of carbon fiber volume fraction (Figure 7.13). Increase of fiber 
volume fraction up to 6% reduced flexural strength by ~10%, but simultaneously 
Young’s modulus was increased by 65%, up to ~20 GPa. Further increase of fiber 
volume fraction decreased the investigated properties. The property improvements 
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Figure 7.13 Variation of flexural strength and work of fracture of geopolymer matrix and 
short carbon fiber (Cf) geopolymer composites versus starting fiber length (reprinted from 
Lin et al., 2008, Copyright © 2008, with permission from Elsevier).
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were primarily based on the network structure of short carbon fiber preform, and 
the predominant strengthening and toughening mechanisms were attributed to the 
apparent fiber bridging and pulling-out effect.
 Lin and Jia (2009) studied electroless Ni-plated short carbon fiber reinforced 
geopolymer matrix composites with various carbon fiber/matrix interface coating 
thicknesses. Metakaolin was alkali-activated with potassium silicate, reinforced with 
short carbon fibers and prepared as in Lin et al. (2009). The flexural strength and 
Young’s modulus of the investigated geopolymer composites increased as the average 
fiber coating thickness increased, and exhibited maximums of 55 MPa and 5.4 GPa 
at 0.15 mm coating thickness. However, the work of fracture showed immediate and 
sharp decrease, and the fracture manner changed from ductile to brittle. This was 
attributed mainly to the fact that carbon fibers favor breakage rather than pulling-
out during loading because of the higher interface bonding strength of fiber/matrix. 
Furthermore, pliability of the carbon fibers decreases with the increase of the coating 
thickness.
 High-temperature heat treatment is an efficient method to improve the mechanical 
properties of carbon fiber reinforced geopolymer composites as demonstrated by He 
et al. (2010). Metakaolin was alkali-activated with potassium silicate and reinforced 
with unidirectional continuous carbon fiber preform. A green geopolymer composite 
with 16 layers was prepared by the ultrasonic vibration treatment and degassed at 
80°C for 24 h by using a vacuum-bag technique. High-temperature heat treatment 
(1100–1300°C) significantly improved the mechanical properties of the green 
geopolymer composites. Flexural strength of the initial geopolymer matrix (~12 
MPa) was greatly increased by carbon fiber reinforcement (~133 MPa), and further 
by high-temperature heat treatment at 1100°C, reaching an amazing ~234 MPa. At 
the same time the values of Young’s modulus were ~10 GPa, ~36 GPa and ~64 GPa, 
respectively. The amazing improvement in mechanical properties was attributed to 
the densified and crystallized matrix, and the enhanced fiber/matrix interface bonding 
based on the fine integrity of the carbon fibers. In contrast, the mechanical properties 
of geopolymer composites heat treated at 1400°C, were substantially lower followed 
by a very brittle fracture manner.
 Geopolymers tend to be more brittle than OPC and thus less suitable for concrete 
structures due to safety concerns. On the other hand, geopolymers can also be 
used as self-sensing materials capable of detecting their own structural damage 
due to improved electrical properties. Saafi et al. (2013) investigated the effects 
of multiwalled carbon nanotubes on the mechanical and electrical properties of fly 
ash-based geopolymer composites. Low calcium fly ash was activated with sodium 
silicate, reinforced with carbon nanotubes (0–1.0% by weight) and cured in an 
oven at 60°C for 24 h. The addition of carbon nanotubes significantly increased 
the flexural strength (160%), Young’s modulus (109%), flexural toughness (275%), 
fracture energy and electrical conductivity (both by 194%). It was concluded that 
geopolymer nanocomposites exhibited a piezoresistive response with high sensitivity 
to micro-crack propagation.
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7.7 Conclusions and future trends

AAB are most commonly based on blast furnace slag, metakaolin (calcined clays), 
and/or coal fly ash as prime materials. Other industrial waste and natural materials 
have been used to a limited extent. However, it is worth mentioning such materials, 
as their use represents alternative routes for the development of AAB. Steel (ladle) 
slag, phosphorus slag, ferronickel slag, non-ferrous metallurgy slags, red mud, waste 
ceramic, tungsten mine waste, copper mine tailings, fluid catalytic cracking catalyst 
residue, air pollution control residue glass, cement-rich fraction of construction and 
demolition waste, municipal solid waste incineration ash, palm oil fuel ash, rice husk 
and bark ash, volcanic ash, kaolinitic clay, natural zeolites, and natural pozzolans, 
have been used among others. The list of potential prime materials is growing as 
the interest in the development of more ‘green’ and sustainable materials in the 
environmentally conscious age also grows.
 Combined mechanical and chemical (alkali) activation provides a plausible solution 
for the use of lower quality prime materials in terms of their homogeneity, particle 
size, and reactivity. The quest for an inexpensive and abundant alkali activator is 
still in progress. Sodium aluminate, especially as an industrial waste source, showed 
respectable potential in the process of alkali activation. Little attention was paid to 
the mixing procedures during AAB preparation, as they may significantly affect the 
mechanical properties of AAB. More attention should be paid to such alternatives 
in the future.
 Excess of water needed for the proper workability achievement still remains 
a limiting factor. Standard water reducing admixtures developed for the Portland 
cement systems do not work properly under high alkaline conditions present during 
the alkali activation process. The development of such admixtures would provide 
significant impact to the mechanical properties and durability improvement, and 
consequently to wider structural and non-structural applications of AAB.
 Despite being the basic mechanical properties of AAB, comparing the results of 
mechanical strength and modulus of elasticity is not a simple task due to numerous 
differences in experimental conditions. Lack of standard testing procedures developed 
for AAB systems is widely recognized. Very high compressive strength of AAB 
can be obtained, even at room temperature. The flexural/compressive strength ratio 
of AAB is equal or better than its OPC counterpart. However, high sensitivity of 
AAB to environmental conditions, especially to relative humidity at early age, still 
exists. Therefore, appropriate curing to full maturity of AAB is one of the most 
important factors which should be controlled. Unconventional curing by ultrasound 
or microwaves was also recognized as a plausible improvement. Other routes for 
accelerated curing, especially those based on low energy consumption, should also 
be explored.
 The majority of the results of mechanical properties presented here have been 
achieved more by trial and error than by an in-depth understanding of what is 
happening at the micro- or nanoscale. Nanoindentation of the constituent phases of 
AAB provides new means of correlating mechanical properties at the nanoscale to 
macroscale properties of AAB and possible applications.
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 Generally AAB, like cement-based systems, exhibit relatively poor tensile and 
flexural properties. The incorporation of different types of inorganic or organic fibers 
(steel, E-glass, wool, PVA, PVC, carbon) increases flexural strength, splitting tensile 
strength, and ductility of AAB. It also changes fracture behavior from brittle to a more 
ductile pattern. The addition of fibers represents the major route for improvement 
of AAB elastic properties.
 High-temperature heat treatment of carbon fiber reinforced geopolymer composites 
produced ceramic material with outstanding mechanical properties, i.e. flexural 
strength of ~234 MPa and Young’s modulus of ~64 GPa. Multiwalled carbon 
nanotube reinforced geopolymers are proposed as self-sensing materials capable of 
detecting their own structural damage. Such new types of materials based on AAB 
can contribute to the expansion of AAB fields of application.

7.8 Sources of further information and advice

Related titles:
Shi, C., Krivenko, P.V. and Roy, D.M. (2006) Alkali-Activated Cements and Concretes, 

Taylor & Francis, Abingdon. ISBN10: 0–415–70004–3 (Print Edition). ISBN13: 
978–0–415–70004–7.

Davidovits, J. (2008) Geopolymer Chemistry and Applications, 2nd edn, 
Institut Géopolymère, Saint-Quentin, France. ISBN: 2-9514820-1-9. EAN: 
9782951482012.

Provis, J.L. and van Deventer, J.S.J. (eds.) (2009) Geopolymers: Structures, processing, 
properties and industrial Applications, Woodhead Publishing, Cambridge. 
Woodhead Publishing ISBN 978-1-84569-449-4 (book). Woodhead Publishing 
ISBN 978-1-84569-638-2 (e-book). CRC Press ISBN 978-1-4398-0970-9.
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8.1 Introduction

Low calcium alkali-activated binders (also know as geopolymers), a class of 
inorganic polymers having an amorphous structure consisting of [SiO4]4– and 
[AlO4]

5– tetrahedrals which share all of their corners with each other through oxygen 
atoms, are generally produced through the reaction of ‘an aluminosilicate normally 
supplied in powder form as an industrial by-product or other inexpensive material 
with an alkaline activator, which is usually a concentrated aqueous solution of alkali 
hydroxide, silicate, carbonate or sulphate’ (Provis, 2014).
 On account of their reduced carbon dioxide emissions during production, 
geopolymers are one of the primary replacements for ordinary Portland cement (OPC), 
whose production requires large amounts of energy and emits much anthropogenic 
CO2 (Shi et al., 2011; Provis and van Deventer, 2013). Various aluminosilicate sources 
have been used to date in the production of environmentally friendly geopolymers. 
Kaolin and metakaolin (Pacheco-Torgal et al., 2011; Heah et al., 2012; Rajamma 
et al., 2012; Kouamo et al., 2012, 2013), fly ash (Vargas et al., 2011; Nazari et al., 
2011; Rickard et al., 2012; Onisei et al., 2012; Sarker et al., 2013) and different types 
of slags and waste muds (Pacheco-Torgal et al., 2007; Kumar et al., 2010; Yang 
et al., 2012; El-Didamony et al., 2012) are among the most used aluminosilicate 
sources for geopolymerization.
 Although such soft-computing techniques as artificial neural networks (ANNs), 
genetic programming (GP) and adaptive neuro-fuzzy interfacial systems (ANFIS) have 
been successfully applied to a wide range of civil engineering problems so far (Cevik, 
2011; Tanyildizi and Cevik, 2010; Cevik et al., 2010; Sobhani and Ramezanianpour, 
2011; Nazari and Riahi, 2012a; Ahmadi-Nedushan, 2012; Amani and Moeini, 2012; 
Dantas et al., 2013; Boğa et al., 2013; Garzón-Roca et al., 2013), their application 
in the geopolymers field is very limited as this is a new type of high performance 
construction material and there are few previous works (Nazari and Riahi, 2012b; 
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Nazari and Safarnejad, 2013; Nazari and Pacheco-Torgal, 2013). In the previous 
work (Nazari and Pacheco-Torgal, 2013), compressive strength of geopolymers 
with different aluminosilicate sources was modeled by ANNs. It was reported that 
ANNs are able to predict the compressive strength of geopolymers with reasonable 
accuracy. In the present study, ANFIS has been utilized to predict the compressive 
strength of the previously modeled geopolymers. Through using fuzzy sets and a 
linguistic model incorporating a set of IF–THEN fuzzy rules, ANFIS integrates the 
human-like reasoning approach of fuzzy systems. Besides the ability to petition for 
interpretable IF–THEN rules, being universal approximators is the main strength of 
ANFIS approximations (Jang, 1993). To construct the ANFIS model in the present 
study, curing time (days), Ca(OH)2 content (wt.%), NaOH concentration, mold type, 
aluminosilicate source and H2O/Na2O molar ratio were considered as independent 
input parameters and the compressive strength of the investigated geopolymers as 
independent target value. The experimental databases were divided into training 
(80%) and testing (20%) sets and modeled by the proposed ANFIS model which 
was constructed using a total of 128 rules.

8.2 Data collection to predict the compressive  
strength of geopolymer binders by  
neuro-fuzzy approach

The collected data were the same as those used in the previous work (Nazari and 
Pacheco-Torgal, 2013). Three main series of geopolymers each made from a certain 
aluminosilicate source were considered in this study as in the previous work:

1. The first series of samples were the compressive specimens made from tungsten mine 
wastes. Tungsten mine waste mud, which was subjected to a thermal treatment, the fine 
aggregate which was crushed sand from the same mine, distilled water, the sodium hydroxide 
flakes, sodium silicate solution and calcium hydroxide were the materials used to produce 
geopolymeric compressive specimens using 50 ¥ 50 ¥ 50 mm3 cubic molds, according to 
ASTM C109. The complete preparation method of the considered geopolymers is given 
in Pacheco-Torgal et al. (2008).

2. Metakaolin-based geopolymers made from metakaolin, calcium hydroxide, sodium hydroxide, 
sodium silicate solution, superplasticizer, sand and distilled water were used to dissolve the 
sodium hydroxide flakes (Sarker et al., 2013). Alkali-activated mortars were a mixture of 
aggregates, metakaolin, calcium hydroxide and alkaline silicate solution were poured into 
160 ¥ 40 ¥ 40 mm3 cubic specimens according to EN 1015-11. The preparation method 
for compressive strength tests is presented in Pacheco-Torgal et al. (2011).

3. The third group of geopolymers made by tungsten waste mud consisted of aggregates, 
waste mud, calcium hydroxide, alkaline silicate solution and water in a similar way 
to the method described above for the data gathered from Pacheco-Torgal et al.  
(2008).
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8.3 Fuzzy logic: basic concepts and rules

A wide range of applications, covering engineering, process control, image processing, 
pattern recognition and classification, management, economics and decision making, 
has been considered over the last decade by fuzzy logic, an interesting method 
invented in 1965 (Zadeh, 1965; Rutkowski, 2004). Fuzzy systems can be defined as 
rule-based systems that are constructed from a collection of linguistic rules which can 
represent any system with accuracy, i.e., they work as universal approximators. The 
rule-based system of the fuzzy logic theory uses linguistic variables as its antecedents 
and consequents, where antecedents express an inference or the inequality which 
should be satisfied, and consequents are what we can infer, and is the output if the 
antecedent inequality is satisfied. The fuzzy rule-based system is actually an IF–THEN 
rule-based system, given by, IF antecedent, THEN consequent (Sivanandam et al., 
2007). Fuzzy logic (FL) operations are based on fuzzy sets where the input data 
may be defined as fuzzy sets or a single element with a membership value of unity. 
The membership values (m1 and m2) are found from the intersections of the data sets 
with the fuzzy sets as shown in Figure 8.1, which illustrates the graphical method 
of finding membership values in the case of a single input (Haris, 2006).
 A fuzzy set contains elements which have varying degrees of membership in the 
set, unlike the classical or crisp sets where a member either belongs to that set or 
does not (0 or 1). However, a fuzzy set allows a member to have a varying degree 
of membership which can be mapped into a function or a universe of membership 
values (Bai et al., 2006). The implementation of fuzzy logic to real applications 
considers the following steps (Bai et al., 2006): 

1. Fuzzification which requires conversion of classical data or crisp data into fuzzy data or 
membership functions (MFs).

2. Fuzzy inference process which connects membership functions with the fuzzy rules to 
derive the fuzzy output.

3. Defuzzification which computes each associated output.

Degree of membership
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in1mf1 in1mf21
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Figure 8.1 Input data membership values (Sivanandam et al., 2007).
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8.3.1 Neuro-fuzzy systems: basics and rules

Fuzzy systems can also be connected with neural networks to form neuro-fuzzy 
systems which exhibit advantages of both approaches. Neuro-fuzzy systems combine 
the natural language description of fuzzy systems and the learning properties of neural 
networks. Various neuro-fuzzy systems have been developed that are known in the 
literature under short names. The adaptive neuro-fuzzy inference system (ANFIS), 
developed by Jang et al. (1997), is one of these neuro-fuzzy systems which allow the 
fuzzy systems to learn the parameters using an adaptive back propagation learning 
algorithm (Rutkowski, 2004). Mainly three types of fuzzy inference systems (FIS) 
have been widely employed in various applications: Mamdani, Sugeno, and Tsukamoto 
fuzzy models. The differences between these three fuzzy inference systems arise 
as a result of their fuzzy rules, as well as their aggregation and defuzzification 
procedures which differ accordingly (Jang et al., 1997). In this study, the Sugeno 
FIS is used where each rule is defined as a linear combination of input variables. 
The corresponding final output of the fuzzy model is simply the weighted average 
of each rule’s output. A Sugeno FIS consisting of two input variables x and y, for 
example, a one output variable f will lead to two fuzzy rules:

• Rule 1: If x is A1, y is B1 then f1 = p1x + q1y + r1

• Rule 2: If x is A2, y is B2 then f2 = p2x + q2y + r2

where pi, qi, and ri are the consequent parameters of it h rule. Ai, Bi and Ci are the 
linguistic labels which are represented by fuzzy sets shown in Figure 8.2 (Jang 
et al., 1997).

w1

w2

f2

C2

C1
B1A1

A2 B2
f1

Z

ZYX

YXx y

= w1f1 + w2f2

w1f1 + w2f2
w1 + w2

f =

Figure 8.2 The Sugeno fuzzy model (Jang et al., 1997).

8.3.2 Solving a simple problem with adaptive neuro-fuzzy 
interfacial systems (ANFIS)

To illustrate how ANFIS works for function approximation, let us suppose one is 
given a sampling of the numerical values from the simple function below (Sonebi 
and Cevik, 2009):

  yi = a3+ b2 (8.1)

where a and b are independent variables chosen over random points in the real interval 
[1,9]. In this case, a sample of data in the form of 17 pairs (a,b,yi) is given where xi 
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is the value of the independent variable in the given interval [1,9] and yi is the output 
of the function given in Eq. (8.1) and presented in Table 8.1 on page 223. 
 The aim is to construct the ANFIS model fitting those values within minimum 
error for Eq. (8.1) by using the simplest ANFIS model that is available where the 
number of rules is two for each variable and the type of output membership function 
is constant. Initial and final membership values of rules for each input are given in 
Figures 8.3 and 8.4, respectively. Suppose one finds the output for input values of 1 
and 9. The inference diagram of the proposed ANFIS model is given in Figure 8.5 
for input values of 1 and 9 with corresponding values of output membership which 
is chosen as constant. For the first input which is 1, the value of the membership 
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Figure 8.3 Initial membership functions (Sonebi and Cevik, 2009).
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Figure 8.4 Final membership functions (Sonebi and Cevik, 2009).

function is observed to be 1 shown on left side of Figure 8.7 on page 225. For the 
second input which is 9, the value of the membership function is observed to be 1, 
again shown on left side of Figure 8.7. Thus the final output will be 82 ¥ 1 = 82. 
The exact result for a = 1 and b = 9 from Eq. (8.1) will be y = 13 + 92 = 82.
 The main aim of this study is the neuro-fuzzy modeling of compressive strength of 
geopolymers produced by different aluminosilicate sources based on an experimental 
database. Compressive strength of geopolymers will be obtained as a function of 
curing time (days), Ca(OH)2 content (wt.%), NaOH concentration (M), mold type, 
aluminosilicate source and H2O/Na2O molar ratio. The experimental database was 
divided into training (80%) and testing (20%) sets. The ANFIS model is constructed 
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with training sets and the accuracy is verified by testing sets which the ANFIS model 
faces for the first time.
 The proposed ANFIS model uses a Gaussian membership function with two rules. 
The output membership function is chosen as constant. Features of the proposed 
ANFIS model are given in Table 8.1. Statistical parameters of testing and training 
sets and overall results of the ANFIS model are presented in Table 8.2. The overall 
correlation of the ANFIS model can be seen in Figure 8.6. ANFIS results are observed 
to be very close to actual results. The initial and final membership functions of 
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Figure 8.5 Fuzzy inference diagram (Sonebi and Cevik, 2009).

Table 8.1 Features of the proposed ANFIS model

Type Sugeno

Aggregation method
Defuzzification method
Input membership function type
Output membership function type

Maximum
Weighted average
Gaussian
Constant

 

Table 8.2 Statistical parameters of testing and training sets and 
overall results of ANFIS model for compressive strength

Training set Testing set Total set

MSE
MAPE
R2 

Mean
Cov

14.48
11.52
0.94
1.00
0.17

23.69
15.89
0.92
1.03
0.23

16.32
12.40
0.94
1.00
0.19
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inputs for compressive strength are presented in Figures 8.7 and 8.8, respectively. 
The fuzzy inference diagram is presented in Figure 8.9 with a total of 128 rules.

8.4 Results and discussion of the use of neuro-fuzzy 
modeling to predict the compressive strength of 
geopolymer binders

Absolute fraction of variance (R2), the absolute percentage error (MAPE) and the 
root mean square error (MSE) were used in this study to represent the error that 
arose during the training and testing of the proposed ANFIS model, and they were 
calculated by Eqs (8.2), (8.3) and (8.4), respectively (Guzelbey et al., 2006):
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Figure 8.6 Performance of ANFIS model with respect to experimental results for compressive 
strength.
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Figure 8.7 Initial membership functions for compressive strength (input1 = curing time (days); 
input2 = Ca(OH)2 content (wt.%); input3 = the amount of superplasticizer (wt.%); input4 = 
NaOH concentration (M); input5 = mold type; input6 = aluminosilicate source; and input7 
= H2O/Na2O molar ratio).
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Figure 8.8 Final membership functions for compressive strength (input1 = curing time (days); 
input2 = Ca(OH)2 content (wt.%); input3 = the amount of superplasticizer (wt.%); input4 = 
NaOH concentration (M); input5 = mold type; input6 = aluminosilicate source; and input7 
= H2O/Na2O molar ratio).
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where t, o and n are the target value, the output value and the number of data sets in 
each training and testing phase. The calculated performance values for the proposed 
ANFIS model have been presented in Table 8.1. The values of R2, MAPE and MSE 
in the training phase of the model are 0.94, 11.52 and 14.48, respectively while these 
values in the testing phase are 0.92, 15.89 and 23.69, respectively. These values 
together with the results illustrated in Figure 8.6 show that the proposed ANFIS models 
could predict the compressive strength of the considered geopolymers appropriately. 
However, the predicted compressive strength for two geopolymeric mixtures with 
compressive strengths of about 56 and 68 MPa have the most deviation in the 
model. Although, some deviation is observed for some of the other data, the values 
predicted by the model have an accuracy of more than 90% and one may propose the 

Figure 8.9 Fuzzy inference diagram for compressive strength.
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presented model as suitable for predicting the compressive strength of the considered 
geopolymers. A comparison between the predicted results by the proposed ANFIS 
model in this study and that of the previous work (Nazari and Pacheco-Torgal, 2013) 
shows that both ANNs and ANFIS models could predict the compressive strength of 
the evaluated geopolymers well. Since the presented soft-computing techniques are 
limited to those presented in the previous works (Nazari and Riahi, 2012a; Nazari 
and Pacheco-Torgal, 2013; Nazari and Safarnejad, 2013), it is not possible to present 
a comprehensive evaluation with different geopolymeric specimens. However, all of 
the proposed models in the previous work and that presented in this work show that 
such soft-computing methods as ANFIS, ANNs and GP could be suitably adopted 
for predicting the properties of geopolymeric specimens. The 3D interaction graph 
between some of selected variables generated by the proposed model can be seen 
in Figure 8.10. Figure 8.10(a) shows the interaction between H2O/Na2O ratio and 
NaOH concentration on compressive strength of the considered geopolymers. The 
results show that the highest strength has been achieved in higher concentrations 
of NaOH and lower H2O/Na2O ratio. This is in agreement with the previous work 
(Nazari and Pacheco-Torgal, 2013).
 The strength of a geopolymeric mixture depends on several factors of which NaOH 
concentration has a significant effect. However, the effect of NaOH concentration on 
compressive strength of geopolymers is the complete opposite. While some reported 
an increased strength with high NaOH concentration (Zuhua et al., 2009; Wongpa 
et al., 2010; Nazari et al., 2011), others (Chindaprasirt et al., 2007; Somna et al., 
2011) showed a negative impact of high NaOH concentration. An investigation of the 
proposed NaOH concentration for production geopolymers with higher strength shows 
that this depends mainly on the aluminosilicate source (Nazari et al., 2011). 
 This is very evident in Figure 8.10(b) where for type 1 aluminosilicate source, 
even at low NaOH concentration, the strength is high and in some cases for this 
source type, the strength has been decreased by the increased NaOH concentration. 
However, the results of the three sources in this work show that the strength and 
NaOH increments behave in a parallel manner. Figure 8.10(c) shows the interaction 
between NaOH concentration and the amount of superplasticizer. The figure shows 
that a higher amount of superplasticizer at all NaOH concentrations results in higher 
strengths. This is in agreement with the previous work (Nazari and Pacheco-Torgal, 
2013), where higher content of superplasticizer usage led to a reduction in water 
required and hence increased strength. This is completely established for concrete 
specimens and since the nature of these constructional materials is similar, one may 
anticipate that geopolymers behave in the same manner. One of the most interesting 
findings from the proposed ANFIS model is illustrated in Figure 8.10(d) where 
the interaction between Ca(OH)2 content and NaOH concentration is presented. 
The figure shows that for all of NaOH concentrations and high Ca(OH)2 content, 
the compressive strength is very low. The highest strengths have been achieved at 
intermediate NaOH concentrations and up to 10% of Ca(OH)2. The findings show that 
even at high NaOH concentration, excessive Ca(OH)2 content may lead to decreased 
strength. This is in agreement with Nazari et al. (2012) where geopolymers were 
produced by ordinary Portland cement (OPC) and high content of lime. Relatively 
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Figure 8.10 The 3D interaction graph between some selected variables generated by the 
proposed ANFIS model: (a) NaOH concentration and H2O/Na2O; (b) NaOH concentration 
and aluminosilicate source; (c) NaOH concentration and superplasticizer amount; (d) 
NaOH concentration and Ca(OH)2 content; (e) curing time and H2O/Na2O; (f) curing time 
and aluminosilicate source; (g) curing time and NaOH concentration; (h) curing time and 
superplasticizer amount; and (i) curing time and Ca(OH)2 content.
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Figure 8.10 Continued

low compressive strength of those geopolymers shows the possible formation of 
Ca(OH)2 during incomplete geopolymerization. Finally, Figure 8.10(e)–(i) shows the 
interaction between curing time and the other parameters. In all cases, it has been 
predicted that the compressive strength of the considered geopolymers increased 
up to 28 days and then will decrease. This is in agreement with the previous work 
(Nazari and Pacheco-Torgal, 2013). Although works conducted on the post-28-day 
compressive strength of geopolymers are limited, some of them have reported a 
decreased strength after 28 days of curing (Wongpa et al. 2010). However, conversely, 
some have reported an increased strength after 28 days of curing (Somna et al., 
2011). This may be related to the production method and aluminosilicate source 
and requires further investigations.

8.5 Conclusions

Application of neuro-fuzzy approaches for the prediction of compressive strength 
of the considered geopolymers is very scarce. This paper presents a pioneer work 
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on the neuro-fuzzy approach in this field. The proposed ANFIS model is a unified 
rule-based model based on experimental data. The proposed ANFIS model shows 
very good agreement with experimental results. The values of R2, MAPE and MSE in 
the training phase of the model were acquired as 0.94, 11.52 and 14.48, respectively 
and 0.92, 15.89 and 23.69, respectively, in the testing phase. The predicted results 
by the proposed ANFIS model showed that the effect of NaOH concentration as a 
main factor depends on the other factors. However, by considering the effect of all 
of the factors, the strength is decreased after 28 days of curing. As a conclusion of 
this study, the neuro-fuzzy approach may serve as an effective alternative tool for 
the modeling of compressive strength of geopolymers in the future.
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9Analysing the relation between 
pore structure and permeability 
of alkali-activated concrete 
binders
Z. Zhang, H. Wang 
University of Southern Queensland, Toowoomba, QLD, Australia

9.1 Introduction 

Hardened Portland cement binders have complex pore structure, including gel 
pores, capillary pores and air voids. The pore features (pore size, volume, shape and 
connectivity) are critical microstructure characteristics because they determine the 
fluid transport properties of concretes. Gel pores are nanopores, usually from 0.5 
nm to 2.5 nm and are too small for water molecules to penetrate. Capillary pores are 
from several nanometres to several micrometres, which have a large effect on the 
permeability of water and other liquids (Shi et al., 2006). The binder permeability 
in concrete is very important because it determines the ingress of surrounding fluids 
to a large extent. The aggressive species, such as carbonate, chloride and sulphate 
ions, intrude in concrete through pore transportation. As a result, they neutralize the 
alkalinity of concrete and reduce the protection of steel reinforcement in concrete 
structures. 
 Similar to Portland cement-based binders, alkali-activated binders also have very 
complex pore structure. To date, there is limited research on their pore structures 
and the effect on the permeability of on site alkali-activated concretes; however, 
laboratory research has identified some issues regarding the chloride diffusion, 
carbonation and strength loss of binders under aggressive conditions. These issues 
are closely related to the pore structure. 
 This chapter examines the pore structure in alkali-activated metakaolin (AAM), 
alkali-activated fly ash (AAFA) and alkali-activated slag (AAS) binders that 
are reported in the literature. The pore structure of different binders was mostly 
examined by mercury intrusion porosimetry (MIP), although the differences between 
porosimetric techniques in characterizing pores are acknowledged (Bernal et al., 
2014). The permeability of the binders is discussed based on the water absorption 
and permeability, and chloride diffusion. The aim of this chapter is to analyse the 
relation between pore structure and permeability of alkali-activated binders. This 
relation is useful for understanding the durability of alkali-activated binder products, 
such as mortars and concretes, and also for designing and manufacturing of such 
materials in industry. 
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9.2 Alkali-activated metakaolin (AAM) binders

9.2.1 Pore structure of AAM binders

The pore structure of AAM binders depends on many factors. Firstly, it largely 
depends on the activator type (Zhang et al., 2012b, 2013). Figure 9.1 shows the 

Figure 9.1 Representative SEM images of AAM binders: (a) 8 m NaOH; (b) 12 m NaOH; 
(c) Na2O·1.0SiO2; (d) Na2O·1.6SiO2. The metakaolin has D50 of 5.9 mm and specific surface 
area of 14.1 m2/g. The liquid-to-solid ratio is 1.0 in NaOH activation systems, while it is 0.8 
in sodium silicate activation systems. The reaction takes place at 30°C, normal pressure at a 
closed chamber for >72 h.

(a)

(b)
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microstructure of AAM binders by sodium hydroxide and sodium silicate solutions. 
The pores in NaOH-AAMs appear much larger than in Na2O·nSiO2-AAMs. 
 Generally, after reaction with highly concentrated NaOH solutions, metakaolin 
particles are converted into a porous, particulate gel, and are bound to each other 
on the surfaces, but also maintain their plate-like morphology to some extent. The 
observed porous gel morphology in NaOH-AAMs is similar to the previously 
published images of metakaolin geopolymers with low Si/Al ratios (Duxson et al., 
2005), and also those that resemble the precursor gels formed in some hydrothermal 
zeolite synthesis systems at very early stages (Chandrasekhar and Pramada, 2008). 

(c)

(d)

Figure 9.1 Continued
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Figure 9.2 shows the porosity and pore distribution of two NaOH-AAMs (Zhang et 
al., 2008). The porosity decreases with the increase of NaOH concentration. The pore 
size shifts towards smaller regions, from mainly 60–1000 nm to 100–1400 nm. Such 
a porous structure should be highly permeable. In comparison, Na2O·nSiO2-AAMs 
are much more compact. The pore size distribution is usually in a range of 5–50 nm 
(Zhang et al., 2010a; Kamseu et al., 2012). This is because the soluble silicate itself 
is a binding material, becoming part of the gels. As metakaolin particles dissolve 
Al and Si in the activator solution, Na-Al-Si-OH gels form and bind the residual 
particles into a strong product. 
 The pore structure of AAM binders is affected by the nature of the metakaolin. 
Kamseu et al. (2012) examined the pore size distribution in AAMs that were derived 
from an Al-rich (51.59 wt.% of Al2O3) metakaolin M and a Si-rich (70.11 wt.% of 
SiO2) metakaolin T by activation with a mixture of sodium hydroxide, potassium 
hydroxide and sodium silicate solutions. The pore structural features are summarized 
in Table 9.1. At a constant solid/liquid ratio, the AAM that synthesized using Al-rich 
metakaolin has higher porosity and larger pore size than that synthesized from Si-rich 
metakaolin. It seems that not only soluble Si in activator but also the Si present in 
metakaolin is beneficial in obtaining a compact structure. 
 The pore structure of AAM binder also depends on the liquid/solid ratio (Zhang 
et al., 2010a). This is somewhat similar to OPC binders, which have higher porosity 
and larger pores when the water/cement ratio is increased. The difference is that alkali 
activators contain solutes and the water is only consumed at a small proportion in 
geopolymerization (presented as hydroxyl bonds, absorbed water and pore solution). 

8m NaOH-AAM, porosity = 28.8%
4m NaOH-AAM, porosity = 33.4%
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Figure 9.2 Pore size distribution of NaOH-AAMs. The metakaolin powder has a specific 
surface area of 10 m2/g. The liquid/solid ratio is around 0.8 for both systems with 4 m and 
8 m NaOH solutions, respectively. Samples are synthesized at 25 ± 2°C, relatively humidity 
(RH) = 95% for 24 h and followed by 6 days of steam curing at 80°C (data from Zhang 
et al., 2008). 
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Figure 9.3 shows the effects of liquid/solid ratio on slag containing AAMs. The 
porosity increases as the liquid/solid ratio increases, as summarized in Table 9.2. 
Most of the pores determined by MIP are below 20 nm, which are much smaller 

Table 9.1 Pore structure for the AAMs by a mixture of sodium 
hydroxide, potassium hydroxide and sodium silicate solutions 

Samples Si/Al Na/Al Bulk density 
(g/cm3)

Cumulative pore 
volume (mm3/g)

Average pore 
size (mm)

M
75M
MT
25M
T

1.23
1.50
1.79
2.00
2.42

0.83
0.89
0.96
1.05
1.16

1.32
1.34
1.34
1.35
1.37

0.318
0.302
0.308
0.271
0.244

0.031
0.026
0.024
0.018
0.013

Note: The data have been reorganized according to the experimental conditions.
Source: Kamseu et al. (2012), with kind permission from Springer Science and Business Media.
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Figure 9.3 Effects of liquid/solid ratio on pore size distribution in AAMs. The AAM was 
prepared by sodium silicate solution activation of a metakaolin/slag (90/10) blend at 20°C. 
Systems S-55, S-65 and S-75 have liquid/solid ratios of 0.55, 0.65 and 0.75, respectively. 
More sample preparation details can be found in Zhang et al. (2010a).

Table 9.2 Pore size distribution and porosity for the AAMs as 
shown in Figure 9.3

System Pore size distribution by volume ratio (%) Porosity 
(%)<10 nm <20 nm <50 nm >50 nm

S–55
S–65
S–75

36.7
55.0
24.2

88.2
90.8
90.7

92.7
94.4
94.8

7.3
5.6
5.2

19.4
23.8
27.2
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than in NaOH-AAMs (Chandrasekhar and Pramada, 2008) and also smaller than in 
hydrated cement binder (Zhang et al., 2010a). The binder S-55 has a higher volume 
of large pores (>50 nm) than S-65 and S-75, although the total volume of open 
porosity is the lowest (Table 9.2). This unexpected result is likely caused by the 
high viscosity of the geopolymer slurry, which makes the elimination of entrapped 
air bubbles difficult.
 As one of the most important parameters, curing temperature also plays a 
significant role in affecting the pore structure of AAM binders (Rovnaník, 2010). 
As shown in Figure 9.4, the pore volume slightly increases with the increasing of 
curing temperature. Curing at higher temperatures also results in larger pores, whereas 
low temperature curing increases the bulk density (Rovnaník, 2010). As Rovnaník 
(2010) claimed, ‘cumulative pore volume of geopolymer is generally twice as high 
in comparison with materials based on Portland cement or alkali activated slag’. 
This pore structural feature is attributed to the ‘higher permeability and absorption 
capacity of water and aqueous solutions’ as reported in the literature (Okada et al., 
2009). 
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Figure 9.4 Effects of curing temperature on the pore size distribution and porosity of AAMs. 
Curing at 40, 60 and 80°C was carried out for the first 4 h (reprinted from Rovnaník, 2010, 
Copyright © 2010, with permission from Elsevier).

9.2.2 Permeability of AAM binders

Permeability is the ability for a material to allow liquid to pass through under a 
certain pressure gradient, such as when a binder is under hydrostatic pressure. AAM 
binders are known to have extremely low permeability, even under high pressure, 
because of their complex pore structures.
 Given the nature of low permeability and high strength, Zhang et al. (2010b) used 
the Darcy method to measure the permeability. They developed a testing system as 
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shown in Figure 9.5. This method is usually used to test the well cores (hardened 
oil cement binders) in oil well cementing engineering (API recommended practice). 
The surrounding pressure, usually called confining pressure, is 3 MPa higher than 
the driven pressure to avoid liquid bypass along the surface of sample. After the 
permeation was steady, the permeated water over a period of time is recorded and 
the permeability can be calculated according to the following equation:

  k = 105·Q·m·L/(A·Dp) (9.1)

where k is permeability coefficient (mm2); Q is velocity of permeated liquid (mL/s); 
m is viscosity of permeated liquid (Pa·s); L is length of sample; A is sample cross-
section area; and Dp is the driving pressure of liquid.
 It should be noted that the sample to be measured in the high pressure cabin 
should have gained a high enough strength against the liquid pressure. Otherwise, 
the sample will be damaged by the pressurized liquid and confining pressure. A 
single micro-crack can cause a large error in measurement. In their research, the 
samples were well cured for 3 days and achieved a compressive strength around 60 
MPa, which was about three times over the confining pressure. Theoretically, under 
steady state, the liquid pressure should have very limited effect on the permeability 
of AAM binders. Figure 9.6 shows that in the testing pressure range, the water 
permeability decreases slightly with the increase in liquid pressure for the samples 
prepared at a liquid/solid ratio of 0.6. For the samples at a liquid/solid ratio of 0.7, 
this might not be the case. When the liquid pressure increases, the pore connectivity 
may be increased due to the intrusion of high pressure water, causing more open 
channels. However, as the confining pressure is also increased (confining pressure 
should always be higher than liquid pressure), the deformation of the sample due to 
the high pressure may decrease the pore connectivity. In general, from Figure 9.6, 
the effect of liquid pressure is very limited.
 Zhang et al. (2010b) studied the effects of liquid/solid ratio on permeability of AAM 
binders under liquid pressure of 20.1 MPa. As expected, the permeability coefficient 
k increased along with the increase in liquid/solid ratio from 0.55 to 0.65 (Figure 

Surrounding pressure

2.5 cm

3.5 cm

23 MPa

Geopolymer sample

Pressed
liquid

20.1 MPa

Figure 9.5 Testing of permeability of AAM binders by Darcy method (reprinted from Zhang 
et al., 2010b, Copyright © 2010, with permission from Elsevier). 
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9.7). It suggested that more connected pores were formed in the geopolymer matrix 
prepared at higher liquid/solid ratios. This was because the polymerization process 
emitted excessive water during the polymerization stage, and the evaporation of 
water left open channels. When the liquid/solid ratio was higher than 0.65, it seemed 
the water permeability remained constant (or slightly decreased). This unexpected 
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Figure 9.6 Effects of liquid pressure on the permeability of AAMs as determined by the 
Darcy method.
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Figure 9.7 Effect of liquid/solid ratio on permeability of AAM binders (reprinted from Zhang 
et al., 2010b, Copyright © 2010, with permission from Elsevier).
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result was probably because of the decreased compressive elastic modulus of the 
samples at such high liquid/solid ratios. As discussed earlier, the shrinkage of pore 
volume of low modulus samples under high confining pressure may decrease the 
connectivity of pores and consequently reduce their permeability.
 The permeability coefficient of AAM binder at liquid/solid ratio of 0.60 was 1.0 
¥ 10−6 mm2, almost twice that at 0.55. Under the same test conditions, a cement 
paste sample prepared with a water/solid ratio of 0.45 had an average permeability 
coefficient of 1.0 ¥ 10−4 to 1.0 ¥ 10−5 mm2 (Zhang et al., 2010a). Apparently, AAM 
binders have much lower water permeability, only 1/100 to 1/10 of that of cement 
paste. This is because of their dense structure and much smaller pore structure. Table 
9.3 shows the comparison of pore size distribution of AAM binder and cement paste. 
The two materials have similar total pore volumes but with significantly different 
pore size. Most pores in the AAM binder are <50 nm while most of the pores in 
the cement paste are >50 nm. The volume of pores larger and smaller than 50 nm 
seems critical not only to mechanical properties but also to permeability. 
 Hardened cement pastes for oil well casing usually have water permeability of 1.0 
¥ 10−4 to 1.0 ¥ 10−1 mm2, strongly depending on the slurry composition, quantity and 
type of additives, curing (setting) conditions and driven pressure of water (Goode, 
1962; Backe et al., 1999; Zhang, 2010). The utilization of reactive silicates, such 
as metakaolin and silica fume, can effectively reduce the water permeability of 
cement pastes (Zhang, 2010). It is reported that by using 1–2% nano-silica powder, 
the permeability of oil well cement paste that synthesized in accordance with API 
specification can be reduced to 1.0 ¥ 10−6 to 2.0 ¥ 10−5 mm2 (Ershadi et al., 2011), 
which is 20 times smaller than the permeability of AAM binders (Zhang et al., 2010b). 
The porosity of the oil well cement paste was 28.5–30% (Ershadi et al., 2011), which 
is not much higher than AAM binders. It suggests that other pore features, such as 
pore size, size distribution and pore shape, are probably more important than the 
total pore volume in determining the water permeability of AAM binders.
 Zhang et al. (2010b) investigated the effects of curing condition on water 
permeability of AAMs, as shown in Figure 9.8. The binders by air curing conditions, 
seawater curing conditions and fresh water curing at 20°C had permeability of 
around 1.0 ¥ 10−6 mm2. Seawater curing slightly reduced permeability, which was 
believed to be due to the crystallization of the supersaturated salt liquid in the pores 

Table 9.3 Pore size distribution of AAM binder and cement paste 
as determined by the MIP method 

Binder Pore size (nm) Porosity (%)

<10 <20 <50 >50

AAM
Cement 

61.5
2.4

90.9
8.0

95.9
26.3

4.1
73.7

24.1
29.5

Note: The AAM was activated by sodium silicate solution at liquid/solid ratio of 0.60 and the cement paste was 
prepared with Grade-52.5 ordinary Portland cement at water/solid ratio of 0.45.
Source: Reprinted from Zhang et al. (2010a), Copyright © 2010, with permission from Elsevier.
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Figure 9.8 Effects of curing conditions on permeability of AAM binders prepared at liquid/
solid ratio of 0.60 ml/g. The data for air curing, seawater curing and fresh water curing at 
20°C were reported in Zhang et al., 2010b. The data for steam curing at 80°C are not yet 
published.

on the sample surface. The crystals, possibly Mg(OH)2 and MgSO4, blocked the 
channels for water permeation. However, when the binder was subjected to 80°C 
steam curing, the permeability increased by 10 to 100 times that of low temperature 
cured samples. The much higher permeability is due to larger pore size distribution 
(Rovnaník, 2010; Lloyd, 2009), even micro-cracks (Zhang et al., 2009a), in gels 
compared to the low temperature cured AAMs. As can be seen in Figure 9.4, the 
20°C cured sample had a porosity of 25% and most of pores were smaller than 20 
nm. In comparison, the 80°C cured sample had a porosity of 30% with pore size 
larger than 50 nm. The evaporation of pore water and loosely bound water under 
high temperature will cause the reorganization of aluminosilicate gels. The most 
likely consequence is the shrinkage of gels around pores (liquid phase) (Rovnaník, 
2010; Lloyd, 2009), although the bulk volume may not change significantly (Zhang 
et al., 2009a). 
 The effects of slag substitution on permeability of AAM binders were also 
studied by Zhang et al. (2010b), with the results shown in Figure 9.9. With 10–30% 
replacement of metakaolin by granulated blast furnace slag, the permeability was 
reduced by 10–20% at liquid/solid ratio of 0.60. 
 The reduced permeability was attributed to the decreased pore sizes and volume, 
as shown in Figure 9.10. The AAM binder without slag had a porosity of 24.1%, of 
which 61.5% were pores <10 nm, while the AAM binder with 10% slag substitution 
had a porosity of 22.3%, of which 65.8% of pores were <10 nm. When slag content 
was >10%, geopolymer had a relatively steady and low permeability, suggesting that 
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slag particles had some dense packing influence on geopolymer microstructure (Yip 
et al., 2005). However, the substitution of slag should not be too high in the synthesis 
of low permeable AAMs, as it was observed that under laboratory conditions samples 
with more slag substitution possessed higher shrinkage. The shrinkage might cause 
micro-cracks, which become open channels for outside fluids.
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Figure 9.9 Effects of slag substitution on permeability of AAM binders that were synthesized 
by activation with Na2O·1.2SiO2 solution at 20°C (reprinted from Zhang et al., 2010b, 
Copyright © 2010, with permission from Elsevier). 
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Figure 9.10 Effects of slag substitution on pore size distribution in AAM binders. Systems 
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9.3 Alkali-activated fly ash (AAFA) binders

9.3.1 Pore structure of AAFA binders

AAFA binders have been studied more extensively in recent years because they are 
more suitable than AAM binders for concrete manufacturing. It is well known that 
metakaolin needs a milling process and a high temperature heating process, usually 
at 500–900°C (Zhang et al., 2009b), to obtain a reactive powder. In comparison, 
fly ashes do not require too much additional energy input. Fly ashes are spherical 
while metakaolin is layered in structure. This morphological difference leads to a 
much higher liquid requirement in metakaolin-based geopolymer paste than in fly 
ash-based geopolymer paste (Provis et al., 2010). Metakaolin paste usually requires 
a liquid/metakaolin ratio of >0.6 by mass (Zhang et al., 2009a, 2010a, 2010b), and 
mortars need ~1.0 (Rovnaník, 2010; Pacheco–Torgal et al., 2011). If the liquid/solid 
ratio is low, a high pressure compaction process is required (Živica et al., 2011), 
which is not desirable in most engineering production situations. In comparison, 
AAFA paste requires a liquid/ash ratio between 0.30 and 0.65 (Zhang et al., 2012a), 
and 0.40–0.96 for concretes (Diaz–Loya et al., 2011), which depends on the nature 
of fly ash and activator. It has been demonstrated that the activator solution is the 
major cost of the manufacture of alkali-activated binders (McLellan et al., 2011). 
Therefore, the development of cost and performance comparable or superior AAFA 
binders to replace OPC is more interesting in actual applications. 
 Important factors that impact the pore structure of AAFA binders include fly ash 
properties, activator type and dosage, and curing conditions. The pore structure in 
AAFA binders is substantially different when fly ashes vary. Figure 9.11 presents 
the SEM images of five geopolymers. These geopolymers are synthesized using 
five different fly ashes at the same quantity of alkaline solutions (in terms of Na2O 
and SiO2 mass). The fly ashes require different additional water to obtain a similar 
workability. Specifically, fly ashes A and C are very fine and their mixtures at liquid/
solid ratio of 0.39 exhibit high workability. Fly ashes B, D and E require some 
additional water, 0.2, 0.1 and 0.23, respectively (Zhang et al., 2012a), to achieve a 
similar workability. The SEM images in Figure 9.11 show that AAFA binder E is the 
most porous one. The pore analysis by MIP method, as shown in Table 9.4, revealed 
that most pores in AAFA binders were between 20 and 500 nm. This pore size was 
much larger than in AAM binders. In comparison with normal cement pastes, such 
as the one in Table 9.3, only binders A and C had comparable or slightly larger pore 
size distribution. The other three all had much larger pores and higher porosities. 
Such porous AAFA binders are not expected to have low water permeability.
 There is no doubt that the amount of additional water in the activator is one of 
the most important factors that affect the porosities of the AAFA binders. However, 
the particle size and packing density of fly ash are also important. As is well known, 
in AAFA systems only a fraction of fly ash particles (usually between 5 and 30% 
(Rattanasak et al., 2011; Chindaprasirt et al., 2011), at most 60% (Fernández–Jiménez 
et al., 2006)) can be dissolved and react with alkali activator to form aluminosilicate 
gels. These gels are to fill the space between residual particles to reduce the porosity 
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(a)

10 mm EHT = 20.00 kV
WD = 26.0 mm

Signal A = SE1
Mag = 500X

Date: 9 Mar 2012
Time: 15:47:15

(b)

10 mm EHT = 20.00 kV
WD = 13.0 mm

Signal A = SE1
Mag = 500X

Date: 9 Mar 2012
Time: 16:50:44

Figure 9.11 (a–e) SEM images of AAFA binders by alkali activation of fly ashes from different 
power stations. Fly ashes A, B, C, D and E have specific surface of 2.1, 2.3, 1.0, 0.9 and 0.6 
m2/g, respectively. The activator is a mixture of NaOH and Na2O·2.0SiO2 and the curing is 
in sealed containers at 40°C for the first 24 h and followed by curing at 25°C for 27 days. 
More detailed information about physical and chemical features of the fly ashes and reaction 
conditions can be found in Zhang et al. (2012a).
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Figure 9.11 Continued
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Figure 9.11 Continued

in the final binder. Apparently, a high packing density, which usually comes with 
very fine ash particles, is critical in achieving a compact and strong binder. 
 The activator type also affects the pore size and porosity of AAFA binders to 
a large degree. In the early research by Palomo et al. (1999), it is noted that the 
binder activated by NaOH (12 m) solution was much more porous than the binder 
activated by the solution of KOH mixed with K2SiO3 with a modulus (SiO2/K2O 
ratio) of 0.63. The benefits and mechanisms of soluble silicate in activator to achieve 
compact binders are very similar to those in AAM systems. When Ca(OH)2 is used 
as activation agent, the pores in binders are substantially different from those in 

Table 9.4 Pore size distribution and porosity of AAFA binders 
synthesized with five different fly ashes 

Binder Pore size (nm) Porosity (%)

<20 <50 <100 >500

A
B
C
D
E

16.0
0.7
0.5
0
0

55.3
34.1
51.1
4.2
1.5

65.5
32.2
63.8
50.2
4.5

4.1
14.7
5.8
13.5
34.2

21.7
35.9
27.4
29.2
41.6
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binders activated with alkali metal hydroxides and silicates (Komljenović et al., 
2010), as can be seen in Figure 9.12. The AAFA binder activated by Ca(OH)2 
produced typical C-A-S flocculation microstructure, and the pores are larger than in 
NaOH activated binder. As observed from the SEM images, the most compact binder 
is the one activated with Na2O·1.5SiO2. The pore sizes are reduced from several 
micrometres in Ca(OH)2, NaOH and Na2O·0.5SiO2 activated binders to less than 
one nanometre in Na2O·1.5 SiO2 activated binders. This pore size feature was also 

(a) FA I + Ca(OH)2 (25% CaO)

(c) FA I + Na2O • nSiO2 
(n = 0.5; 10% Na2O)

(d) FA I + Na2O • nSiO2 
(n = 1.5; 10% Na2O)

(b) FA I + NaOH (15% Na2O)

Figure 9.12 SEM images of AAFA binders by different activator solutions: (a) Ca(OH)2 at CaO 
= 25%; (b) NaOH at Na2O = 15%; (c) Na2O·0.5SiO2 at Na2O = 10%; and (d) Na2O·1.5SiO2 
at Na2O = 10%. More detailed synthetic conditions can be found in Komljenović et al. 
(2010). 
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observed using SEM observation reported by many other researchers (Fernández-
Jiménez and Palomo, 2005; Criado et al., 2012; Chi and Huang, 2013).
 The curing conditions also have influences on the pore size in AAFA binders, 
very similar to AAM binders. Criado et al. (2012) investigated the curing humidity 
on the microstructure of AAFA binders. From their SEM observation it is noted that 
after 30 days of curing in air-tight containers with RH = 90% at 80°C the binder 
was much more compact than that cured at the same temperature but with RH = 
40–50%. 

9.3.2 Permeability, water absorption and chloride diffusion in 
AAFA binders 

AAFA binders are expected to have lower permeability than normal cement binders 
because of much finer pore size, although their porosities may be similar. By using 
the Darcy method under a relatively low inlet pressure (0.7 MPa), the permeability 
of several AAFA binders prepared using different activators and curing conditions 
was tested in relation to their pore features (Ma et al., 2013), as shown in Figure 
9.13. The Portland cement sample PC 0.4 (synthesized at w/c ratio of 0.4) had very 
similar total porosity as the sample 1.5–1.5 (denoting the modulus of activator is 
1.5 and liquid/solid ratio is 1.5) at 7 days, but its water permeability was 10 times 
higher. As curing time increased, the total porosity did not change too much for 
AAFA binders but it decreased significantly for PC 0.4, so did their corresponding 
permeability. By using the Darcy method under relatively high inlet pressures, CO2 
permeability of AAFA binders was measured in comparison with hardened oil well 
cement paste by Nasvi et al. (2014). They found that at similar porosities, the CO2 
permeability of AAFA binders (0.0005–0.002 mD) is two to three orders lower than 
Class G cement (0.12–2.6 mD), depending on the mix compositions of AAFA. The 
reason for this much lower permeability is due to the finer pore size of AAFA than 
that of cement paste. 
 Beside of permeability, in concrete, the liquid transportation has another primary 
mechanism, namely capillary water absorption. Capillary absorption is the movement 
of water through the small pores in concrete in the absence of an externally applied 
hydraulic head, and is the result of surface interactions between the water and the 
pore wall. It is much faster than pressure permeability and is the primary transport 
mechanism for water in concrete structures under ambient conditions. In the following 
sections, water capillary absorption of AAFA binders is discussed in comparison 
with cement binders. 
 The author Zuhua Zhang and his colleague Zhu have designed the experimental 
works to examine the water absorption and chloride diffusion of AAFA binders 
in comparison with cement binders. The following are some of their unpublished 
data. They used a Class F Grade II fly ash (according to Chinese Standard GB/T 
1596-2005) and Na2O·1.0SiO2 (concentration = 35%) to prepare AAFA binders. 
The particle size distribution of the fly ash is shown in Figure 9.14. This fly ash 
had relatively coarse particles, and its specific surface area was estimated to be 0.82 



Handbook of Alkali-activated Cements, Mortars and Concretes252

0.5–1.5
1–1.0

1–1.5
1.5–1.5

1–1.3
PC 0.4

0 50 100 150 200
Age (days)

(a)

W
at

er
 p

er
m

ea
bi

lit
y 

(m
/s

)
1.0E-07

1.0E-08

1.0E-09

1.0E-10

1.0E-11

1.0E-12

1.0E-13

1.0E-14

0.5–1.5
1–1.0

1–1.5
1.5–1.5

1–1.3
PC 0.4

0 50 100 150 200
Age (days)

(b)

To
ta

l p
or

os
ity

 (
%

)

45

40

35

30

25

20

15

10

Figure 9.13 (a–d) Water permeability of AAFA binders and its relationship with porosity 
and pore size. The ‘total porosity’ refers to the total mercury intrusion volume at highest 
pressure, ‘effective porosity’ refers to the mercury volume by excluding ink-bottle porosity 
and ‘threshold pore diameter’ refers to the pore size corresponding to the highest mercury 
intrusion rate as size changes (reprinted from Ma et al., 2013, Copyright © 2013, with 
permission from Elsevier). 
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m2/g as measured by a laser particle analyzer. This kind of Grade II fly ash required 
much high volume liquid, which was also found for those fly ashes with similar 
particle size and surface areas (Zhang et al., 2012a). It was mixed with an activator 
solution at liquid/solid ratios of 0.6, 0.7 and 0.8. Trial mixtures at lower liquid/solid 
ratios than 0.6 were too stiff to fill the PVA moulds. A cement paste was prepared 
at a water/cement ratio of 0.35. AAFA pastes cast in moulds were cured in a well-
designed procedure: sealed curing at 20°C for the first 24 h, followed by sealed 
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curing at 65°C for 48 h, de-moulded, then followed by sealed curing at 20°C for 7 
days. The cement paste was sealed and cured at 20°C for the first 24 h, de-moulded 
and followed by water curing at 50°C for 15 days. These procedures were designed 
with the aim of achieving high maturity for the hardened samples.
 The hardened AAFA binders and the cement binder were measured in two ways to 
obtain their water capillary absorption properties: one was measured on as-prepared 
samples after 24 h equilibration at RH = 90%, and the other was on samples after 
24 h drying at 100°C. The water capillary absorption kinetics are shown in Figure 
9.15. 
 It is clear that all of the three AAFA binders at different liquid/solid ratios have 
much higher capillary absorption rate and ratio than the cement binder. The as-
prepared samples have very limited water loss under RH = 95%, 20°C conditions, 
and their water absorption is low. For those at 100°C and 24 h drying, a standard 
procedure recommend by ASTM C642-06, water absorption is very fast and reaches 
saturated absorption in 24 h. An increase of alkali activator dosage leads to an 
increased porosity, as reflected by the water absorption of the dried samples. 
 The pore structure of these binders is shown in Table 9.5, as determined by the 
MIP method. The pores in AAFA binder are mostly in a range of 10–50 nm. Portland 
cement binder has a larger pore size distribution, mainly from 20–200 nm. The 
porosities of AAFA binders are consistent with the water absorption ratio (Figure 
9.15); however, the porosity of the cement binder is much lower than the water 
absorption ratio. This is due to its complex pore tortuosity, which makes it difficult 
for mercury fluid to intrude in. The capillary absorption has a close relationship with 
the porosity, less direct with pore size distribution. 
 The high porosity and high capillary absorption of AAFA binder are expected to 
lead to low resistance to chloride diffusion. To confirm this point, cylindrical samples 
of Ø20 mm ¥ 80 mm were cast, cured at the conditions as described above, sealed 
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Figure 9.14 Particle size distribution of a Class F Grade II fly ash.
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on surface with water-resistant resin and put in contact with saturated solution, as 
shown in Figure 9.16. 
 After 7 days of penetration, the samples were cut into four pieces with height of 
20 mm, ground and dried. The chloride concentrations in each piece were determined 
by acid dissolution and AgNO3 titration. Figure 9.17 shows the chloride concentration 
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Figure 9.15 Water absorption of AAFA binders in comparison with OPC binders: (a) as-
prepared samples; (b) 100°C × 24 h dried samples.
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distribution of the three AAFA binders and the cement binder. It is very clear that 
AAFA binders have higher porosities, exhibiting much faster chloride diffusion 
compared with the cement binder.

60–80 mm

40–60 mm

20–40 mm

0–20 mm

Water-resistant 
resin coating

NaCl saturated 
solution

Table 9.5 Pore size distribution and porosity of AAFA binders 
synthesized with different liquid/solid ratios, in comparison with 
a cement paste at w/c = 0.35 

Binder Liquid/solid 
ratio

Water/solid 
ratio

Pore size (nm) Porosity 
(%)<10 <20 <50 >100

B0.6
B0.7
B0.8
Cement 

0.6
0.7
0.8
0.35

0.32
0.36
0.41
0.35

19.3
24.6
22.3
5.0

71.5
76.4
74.8
24.4

93.3
93.2
93.5
45.0

3.7
4.4
3.2
34.1

27.2
31.2
33.8
8.0

Figure 9.16 Chloride diffusion testing of AAFA binders under natural capillary absorption 
conditions at 20°C. 
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Figure 9.17 Distribution of chloride concentration in AAFA binders in contact with saturated 
NaCl solution, in comparison with OPC binder.
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 The above data show that AAFA binders are not highly resistant to chloride 
diffusion/penetration. Regardless of external conditions, such as chloride concentration 
and liquid pressure, the permeability and water absorption properties of AAFA 
binders strongly depend on their formula. The liquid requirement is a critical factor 
in determining the final porosity. When a coarse fly ash (such as Class F Grade II 
or III fly ash according to GB/T 1596-2005) is used as single solid materials, the 
high liquid requirement usually leads to a high porosity. Moreover, as the pore 
sizes in AAFA binders are mostly between 20 and 100 nm, the capillary absorption 
force is very high. These properties may lead to fast penetration of chloride and 
other harmful ions in concretes (Wongpa et al., 2010; Adam, 2009). Therefore, the 
utilization of fly ash in alkali-activated binder manufacturing needs to consider the 
pore sizes and porosity in the final products, and the possibility of high capillary 
absorption, permeability and ion diffusion rate. 

9.4 Alkali-activated slag (AAS) binders

9.4.1 Pore structure of AAS binders

AAS binders have been extensively studied in the past decades, including chemical 
reaction mechanisms and engineering properties, and have been commercially 
produced and used in construction projects, most of which took place in the former 
Soviet Union and China (Shi et al., 2006). Today there are AAS-based concretes 
on the market in Australia as well.
 The microstructural features of AAS binders are different from AAM and AAFA 
binders, and also different from OPC binders. Figure 9.18 shows the comparison of 
typical microstructures of AAM, AASM (alkali-activated slag/metakaolin blend), 
AAS and OPC binders (Lecomte et al., 2006). The AAM binder micrograph displays 
a relatively more homogeneous binding matrix than the other three. Compared to 
AAFA binders (Figures 9.11 and 9.12), AAS binders appear more compact. An 
important feature in AAS binders is that the micro-cracks appear throughout the 
matrix. This is a very common feature in AAS, as observed in SEM images in a lot 
of research (Adam, 2009; Brough and Atkinson, 2002; Gruskovnjak et al., 2006; 
Palacios and Puertas 2007; Puertas et al., 2004, 2006; Sakulich, 2009). This is 
probably due to the high shrinkage nature of AAS binders, if the drying procedure 
for sampling is not the main reason. However, crack-free microstructural images are 
observed in samples which are cut from bulk, immediately immersed in isopropanol 
and subsequently dried at 40°C for 24 h (Ben Haha et al., 2011b). The penetration 
of a low viscosity epoxy resin into the binder may also help to reduce cracks during 
polishing (Ben Haha et al., 2011b). 
 It is well established that AAS binders have finer pore size distribution than OPC 
binders (Shi et al., 2006). However, the pore structure in AAS binders depends 
on many factors, such as alkali activator type and dosage, and curing/reaction  
conditions. 
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Figure 9.18 SEM images of alkali-activated metakaolin binder (a), alkali-activated metakaolin/
slag (40/60) binder (b), alkali-activated slag binder (c), and hardened Portland cement binder 
(d). The alkali activator is a mixture of potassium metasilicate and potassium hydroxide 
solutions with K2O/SiO2 of 0.68. More detailed synthesis conditions can be found in Lecomte 
et al. (2006).

 Alkali hydroxide-activated binders are more porous than alkali silicate-activated 
AAS binders because of the lack of soluble silicate (Shi, 1996; Ben Haha et al., 2011a; 
Aydın and Baradan, 2014). Figure 9.19 shows the typical pore size distribution of 
three Na2O·1.7SiO2 activated binders (Melo Neto et al., 2008). At constant water/
solid ratio of 0.48 (solids include the slag and Na2O and SiO2 in the activator), the 
maximum pore size changes from ~25 nm in the 2NS to smaller than 10 nm in the 
4NS. The decreased pore size indicates the importance of soluble silicate in the 
densification of gel. Due to the high water/solid ratio used, the porosities in these 
binders, in a range of 20–40%, are much higher than the values reported in other 
research (Shi, 1996; Roy et al., 2000). The utilization of Na2O·nSiO2 and NaOH 
powder as dry activator generates a pore size distribution between 10 and 50 nm in 
the binders containing 15% Na2O with Ms = 0.6 and 1.5 and the binder containing 
5% Na2O with Ms = 1.5 (Ravikumar and Neithalath, 2013). However, the binder 
containing 5% Na2O with Ms = 1.5 shifts the main distribution to 20–100 nm 
(Ravikumar and Neithalath, 2013). From this point of view, the utilization of dry 
activator seems to have very limited influence on pore size distribution. 



Pore structure and permeability of alkali-activated concrete binders 259

 Curing conditions, such as time and humidity, have some influence on the pore 
structure in AAS binders. A very typical pore refinement trend in AAS binders is 
shown in Table 9.6. The paste is a mixture of slag with sodium silicate activator (dry) 
and lime slurry (1% lime in water) and cured under exposed conditions (Collins and 
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Figure 9.19 (a) Cumulative and (b) incremental pore size distribution of AAS binders. The 
activator is a sodium silicate solution with Ms = 1.7. ‘2NS’, ‘3NS’ and ‘4NS’ refer to the 
concentrations of Na2O in each binder 2.5%, 3.5% and 4.5%, respectively. More detailed 
synthetic conditions can be found in Melo Neto et al. (2008).
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Table 9.6 Pore size distribution and porosity in sodium silicate-
activated AAS binders

Age (d) % mesopores 
(1.25–25 nm 
radius) 

% macropores 
(25–5000 nm 
radius)

% voids/microcracks 
(5000–50,000 nm 
radius)

Porosity (%)

3
7
28
56

74.0
76.0
82.0
81.3

16.6
14.9
10.4
12.5

9.4
9.1
7.6
6.2

33
32
31
25

Source: Data are from Collins and Sanjayan (2001).

Sanjayan, 2001). Most of the pores in AAS binders are mesopores, from 1.25 to 25 
nm. The pore sizes and volume continuously decrease with curing time, which is 
consistent with the pore refinement trend in other binders by liquid sodium silicate 
activation of different slags (Ben Haha et al., 2011a). The pore size distribution is 
affected by the curing humidity. A moist curing (water bath or sealed) leads to finer 
pore size, lower porosity and fewer micro-cracks than dry curing (exposed to air 
with RH = 50%) (Collins and Sanjayan, 2001).

9.4.2 Permeability of AAS binders

Direct measurements of the water permeability of AAS binders are less reported 
in the literature. Data of the permeable properties of AAS mortars and concretes 
are available (Shi, 1996; Ismail et al., 2013; Bernal et al., 2011). However, it is 
reasonable to expect that AAS binders have similar water permeability to AAM 
binders at an equivalent porosity level, considering their similar pore size distribution. 
Furthermore, given the fact that slag substitution of metakaolin provides benefits in 
reducing permeability, well-synthesized AAS binders are expected to have lower 
water permeability than AAM binders because of their lower porosities, compared 
to normal AAM binders. 
 The capillary water absorption property of AAS binders depends on the nature 
of raw materials and curing conditions. When mixed with aggregates, the capillary 
water absorption behaviour could be more complex (Aydın and Baradan, 2014; Ismail 
et al., 2013; Bernal et al., 2011). It is expected that AAS binders have much lower 
capillary water absorption than AAFA and AAM binders at the same activation 
conditions (Ismail et al., 2013; Bernal et al., 2011). Roy et al. (2000) measured the 
effective coefficients for steady state diffusion of chlorides through alkali-activated 
slag and slag/OPC binders, in comparison with OPC binders with and without 
activation (see Figure 9.20). The steady state diffusion of chlorides in AAS binder 
(slag replacement = 100%) is about 1.0 ¥ 10–14 m2/s, which is much lower than in 
OPC binders (1.4 ¥ 10–13 m2/s).
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9.5 Conclusions and future trends

The compositions (solid materials and activator type) and curing conditions 
(temperature, humidity and duration) of alkali-activated binders have been shown to 
have significant impacts on their pore structure, and consequently their permeability. 
In general, for the same solid materials, binders formed by alkali silicate solution 
activation have much more compact microstructure than those by alkali hydroxide 
activation. This is because of the condensation effects of soluble silicate. When 
activated with sodium silicate solutions, AAM and AAS binders usually display 
smaller pore size distribution and lower porosities than AAFA binders and cement 
binders. These pore structure features endow AAM and AAS binders with lower 
permeability, lower capillary water absorption and lower chloride diffusion coefficient/
rate than AAFA binders and Portland cement binders. 
 In future research into alkali-activated binders, the particle features of fly ashes 
should be considered as an important aspect. This is not only because of the chemical 
nature of fly ashes which vary from power station to power station, but also because 
their packing densities can be significantly different. This means that the activator 
requirement will be different if the ash source changes, and the pore structure and 
permeability of binders will be changed. Future research and development of alkali-
activated binders should pay more attention to understanding the relationship between 
pore structure and durability of their concretes. The aggregates have significant 
impacts on the microstructure of concretes, particularly at the interface between 
aggregate particles and binder. Alkali-activated concretes may have substantially 
different permeability and liquid adsorption and diffusion behaviour than binders. 
This is a key issue for wide application of alkali-activated concretes. 
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Figure 9.20 Effective diffusion coefficient (10–15 m2/s) of pastes plotted as a function of the 
content of slag additive to OPC with and without alkali activation. The data are from Roy 
et al. (2000). 
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10.1 Introduction

Depending on the type of concrete structures, the effect of creep varies, but it is 
usually related to strain and deflection or stress redistribution. Creep can lead to 
excessive deflection of structural members and cause other serviceability problems, 
especially in high-rise buildings and long bridges. The other well-known effect of 
creep is that it causes loss of prestress. However, the presence of creep to some 
extent is also beneficial, because it could reduce the internal stress concentration 
induced by shrinkage, temperature changes or movement of supports (Gilbert, 1988; 
Neville, 2000).
 Similarly, shrinkage is also a concern in concrete structures, since it is probably 
the most common cause of cracking. Shrinkage also causes axial deformation and 
warping which could lead to significant deflection; while the shrinkage induces 
tension, and resulting cracks, if not controlled, can lead to serviceability, durability 
and even shear strength failure (Gilbert, 1988; Rusch et al., 1983).
 Although very important, topics of shrinkage and creep of concrete are considered 
unattractive to study, especially due to their dependence on time which requires 
long-term observational studies. This chapter elaborates the shrinkage and creep 
properties of Class F fly ash-based alkali-activated concrete, which are measured for 
a period of 1 year, the factors affecting them and methods to predict their values.

10.2 Shrinkage and creep in concrete

Creep is time-dependent increase in strain of hardened concrete under sustained 
stress. Under normal loading conditions, the instantaneous strain at the application 
of load includes not only the elastic strain but also some creep. However, normally 
creep is simply taken as the increase in strain above the initial elastic strain 
(Neville, 2000). In a loaded condition, a specimen also undergoes shrinkage as it 
dries, therefore this fact should be accounted for in calculating the actual creep. 
For practical simplification, creep might be calculated as the difference between 
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total time deformation and shrinkage of a similar unloaded specimen stored under 
the same conditions through the same period. However, it should be noted that 
actually shrinkage and creep are not independent phenomena to which the principle 
of superposition can be applied.
 Under constant temperature, the total strain at any time t may be expressed as 
the sum of the instantaneous, creep and shrinkage strain (Gilbert, 1988) as in Eq. 
(10.1).

  e (t) = ee (t) + ec (t) + esh (t) (10.1)

In a loaded specimen in equilibrium in which there is no moisture movement to or 
from the ambient medium, the time-dependent deformation is known as basic creep 
and the additional creep caused by drying is known as drying creep.
 As illustrated in Figure 10.1, creep increases with time at a decreasing rate. The 
increase in creep is usually very rapid immediately after the load is applied. The 
rate of increase is decreasing significantly after several months and will be much 
smaller over longer periods. Creep continues for a very long time and the data of 
probably the longest period of measurement to date as reported by Troxell et al. 
(1958), show values for 10 years, 20 years and 30 years of respectively 1.26, 1.33 
and 1.36 times the value of 1 year creep. Although concrete might continue to creep, 
it is usually assumed that creep is approaching a limiting value as the time after 
loading approaches infinity.
 Many theories have been proposed to explain the origin and mechanism of creep in 
concrete as discussed extensively by Neville et al. (1983) and Bazant and Wittmann 
(1982). However, it seems that there is no single theory that could account for all the 
observed facts and phenomena of creep in concrete. It is generally agreed, however, 
that there are some main mechanisms which describe creep such as viscous flow 
of the cement paste, consolidation due to seepage or decomposition of interlayer 
hydrate water, delayed elasticity formed by the aggregates and gel crystals and local 
fracture (micro cracking and crystal failure) as well as recrystallisation and formation 
of new physical bonds (Gilbert, 1988; Neville et al., 1983).

Figure 10.1 Drying shrinkage of OPC concrete (OPCC) as compared to AAS concrete 
(AASC) (reprinted from Collins and Sanjayan, 2000, Copyright © 2000, with permission 
from Elsevier).
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 There are many factors affecting the magnitude of creep and its rate of development. 
Bazant (1982) divided those factors into intrinsic factors and extensive factors. 
The intrinsic factors are related to material characteristics which are fi xed after the 
concrete is cast, such as the design strength, the elastic modulus of aggregate, the 
fraction of aggregate in the concrete mix and the maximum aggregate size. The 
extensive factors which can vary after the casting include temperature, pore water 
content, age at loading, etc. Many studies are available such as those discussed by 
Neville et al. (1983) and Neville (2000). Gilbert (1988) summarised some important 
factors that infl uence the creep of concrete. High strength concrete creeps less than 
normal strength concrete. The same is true for concrete with higher aggregate content 
and larger maximum size of aggregate. Creep is also infl uenced by the factors that 
directly affect the concrete strength such as water–cement ratio and the cement 
type. The age of concrete at fi rst loading affects the creep as the creep decreases 
for older concrete at fi rst loading. Other factors are the humidity and temperature 
of the environment, in which the creep increases with the decrease in humidity or 
the increase in temperature. However, the effect of temperature is more signifi cant 
at higher or elevated temperature. Another important factor affecting creep is the 
stress level. For the sustained stress of less than 50% of the compressive strength of 
concrete, the creep strain is approximately proportional to the stress level which is 
known as linear creep. The rate of increase in creep is faster at higher stress levels 
and becomes non-linear to stress.
 The capacity of concrete to creep is usually expressed as the creep coeffi cient 
which is the ratio of creep strain at time t to instantaneous elastic strain in a specimen 
subjected to sustained stress as in Eq. (10.2):

  
j e

e
( ) =

( )
( )t( )

( )t( )c

e  
(10.2)

Another frequently used expression of creep is the proportionality factor relating 
stress to linear creep known as specifi c creep, C(t), which is the creep strain at time 
t produced by a sustained unit stress, as shown in Eq. (10.3):

  
C t c( )C t( )C t  =

( )t( )te
s  

(10.3)

Shrinkage is the decrease in volume of concrete with time. Unlike creep, shrinkage 
is independent of the external actions to the concrete, as illustrated in Figure 10.1. 
There are various types of shrinkage in the concrete which should be distinguished. 
Gilbert (2002) divided the shrinkage into plastic shrinkage, chemical shrinkage, 
thermal shrinkage and drying shrinkage. 
 Plastic shrinkage occurs in wet concrete or when the concrete is still in plastic 
state due to loss of water by evaporation or suction by the underlying concrete or 
soil. This could lead to signifi cant cracking during setting. The magnitude of plastic 
shrinkage is affected by temperature, ambient relative humidity and wind velocity 
(Neville, 2000). Plastic shrinkage also depends on the cement content of the mix and 
the water-to-cement ratio; it is greater for greater cement content and low water-
to-cement ratio.
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 Chemical shrinkage is caused by various chemical reactions within the cement 
paste, including the hydration shrinkage. Thermal shrinkage is related to the liberation 
of the heat of hydration as Portland cement reacts with water.
 Drying shrinkage is the reduction in volume which is primarily caused by the 
loss of water during the drying process. Drying shrinkage normally accounts for the 
biggest proportion of the total long-term shrinkage. Factors which affect the drying 
of concrete also affect the magnitude and rate of development of drying shrinkage. 
These factors include the type and content of cement or binder, water content and 
water-to-cement ratio, type of aggregates, maximum size and its proportion in the 
concrete, relative humidity and the size and shape of the member.
 The aggregates play a significant role in affecting the shrinkage of concrete (de 
Larrard et al., 1994; Neville, 2000). This is related to the restraining effect of the 
aggregate on shrinkage. The higher aggregate content results in smaller shrinkage 
and also concrete with aggregates of higher modulus or rougher surfaces is more 
resistance to the shrinkage process.
 The higher water-to-cement ratio normally results in higher shrinkage due to 
interrelated effects. As the water/cement ratio increases, paste strength and stiffness 
decrease and as the water content increases, shrinkage potential increases because 
it also reduces the volume of restraining aggregates.
 The relative humidity affects the magnitude of shrinkage as the rate of shrinkage 
is lower at higher values of relative humidity. The rate and magnitude of shrinkage 
decrease with an increase in the volume of concrete member, but the duration of 
shrinkage is longer for large members since more time is needed for shrinkage effects 
to reach the interior regions (de Larrard et al., 1994).
 The shrinkage strain of concrete, which is usually considered to be the sum of 
drying, chemical and thermal shrinkage components, continues to increase with time 
at a decreasing rate (Gilbert, 2002). And as for creep, shrinkage is also assumed to 
approach a final value as time approaches infinity. 

10.3 Shrinkage in alkali-activated concrete

There are only few studies that have been reported related to shrinkage of alkali-
activated concrete including geopolymer concrete. More studies have been conducted 
related to shrinkage of mortar and paste especially for alkali-activated slag. Therefore 
the following discussion will focus more on the studies of alkali-activated slag and 
fly ash-based geopolymer concrete.
 Among the prime or source materials used for alkali-activated binders, slag is 
considered as a source material that has been used since the early development of 
this binder. Numerous studies have also been reported related to the development of 
alkali-activated slag binders. However, besides its certain properties which are superior 
to ordinary Portland concent (OPC), one of its drawbacks is that it has relatively 
much higher shrinkage compared to OPC. Several studies on alkali-activated slag 
(AAS) concrete such as reported by Collins and Sanjayan (1999a) confirm that fact. 
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Drying shrinkage of AAS concrete is about twice as much as that for OPC concrete 
and the difference tends to be higher as the age of concrete increases. This has also 
been observed previously by Douglas et al. (1992). Further studies by Collins and 
Sanjayan (2000) revealed that the high shrinkage of AAS concrete compared to 
OPC concrete (Figure 10.1) could be attributed to the pore size distribution rather 
than the amount of moisture loss, where it was observed in AAS paste that it has a 
much higher proportion of pore sizes (82%) within the mesopore region compared 
to OPC pastes (36.4%). 
 Another study by Collins and Sanjayan (1999b) found that the use of fully saturated 
blast furnace slag coarse aggregate to substitute the normal weight coarse aggregate 
could substantially improve the drying shrinkage of AAS concrete.
 More studies on shrinkage of alkali-activated slag have been conducted, especially 
in paste or mortar states. Those studies tried to develop an understanding of the 
mechanism of shrinkage and to find or relate the effects of certain parameters that 
could influence the shrinkage as well as other properties of AAS. Those efforts 
also include finding the best way to reduce the shrinkage of AAS while retaining 
the other superior properties. The parameters studied include the types, dosage and 
combination of activators, the use of admixtures and additives, the types of aggregate 
and types of curing. The influence of some parameters on the shrinkage of AAS will 
be discussed in Section 10.5.
 Extensive studies have been conducted by a research group at Curtin University 
of Technology, Australia, to develop fly ash-based geopolymer concrete and the 
results have been published and reported (Hardjito, et al., 2002, 2004a, 2004b, 2005; 
Hardjito and Rangan, 2005; Wallah et al., 2004, 2005; Wallah and Rangan, 2006; 
Sumajouw et al., 2005, 2007; Rangan et al., 2005, 2006). The results of those studies 
show that drying shrinkage of fly ash-based geopolymer concrete cured at elevated 
temperature is very low (Wallah and Rangan, 2006; Wallah, 2009). For up to one 
year measurement, the maximum shrinkage strain is only around 100 microstrain. 
However, the drying shrinkage for that cured at ambient condition is very much 
higher. This concrete was made using Class F fly ash as the source or prime material 
and alkaline solution consisting of the combination of sodium hydroxide and sodium 
silicate solution, while the aggregates used were the coarse and fine aggregates 
normally used for OPC concrete in the concrete industry.
 The drying shrinkage was determined based on the standard test already developed 
for OPC concrete. In this case, Australian Standard, AS 1012.13 (1992), Methods 
of testing concrete – Determination of the drying shrinkage of concrete for samples 
prepared in the field or in the laboratory (Standards Australia 1992), was used.
 Test specimens for the drying shrinkage test were 75 ¥ 75 ¥ 285 mm prisms 
with the gauge studs as shown in Figure 10.2. Three specimens were prepared for 
each type of test. In addition, for each type of test, four 100 ¥ 200 mm cylindrical 
specimens were also prepared for compressive strength testing.
 The shrinkage strain measurements started on the third day after casting the 
concrete. On the third day after casting, the specimens were demoulded and the first 
measurement was taken. Horizontal length comparator (Figure 10.3) was used for 
length measurements. The next measurement was taken on the fourth day of casting, 
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Figure 10.2 Specimens for drying shrinkage test.

Figure 10.3 Horizontal length comparator with a specimen.

considered as Day 1 for the drying shrinkage measurements. The measurements then 
continued every day in the first week, once a week until the fourth week, once in 
two weeks until the twelfth week, and then once in four weeks until one year.
 During the drying shrinkage tests, the specimens were kept in a laboratory room 
where the temperature was maintained at approximately 23°C. The relative humidity 
of the room varied between 40% and 60%.
 As stated previously, the drying shrinkage measurements commenced on the third 
day after casting. Therefore, the age ‘zero’ in the drying shrinkage strain versus age 
in days plots shown in the following figures represents three days after casting when 
the initial measurements were taken. The drying shrinkage shown in the following 
figures represents fly ash-based geopolymer concrete from two types of mixtures 
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(mixture-1 and mixture-2) in which mixture-1 resulted in higher strength compared 
to mixture-2. Two types of heat-curing, namely dry curing and steam curing, were 
applied at 60°C for 24 h. On the seventh day, compressive strengths of the mixtures 
ranged from 41 to 65 MPa. 
 Figures 10.4 and 10.5 show the plots of drying shrinkage strain versus age in days 
for the heat-cured test specimens. It can be seen from these figures that heat-cured 
fly ash-based geopolymer concrete undergoes very low drying shrinkage. For all 
test specimens, the final value of drying shrinkage strain after a period of one year 
was only around 100 microstrain.
 The test data plotted in Figures 10.4 and 10.5 show that the drying shrinkage 
strains fluctuated slightly over the period of measurement. This could be attributed 
to the moisture movement from the environment to the concrete or vice versa, 
which causes reversible shrinkage or swelling of the concrete. Also, there were 
some minor differences in the measured values of drying shrinkage strains between 
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Figure 10.4 Drying shrinkage of heat-cured mixture-1 specimens.

Figure 10.5 Drying shrinkage of heat-cured mixture-2 specimens.
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dry- and steam-cured specimens. However, these variations are considered to be 
insignificant in the context of the very low drying shrinkage experienced by the 
heat-cured geopolymer concrete specimens.
 Water is released during the chemical reaction process of geopolymers (Davidovits, 
1999; Hardjito and Rangan, 2005) and in heat-cured fly ash-based geopolymer 
concrete, most of the water released during the chemical reaction may evaporate 
during the curing process. Because the remaining water contained in the micropores 
of the hardened concrete is small, the induced drying shrinkage is also very low. In 
addition, as for the creep (discussed in the next section), the presence of the ‘micro-
aggregates’ in fly ash-based geopolymer concrete may also increase the restraining 
effect of the aggregates on drying shrinkage.
 Conversely, fly ash-based geopolymer concrete cured at ambient condition 
experienced very much higher drying shrinkage compared to those cured at elevated 
temperature conditions. Figure 10.6 shows a comparison between drying shrinkage 
measurements up to 90 days of specimens made from the same mixture but experienced 
a different curing, ambient curing and heat curing at 60°C for 24 h. On the seventh 
day compressive strength of the specimens was 27 MPa for ambient-cured specimens 
and 61 MPa for heat cured specimens.
 It can be seen that the drying shrinkage strains of the specimens cured in ambient 
conditions are manyfold larger than those experienced by the heat-cured specimens. As 
noted earlier, water is released during the chemical reaction process of geopolymers. 
In the specimens cured in ambient conditions, this water may evaporate over a period 
of time causing significantly large drying shrinkage strains, especially in the first 
two weeks as can be seen in Figure 10.6. 
 A study conducted by Lee (2007) reported the creep and shrinkage of inorganic 
polymer concrete (IPC). This concrete utilised materials similar to those for developing 
fly ash-based geopolymer concrete. Class C fly ash and Class F fly ash were used 
separately as precursor materials. Sodium silicate and sodium hydroxide and/or 
potassium hydroxide solution were used to activate this IPC. The aggregates used 
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Figure 10.6 Drying shrinkage of heat-cured and ambient-cured specimens.
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were aggregates commonly used in the concrete industry. The specimens were only 
cured at ambient conditions and sealed with plastic bag after demoulding and left 
in a plastic container at a temperature of around 21°C.
 By following the procedures of determining drying shrinkage as in Australian 
Standard, AS 1012.13 (Standards Australia, 1992), and the seventh day after casing 
is considered as ‘zero’ reading, after 56 days it was obtained that the IPC utilising 
Class C fly ash has the lowest mean shrinkage strain (520 microstrain) which is 
lower than the control OPC specimens (820 microstrain), whereas the mean shrinkage 
strain for IPC utilising Class F fly ash varies from 550, 720 and 920 microstrain for 
concrete mixtures with nominal compressive strength of 20 MPa, 60 MPa and 45 
MPa, respectively.
 It is important to note that the study also reported that IPC may have a very high 
early age shrinkage potential and rate of shrinking in the first one or two days after 
casting. For that measurement, a newly developed method called image analysis 
was used. Although that method is not yet standard and the results still need to be 
confirmed or calibrated, the early age shrinkage should be a concern since it cannot be 
detected with the standard method such as AS 1012.13 (Standards Australia, 1992). 
That result is also in accordance with that reported by Neto et al. (2008) from the 
study of drying and autogenous shrinkage of pastes and mortars with activated slag 
cement (ASC). It was found that the bigger proportion of drying and autogenous 
shrinkage mostly occurs during the first three-day period after casting.

10.4 Creep in alkali-activated concrete

Among the properties of alkali-activated concrete including geopolymer concrete, creep 
is one property that is rarely studied or explored. Therefore very little information 
has been reported or published in that area. However, this does not imply that this 
property is not important, because creep is a very important property of concrete, 
especially as a structural material. Studies by the author (Wallah et al., 2005; Wallah 
and Rangan, 2006; Wallah, 2010) give more information about creep behaviour of 
fly ash-based geopolymer concrete.
 The creep behaviour of fly ash-based geopolymer concrete was studied for 
concrete incorporating Class F fly ash as source material. Like the study of drying 
shrinkage discussed in the previous section, the alkaline solution was a combination 
of sodium hydroxide and sodium silicate and the aggregates were those usually used 
in the concrete industry. Creep strains were measured for two geopolymer concrete 
mixtures, Mixture-1 and Mixture-2. Two types of curing, namely, dry curing and 
steam curing, were used.
 Test specimens for the creep test were 150 ¥ 300 mm cylinders as shown in 
Figure 10.7. Eight cylinder specimens were prepared for each test; three cylinders 
were for measuring the creep, two companion cylinders for measuring the drying 
shrinkage and the other three cylinders for the compressive strength test.
 The creep tests were performed in accordance with the Australian Standard, AS 
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Figure 10.7 Creep test specimens.

1012.16-1996, Methods of testing concrete – Determination of creep of concrete 
cylinders in compression (Standards Australia, 1996). The sustained load was applied 
on the seventh day after casting of the specimens. The specimens were loaded at 
an early age of 7 days, and the sustained stress was taken as 40% of the mean 
compressive strength.
 For strain measurement, demec gauge points were attached to the creep specimens 
and the companion shrinkage specimens as shown in Figure 10.8. 
 Before the creep specimens were loaded, the seventh day compressive strength 
of geopolymer concrete was determined by testing the three cylinders reserved 
for the compressive strength test. The creep specimens were applied with a load 
corresponding to 40% of the measured mean compressive strength of concrete. This 
load was maintained as the sustained load throughout the duration of the test. The 
strain values were measured and recorded immediately before and after the loading. 
Strains suffered by the control shrinkage specimens were measured at the same time 

200 mm

50 mm

50 mm

Figure 10.8 Location of demec gauge points on test cylinders.
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as the strain measurements on creep specimens. The strain values were measured 
and recorded at 2 hours, 6 hours and then every day for the first week, after loading. 
The measurements then continued once a week until the fourth week. After that, the 
measurements were done once in two weeks until the twelfth week and then once 
every four weeks until one year.
 The creep tests were conducted in a laboratory room where the temperature was 
maintained at about 23°C, and the relative humidity varied between 40% and 60% 
during the test. The compressive strength of the specimens ranged from 40–67 MPa 
while the sustained stresses were 16 to 27 MPa.
 Table 10.1 gives the sustained stress and the instantaneous strain measured 
immediately after the application of the sustained load. Using these data, the 
instantaneous elastic modulus was calculated as sustained stress/instantaneous strain. 
The values of instantaneous elastic modulus, given in Table 10.1 are similar to those 
reported by Hardjito and Rangan (2005) and Hardjito et al. (2004b).
 Figures 10.9–10.12 present the total strain and the drying shrinkage strain 
measured for a period of 52 weeks (one year). The total strain was measured on the 
specimens in the creep test rig, while the drying shrinkage strain was obtained from 
the companion unloaded specimens left in the vicinity of the creep specimens. 

Table 10.1 Instantaneous strain and instantaneous elastic modulus

Test designation Sustained stress 
(MPa)

Instantaneous strain 
(microstrain)

Instantaneous
elastic modulus 
(MPa)

1CR
2CR
3CR
4CR

27
23
19
16

902
851
828
761

29,574
26,852
22,913
21,144
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Figure 10.9 Total strain and drying shrinkage strain for 1CR.
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Figure 10.10 Total strain and drying shrinkage strain for 2CR.

Figure 10.11 Total strain and drying shrinkage strain for 3CR.

 Creep strain data were obtained by subtracting the drying shrinkage strain from 
the total strain. The creep strain including the instantaneous elastic strain data 
for specimens 1CR, 2CR, 3CR, and 4CR are presented in Figures 10.13–10.16, 
respectively.
 The specific creep, defined as the creep strain per unit stress, data for the test 
specimens are presented in Figure 10.17.
 The test results presented in those figures show that the creep data fluctuated 
slightly over the period of sustained loading. This might be due to variations in 
relative humidity of the laboratory room where the creep test rig was housed.
 The test results generally indicate that fly ash-based geopolymer undergoes lesser 
creep than OPC concrete. Warner et al. (1998) illustrated that for OPC concrete 
the specific creep for 60 MPa concrete after one year was about 50–60 microstrain/
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Figure 10.12 Total strain and drying shrinkage strain for 4CR.

0 50 100 150 200 250 300 350 400
Time under load (days)

S
tra

in
 (

m
ic

ro
st

ra
in

)

1600

1400

1200

1000

800

600

400

200

0

Figure 10.13 Creep strain data for 1CR.
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Figure 10.14 Creep strain data for 2CR.
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Figure 10.15 Creep strain data for 3CR.

Figure 10.16 Creep strain data for 4CR.

Figure 10.17 Specific creep.
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MPa, while this value after six months was about 30–40 microstrain/MPa for 80 
MPa concrete and about 20–30 microstrain/MPa for 90 MPa concrete. Similarly, 
Malhotra and Mehta (2002) reported that the specific creep of high-performance 
high volume fly ash (HVFA) concrete was about 24–32 microstrain/MPa after one 
year under loading. Those values are generally larger than the values given in Figure 
10.17 for fly ash-based geopolymer concrete.
 The effect of concrete compressive strength on the creep of fly ash-based geopolymer 
concrete is also illustrated in Figure 10.17. The test data show that the specific creep 
of geopolymer concrete decreased as the compressive strength increased. This test 
trend is similar to that observed in the case of OPC concrete as reported by Neville 
et al. (1983), Gilbert (1988), Warner et al. (1998) and Neville (2000).
 The final values of specific creep of geopolymer concrete after one year of loading 
are summarised in Table 10.2. It can be seen that the final specific creep values differ 
significantly between geopolymer concretes with compressive strength of 47, 57 and 
67 MPa, whereas this value for geopolymer concrete with compressive strength of 
40 MPa is almost the same as that of 47 MPa concrete.
 The creep strains of fly ash-based geopolymer concrete are generally smaller than 
that of OPC concrete. The exact reasons for this difference in behaviour are not 
known. However, it has been suggested by Davidovits (press. comm., 2005) that the 
smaller creep strains of fly ash-based geopolymer concrete may be due to a ‘block-
polymerisation’ concept. According to this concept, the silicon and aluminium atoms 
in the fly ash are not entirely dissolved by the alkaline liquid. The ‘polymerisation’ 
that takes place only on the surface of the atoms is sufficient to form the ‘blocks’ 
necessary to produce the geopolymer binder. Therefore, the insides of the atoms are 
not destroyed and remain stable, so that they can act as ‘micro-aggregates’ in the 
system.
 In OPC concrete, the creep is primarily caused by the cement paste. The aggregates 
are generally an inert component of the mixtures, and function to resist the creep of 
the cement paste. Therefore, the aggregate content in the concrete is a significant 
factor influencing the creep of the concrete as the creep will decrease with the increase 
in the quantity of the aggregates. The proportion of aggregates in the mixtures of 
fly ash-based geopolymer concrete used in this work is approximately similar to 
that used in OPC concrete. However, the presence of the ‘micro-aggregates’ due to 
the ‘block-polymerisation’ concept mentioned above gives the effect of increasing 
the aggregate content in the concrete. In other words, the presence of the ‘micro-

Table 10.2 Final specific creep of geopolymer concrete after one-
year loading

Designation Compressive strength (MPa) Final specific creep after one year 
loading (¥ 10–6/MPa)

1CR
2CR
3CR
4CR

67
57
47
40

15
22
28
29
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aggregates’ increases the creep resisting function of the fly ash-based geopolymer 
concrete which results in smaller creep compared to OPC concrete without ‘micro-
aggregates’.
 As for shrinkage, Lee (2007) also reported the creep of inorganic polymer 
concrete (IPC) utilising Class C and Class F fly ash as precursor materials and the 
combination of sodium silicate and sodium hydroxide and/or potassium hydroxide 
as alkaline solutions. Each specimen category has two types of treatment, ‘exposed’ 
and ‘sealed’. The measurements were taken up to 56 days of loading.
 The types of treatment really affect the resulting behaviour of the specimens. 
The elastic response on initial loading shows a significant difference between the 
exposed and sealed specimens. The instantaneous elastic modulus of the ‘exposed’ 
IPC is much lower compared to that of ‘sealed’ IPC, while the specific creep (per 
MPa) at 28 days is much lower for ‘sealed’ specimens. A contrasting result was also 
shown by the different specimen treatment, in which none of the types of ‘sealed’ 
IPC having specific creep (per MPa) higher than that for control OPC concrete, 
but all types of ‘exposed’ IPC have higher specific creep compared to control OPC 
concrete.
 Study of the creep behaviour of alkali-activated slag concrete utilising sodium 
hydroxide in combination with sodium carbonate and sodium silicate in combination 
with hydrated lime as activators by Collins and Sanjayan (1999a) revealed that OPC 
concrete has higher initial creep compared to AAS concrete, but after loading for 
112 days, AAS concrete shows a slightly higher creep compared to OPC concrete.

10.5 Factors affecting shrinkage and creep

There are lots of parameters or factors affecting the shrinkage and creep of alkali-
activated pastes, mortars and concretes and some of them will be discussed in this 
section.
 As discussed in Section 10.3, the type of aggregates used could affect the 
shrinkage of resulting mortars or concretes. The replacement of normal weight coarse 
aggregate with fully saturated blast furnace slag coarse aggregate could reduce the 
drying shrinkage of alkali-activated concrete by about 40% (Collins and Sanjayan, 
1999b).
 One possible way to improve the properties of alkali-activated concrete is through 
the use of admixtures and additives. The use of air-entraining agent, water reducing 
and shrinkage reducing admixtures at proper dosage could significantly reduce the 
shrinkage of alkali-activated slag concrete (Bakharev et al., 2000). The addition of 
Portland cement or gypsum in certain proportions could also reduce the shrinkage 
of AAS concrete or mortar as reported by Rashad (2013) and Chang, et al. (2005). 
Use of reactive MgO as an additive to alkali-activated slag could reduce the drying 
shrinkage, as reported by Jin et al. (2014) from their study about the reactive MgO 
modified AAS (MAAS) pastes. From measurement up to 90 days, it was found that 
the use of highly reactive MgO considerably reduces the shrinkage, but more cracks 
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are generated when using highly reactive MgO content of more than 5%. On the 
other hand, use of medium reactive MgO does not increase the shrinkage at early age 
up to about one month, but the initial cracks are healed at later ages by hydration.
 Curing types or conditions play an important role in the properties of alkali-
activated binders including shrinkage (Bilim et al., 2013; Jin et al., 2014). Some 
other studies also confirm this fact. Heat curing was found to be effective in 
significantly reducing the drying shrinkage of alkali-activated mortars as shown 
by Aydin and Baradan (2012) who applied steam curing and autoclave curing to 
cure the AAS mortars. The effect of using heat curing to drying shrinkage was also 
observed for fly ash-based geopolymer concrete as has been discussed in Section 
10.3. The use of heat curing, either dry curing or steam curing, significantly reduced 
the drying shrinkage of fly ash-based geopolymer concrete (Wallah and Rangan,  
2006). 
 Higher content of slag in alkali-activated fly ash/slag pastes causes cracks due 
to autogenous shrinkage (Jang et al., 2014), but internal curing by using pre-wetted 
lightweight aggregate can reduce or even eliminate autogenous shrinkage in alkali-
activated slags through the same mechanism as in OPC, as shown by Sakulich and 
Bentz (2013). However, they also found that internal curing has nearly no effect on 
the total shrinkage as the total shrinkage is dominated by drying shrinkage.
 Another factor affecting shrinkage of alkali-activated binders is activators. Type 
of activators, amount or dosage, and ratio are among parameters related to the use 
of activators. The activators usually used are sodium silicate, sodium or potassium 
hydroxide and sodium carbonate or a combination of those materials. Other types 
of activator are also used such as hydrated lime and gypsum (Collins and Sanjayan, 
1999a; Neto et al., 2010). Among the liquid sodium silicate, sodium hydroxide and 
sodium carbonate as activators for alkali-activated slag mortars, sodium carbonate 
AAS mortars resulted in lower or comparable drying shrinkage compared to that 
for OPC mortars, while liquid sodium silicate and sodium hydroxide AAS mortars 
have much higher drying shrinkage than OPC mortars (Atis et al., 2009). Blast 
furnace slag activated with a combination of hydrated lime and gypsum has lower 
drying shrinkage than if it is activated with hydrated lime only (Neto et al., 2010). 
Aydin and Baradan (2014) also observed the effects of activator type and content 
on properties of alkali-activated slag mortars including drying shrinkage. It was 
found from that study that the SiO2/Na2O (Ms) ratio plays an important role to 
the resulting drying shrinkage. The higher the Ms ratio, the higher the resulting 
drying shrinkage. However, for all ranges of Ms ratio, the drying shrinkage is still 
higher than that for PC mortar. Although AAS mortars activated by sodium silicate 
show higher compressive strength, lower water absorption characteristics, higher 
workability, lower porosity and a wide range of setting time than AAS activated by 
sodium hydroxide, they possess considerably higher drying shrinkage compared to 
AAS activated with sodium hydroxide.
 Compressive strength seems not to be correlated with shrinkage, but it does 
for creep, as discussed in Section 10.4: higher compressive strength fly ash-based 
geopolymer concretes creep less than lower strength ones. As illustrated in Figure 
10.17, the specific creep after one year loading is lower for higher compressive 
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strength, although the correlation of the rate of difference and the difference in 
compressive strength is still uncertain.
 A different trend was observed for creep of inorganic polymer concrete (Lee, 
2007). The difference seems to be dominated by the type of curing applied. Different 
curing type results in contrasting trend of creep in relation with compressive strength 
for the same type of IPC with Class F fly ash as source material but with different 
mixes for designed compressive strength purposes. For ‘sealed’ specimens, the specific 
creep at 28 days tends to be lower as the compressive strength increases, though the 
difference is not significant. However for ‘exposed’ specimens, the specific creep is 
higher for higher compressive strength and the difference is quite significant. These 
different types of curing between ‘exposed’ and ‘sealed’ not only result in different 
trends of creep as previously discussed, but also a difference in amount of creep 
strain. The ‘sealed’ specimens creep much less than the ‘exposed’ specimens.

10.6 Laboratory work and standard tests

There has been much laboratory work in the area of alkali-activated concretes, 
mortars and pastes. However, there is still no specific standard test and procedures 
for alkali-activated concretes, mortars and pastes. Most of the tests followed the 
standard procedures already developed for OPC-based binders. Possibly most of 
those standards are still suitable for alkali-activated binders, but probably some of 
them need to be evaluated. Some researchers have tried to develop their own test 
procedures to suit the needs of their research. For example, results of several studies 
indicated that alkali-activated binders seem to have quite high or significant early 
shrinkage, but many standard tests and procedures available for OPC binders could 
not accommodate the measurement of this early shrinkage. Moreover, most of the 
developed shrinkage test methods for concretes, mortars or pastes are for unrestrained 
or free shrinkage, while cracks are more likely to happen in restrained conditions due 
to the development of tensile stresses. Several test methods have been proposed to 
evaluate the crack of restrained specimens. One of them is the restrained ring-test, 
which is considered simple and economical. This test method is used to assess the 
shrinkage cracking potential of concrete mixtures and recommended by AASHTO 
(Hossain and Weiss, 2006).
 Related to creep and shrinkage there are several standards developed for OPC 
binders that are usually used for studying alkali-activated binders. Those standards 
include ASTM C 512-02, Standard test method for creep of concrete in compression; 
ASTM C490/C490M-11 Standard practice for use of apparatus for the determination 
of length change of hardened cement paste, mortar, and concrete; ASTM C1608-12 
Standard test method for chemical shrinkage of hydraulic cement paste; ASTM C157/
C157M-08 Standard test method for length change of hardened hydraulic-cement 
mortar and concrete; AS 1012.16-1996, Methods of testing concrete – Determination 
of creep of concrete cylinders in compression; AS 1012.13-1992, Methods of testing 
concrete – Determination of the drying shrinkage of concrete for samples prepared 
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in the field or in the laboratory; and other equivalent standards applied to each 
country or region. 
 Figure 10.18 shows an example of equipment used for testing creep of concrete 
based on AS 1012.16-1996 (Standards Australia, 1996).

Pressure transducer

To pump

Pressure digital indicator

Load cell

Spherical seat

Test cylinders

Base plate

Figure 10.18 Creep test in laboratory.
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10.7 Methods of predicting shrinkage and creep 

Many methods have been developed to predict the creep and shrinkage of concrete, 
however, those methods were developed for OPC concrete. In this present situation, 
there is probably no prediction method for creep and shrinkage already developed 
specifi cally for alkali-activated concrete. Since the creep and shrinkage behaviour 
of alkali-activated concrete differ from those of OPC concrete, specifi c prediction 
methods need to be developed.
 An example of using an available prediction method (developed for OPC concrete) 
to predict the creep and shrinkage of fl y ash-based geopolymer concrete as reported 
by Wallah and Rangan (2006) will be presented here to give an overview of the 
suitability of the available method for newly developed fl y ash-based geopolymer 
concrete.
 Gilbert (2002) has proposed a simple method to calculate the creep coeffi cient 
of OPC concrete. This method is incorporated in Australian Standard for Concrete 
Structures AS3600 (2005). In this section, Gilbert’s method is used to predict the 
creep coeffi cients of fl y ash-based geopolymer concrete.
 The Gilbert expression for calculating the creep coeffi cient is given by the following 
equation:

  ϕcc = k2k3k4k5ϕcc.b (10.4)

The factor k2 , given by Eq. (10.5), describes the development of creep with time 
and depends on the hypothetical thickness (th). In Eq. (10.5), t is the time (in days) 
since fi rst loading and a2 is given by Eq. (10.6).

  
k

t
t th

2
2

0.8

0.8t t0.8t t
 =

 + 0.15t t + 0.15t t
a

 
(10.5)

  a2 = 1.0 + 1.12e–0.008th (10.6)

The factor k3 is the maturity coeffi cient that depends on the strength ratio (fcm/f ¢c) 
as in Gilbert (2002). The f ¢c is the characteristic compressive cylinder strength of 
concrete at 28 days and fcm is the mean value of the compressive strength of concrete 
at the age of loading.
 The factor k4 accounts for the environment and is taken to be equal to 0.7 for an 
arid environment, 0.65 for an interior environment, 0.60 for a temperate environment 
and 0.5 for a tropical/coastal environment. The factor k5 accounts for the relative 
humidity and the member size and is given by Eqs (10.7a) and (10.7b).
When

  f ¢c ≤ 50 MPa: k5 = 1.0 (10.7a)

When

  50 MPa < f ¢c ≤ 100 MPa: k5 = (2.0 – a3) – 0.02 (1.0 – a3) f ¢c (10.7b)

where 
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  a
a3

4 2a4 2a
 = 0.7

k  
(10.8)

The hypothetical thickness (th) is given by Eq. (10.9), where A is the cross-sectional 
area of the member and ue is that part of the perimeter of the member cross-section 
exposed to the atmosphere.

  
t A

uh
e

 = 2A2A

 
(10.9)

The basic creep coeffi cient (ϕcc.b) depends on the characteristic compressive cylinder 
strength of concrete at 28 days (Gilbert, 2002).
 An example of the comparison of the experimental results with the values 
calculated by Gilbert’s method is given in Figure 10.19. Because the effect of age 
on the compressive strength of heat-cured fl y ash-based geopolymer concrete is 
not signifi cant, the strength ratio fcm/f ¢c is taken as equal to 1.0 and the maturity 
coeffi cient, k3 = 1.1. The environmental factor, k4 is taken as equal to 0.65 (interior 
environment) because the creep tests were conducted in an interior environment.
 Figure 10.19 shows that the measured strains of fl y ash-based geopolymer concrete 
are signifi cantly smaller than the predicted values. As discussed in Section 10.4, the 
creep strains of fl y ash-based geopolymer concrete are generally smaller than that 
of OPC concrete, and the method of prediction also confi rms that fact. This also 
suggests the need for a new prediction method that is more suitable for fl y ash-based 
geopolymer concrete.
 For drying shrinkage strains, the measured shrinkage strains are also compared 
with the values predicted by a method proposed by Gilbert (2002). The method 
proposed by Gilbert divides the total shrinkage strain (ecs) into endogenous shrinkage 
(ecse) and drying shrinkage (ecsd). Endogenous shrinkage is taken to be the sum of 
chemical and thermal shrinkage. The total shrinkage strain is given by Eq. (10.10) 
and the endogenous shrinkage at any time t (in days) after concrete placement is 
given by Eq. (10.11).
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Figure 10.19 Correlation of test and predicted creep strain data.
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  ecs = ecse + ecsd (10.10)

  ecse = e*
cse (1.0 – e–0.1t) (10.11)

Where e*
cse is the fi nal endogenous shrinkage and may be taken as

  e*
cse = (0.06 f ¢c – 1.0) ¥ 50 ¥ 10–6 (10.12)

in which f ¢c  is in MPa.
 The drying shrinkage at time t (in days) after the commencement of drying may 
be taken as

  ecsd = k1k4ecsd.b (10.13)

where ecsd.b is given by Eq. (10.14). In Eq. (10.14), e*
csd.b

 depends on the quality of 
the local aggregates and may be taken as 800 ¥ 10–6 for Sydney and Brisbane, 900 
¥ 10–6 for Melbourne and 1000 ¥ 10–6 elsewhere.

  ecsd.b = (1.0 – 0.008 f ¢c) ¥ e*
csd.b (10.14)

The factor k1 in Eq. (10.13) is given by Eq. (10.15), and the factor k4, as for creep 
as discussed previously, is taken as equal to 0.7 for an arid environment, 0.65 for an 
interior environment, 0.6 for a temperate inland environment and 0.5 for a tropical 
or near-coastal environment.
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(10.15)

where

  a1
–0.005 = 0.8 + 1.2e th

 (10.16)

and the hypothetical thickness, th is the same as given by Eq. (10.9).
 An example of the measured shrinkage strains is compared with the predictions 
by Gilbert’s method in Figure 10.20. In these calculations, the factor k4 was taken as 
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Figure 10.20 Comparison of test and predicted shrinkage strains. 
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equal to 0.65 as the test specimens were exposed to an interior environment and the 
value of f ¢c was taken as the seventh-day compressive strength of the test specimens. 
It can be seen from Figure 10.20 that the measured drying shrinkage strains of heat-
cured fly ash-based geopolymer concrete specimens are significantly smaller than 
the predicted values.

10.8 Future trends

Shrinkage remains a challenging and important topic for study because it is a property 
that seems to prevent a wider range of applications of alkali-activated concrete 
(AAC). Reducing the shrinkage, especially for AAC using slag as precursor material, 
is the biggest challenge. Although the shrinkage could be reduced significantly with 
suitable curing such as for fly ash-based geopolymer concrete with heat curing, the 
mechanisms of the causes still need to be explored and well understood. Suitable 
and accurate methods to observe the early age shrinkage also need to be developed. 
Likewise for creep of alkali-activated concrete, only very few studies have been 
reported or published. The effects of related parameters such as type of precursor 
materials, type of curing, type of activators, admixtures, and various age of loading 
still need to be investigated to confirm that creep of AAC is very small compared 
to ordinary Portland cement (OPC) concrete as shown by fly ash-based geopolymer 
concrete. The method used to predict the shrinkage and creep of OPC concrete is 
proved to be too inaccurate in its prediction of the properties of fly ash-based alkali-
activated concrete. Thus, development of a more accurate method of prediction is 
imperative, taking into account the different mechanisms of hardening that take place, 
and factors affecting them. On the duration of observation, prolonged observation 
beyond one year is worth examining to be sure about the behaviour of shrinkage 
and creep development over a longer period. 
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11The frost resistance of alkali-
activated cement-based binders
M. Cyr, R. Pouhet
Université de Toulouse, Toulouse, France

11.1 Introduction

In cold climates, frost action in the form of freezing and thawing cycles is one of 
the major problems that can lead to damage of concrete materials. It is generally 
recognized that durability problems related to cold weather conditions can take two 
principal forms:

•	 Internal	 cracking	 (Figure	 11.1(a))	 due	 to	 freezing	 and	 thawing	 cycles,	which	 generally	
causes a loss of concrete strength and stiffness. It is often evaluated from the variation of 
strength or dynamic modulus of elasticity with freeze-thaw cycles.

•	 Surface	scaling	(Figure	11.1(b))	due	to	freezing	in	the	presence	of	de-icing	salts,	which	
leads to a loss of concrete cover. The mass of scaling debris is usually the parameter 
measured to characterize this degradation.

Common points concerning both types of degradation are the need for high moisture 
content and a dependence on the porous network of the material. Usually, damage 
occurs when the material is saturated and its pore structure is not capable of resisting 
stresses	 due	 to	 the	 formation	 of	 ice.	 Since	 alkali-activated	 materials	 (AAM)	 are	
porous materials, they can be affected by frost.
 This chapter describes the forms and mechanisms of frost in Portland cement 
concretes,	 and	 the	 parameters	 that	 could	 be	 significant	 in	 the	 evaluation	 of	 the	
susceptibility	of	AAM	to	freeze-thaw	cycles.	Existing	data	on	the	vulnerability	of	
AAM	to	frost	action	are	reported	and	discussed.

11.2 Frost in Portland cement concrete

11.2.1 Forms of frost damage

Frost	 damage	 in	 concrete,	 due	 to	 repeated	 freezing	 and	 thawing	 cycles,	 can	 take	
several forms. The most common types are treated here and concern internal cracking 
(Figure	11.1(a))	caused	by	progressive	expansion	of	the	cement	paste	with	repeated	
freeze-thaw	cycles,	and	surface	scaling	(Figure	11.1(b))	in	the	presence	of	moisture	
and de-icing salts. These types of deterioration do not necessarily happen at the 
same time.
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 Other forms of damage, such as pop-outs and D-cracking, can also be seen. A pop-
out is a small volume of concrete that has been separated from the overall concrete 
piece. It leaves a conical depression and the bottom of the hole is usually composed 
of a fragment of aggregate. The main cause is assumed to be the creation of stress 
resulting from freeze-thaw action within the coarse aggregate particle. The relief of 
this stress causes a crack in the aggregate and the surrounding paste and leads the 
concrete fragment near the concrete face to burst. D-cracking is characterized by 

(a)

(b)

Figure 11.1	Deterioration	of	concrete	due	to	frost	attack:	(a)	internal	cracking	which	led	to	
significant	loss	of	mass	(photo	courtesy	of	Richard	Gagné);	(b)	surface	scaling	affecting	the	
concrete	cover	(photo	courtesy	of	Richard	Gagné).
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cracks that are usually parallel to joints and edges, with a pattern that can look like 
a large capital ‘D’. The prime cause appears to be similar to that producing surface 
pop-out.
 The best methods to limit the harmful effect of frost are to develop a proper 
network	of	bubbles	in	the	matrix,	or	to	design	very	high	performance	concrete	that	
has	compressive	strength	as	high	as	90	MPa.	It	should	be	noted	that	air	entrainment	
has proved to be the easiest and most effective means of reducing the risk of damage 
to concrete by frost action. 

11.2.2 Mechanisms and significant parameters of frost action

The mechanisms of frost damage have been attributed to several phenomena, which 
are	partially	due	to	the	9%	expansion	of	water	when	it	freezes:	hydraulic	pressure	
build-up	 as	 water	 is	 forced	 away	 from	 the	 freezing	 front	 (Powers,	 1954,	 1975),	
osmotic	pressure	gradients	driving	water	towards	the	freezing	centres	(Powers	and	
Helmuth,	 1956:	 Helmuth,	 1960),	 vapour	 pressure	 potentials	 (Litvan,	 1972),	 and	
combinations	of	 these	processes.	 In	 the	case	of	 surface	 scaling,	Rösli	 and	Harnik	
(1980)	 also	 proposed	 a	 complementary	 hypothesis,	 stating	 that	 the	 phenomenon	
could be due to a mechanism of thermal shock, which implies a strong and brutal 
cooling of the concrete surface related to the endothermic reaction of the ice fusion 
when	salts	are	used.	The	thermal	gradient	obtained	would	be	sufficient	to	weaken	the	
surface	of	the	concrete.	Most	of	these	theories	agree	on	the	significant	parameters	
responsible for frost damage in concrete.

11.2.2.1 Degree of saturation

As	 seen	 in	 Figure	 11.2,	 concretes	 that	 have	 internal	 relative	 humidity	 below	
approximately	 85%	 are	 normally	 not	 subject	 to	 internal	 damage	 from	 freezing,	
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Figure 11.2 Effect of the degree of saturation on the frost resistance of concrete without air 
entrained.	Data	from	Neville	(1995).
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whatever	the	concrete	composition	(ACI,	2008,	Neville,	1995).	A	non-saturated	paste	
contains	pores	 that	are	filled	with	gas,	and	 that	provide	a	buffer	volume	 in	which	
the	ice	can	be	formed	without	exerting	high	stress	on	the	pore	walls.

11.2.2.2 Air-void 

Frost	damage	is	practically	eliminated	when	a	proper	air-void	system	is	achieved.	
Since	air	bubbles	are	practically	never	completely	filled	with	water,	ice	can	be	formed	
without	creating	excessive	internal	pressure.	For	Portland	cement	concretes,	it	has	
been	shown	that	the	frost	resistance	is	improved	with	increasing	air	content	(Figure	
11.3).	In	order	to	resist	freeze-thaw	cycles,	it	is	generally	recognized	that	concretes	
should contain more than 4% of air.
 However, high air content is not enough to guarantee proper resistance to the 
effects	of	frost;	air	bubbles	must	be	sufficiently	close	to	one	another	to	make	sure	
that the internal stress generated by the ice is lower than the paste strength. Thus 
the	essential	parameter	ensuring	the	efficiency	of	the	protection	provided	by	the	air	
bubble	network	is	the	spacing	factor.	Figure	11.4	shows	that,	in	the	case	of	Portland	
cement concrete, this spacing factor should be lower than 500 mm to avoid internal 
cracking and lower than 200 mm to prevent surface scaling. The lower value for 
the second form of frost damage is due to the greater severity of the mechanisms 
involved in surface scaling. These values are usually achieved in Portland cement 
concrete	by	the	use	of	an	air-entraining	admixture.	However,	the	efficiency	of	air-
entraining	agents	(AEA)	in	AAM	is	still	a	subject	of	discussion.
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Figure 11.3 Effect of the air content on the frost resistance of Portland cement concrete. Data 
from Kosmatka et al.	(2003).
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 It has also been shown that the use of very active pozzolans such as silica fume 
in	very	high	strength	concretes	(>	90	MPa)	generally	gives	satisfactory	behaviour	
in	freeze-thaw	cycles,	without	the	need	for	a	particular	air	void	structure	(Gagné	et 
al.,	1990;	Pigeon	et al.,	1991).	For	other	concretes	of	lower	strength,	a	correct	air	
void	structure	is	almost	always	necessary	(Gagné	and	Linger,	2008).

11.2.2.3 Water-binder ratio

Relatively	high	w/b	(0.7–0.8)	leads	to	mediocre	freeze-thaw	durability,	even	though	
the	concrete	contains	entrained	air	 (Gagné	and	Linger,	2008).	Water-binder	ratios	
of less than 0.5 or 0.3 for air-entrained or non-air-entrained concretes, respectively, 
are usually needed to reach an acceptable level of durability. At these levels, there 
is less freezable water and concrete has a higher resistance to internal stresses due 
to	the	formation	of	 ice.	Moreover,	a	decrease	of	w/b	tends	to	decrease	the	size	of	
pores, leading to less freeze-water at a given temperature, since the ice needs a lower 
temperature	to	form	in	smaller	pores	(Gagné	and	Linger,	2008).	

11.2.2.4 Maturity of the concrete

As	for	air-void,	many	frost	problems	(especially	for	surface	scaling)	are	eliminated	
when adequate maturity of the concrete is achieved, since it helps decrease porosity 
and	permeability.	Concretes	with	 supplementary	 cementing	materials	 (SCMs)	 are	
particularly vulnerable to short curing or to early freeze and thaw cycles. Numerous 
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and	Linger	(2008),	data	from	Pigeon	and	Langlois	(1991)	and	Petersson	(1993).
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examples	of	SCMs	having	low	reaction	kinetics	(e.g.,	slag	and	fly	ash)	are	reported	
in	the	literature	concerning	short	curing	times	leading	to	insufficient	frost	resistance	
afterwards:	see,	for	instance,	Saric-Coric	and	Aitcin	(2003).

11.3 Frost in alkali-activated binders – general trends 
and remarks

Alkali-activated	materials	possess	a	porous	matrix	and,	although	their	microstructure	
can	be	different	from	that	of	Portland	cement	(Shi,	1996),	some	similarities	can	be	
expected	regarding	their	behaviour	against	frost	attack,	which	is	primarily	a	physical	
phenomenon.
	 A	few	applications	to	real	structures,	for	instance	those	reported	in	the	book	by	Shi	
et al.	(2005),	were	built	in	the	1980s	and	1990s	in	countries	where	frost	resistance	
is	an	issue.	These	structures	were	mainly	composed	of	alkali-activated	slag	(AAS)	
concretes and seem to have resisted well even after many years of service.

•	 In	 Russia,	 several	 high	 residential	 buildings	 were	 built	 using	 AAS	 between	 1986	 and	
1994	(e.g.,	in	the	city	of	Lipetsk).	Visual	observations	carried	out	in	2000	indicated	that	
the structures were in good condition with no cracking, deterioration or defects on the 
surface.

•	 AAS	prestressed	reinforced	concrete	railway	sleepers,	cast	in	1988	near	Tchudovo	Railway	
Station	between	St	Petersburg	and	Moscow	(Russia),	were	still	in	good	working	condition	
after	13	years	of	service,	as	confirmed	by	a	field	inspection.

•	 An	AAS	concrete	road	330	m	long	was	cast	between	1984	and	1990	in	the	city	of	Ternopol	
(Ukraine).	The	inspection	made	in	1999	showed	that,	compared	to	Portland	cement	concrete,	
the	road	made	of	AAS	exhibited	less	surface	deterioration.

To the best of the authors’ knowledge, in-situ tests for frost attack of alkali-activated 
aluminosilicate binders are rare in the literature.
	 At	laboratory	scale,	a	few	studies	exist	that	assess	the	frost	resistance	of	alkali-
activated	 binders.	 The	 following	 detailed	 review	 separates	AAMs	 into	 categories	
with respect to their vulnerability to freeze-thaw cycles: alkali-activated slag, alkali-
alumino-silicate,	and	mixtures	of	the	two,	since	the	composition	of	the	raw	materials	
and	the	reaction	products	are	very	different	for	the	two	types	of	AAM.
	 As	 is	 often	 the	 case	 for	 literature	 on	 a	 subject	 that	 has	 not	 been	 extensively	
studied,	it	remains	difficult	to	draw	precise,	accurate	and	incontestable	conclusions	
on	the	frost	resistance	of	AAM.	However,	some	general	tendencies,	deduced	from	
the following review, can still be highlighted.

11.3.1 Internal cracking of AAM

Most	of	the	tests	presented	in	the	literature	concern	the	study	of	internal	cracking	
(e.g.,	ASTM	C	666).	A	general	trend	for	all	kinds	of	AAM	is	that	these	materials	
can present good or fair frost resistance, for instance in the case of: 
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•	 alkali-activated	slag	(Byfors	et al.,	1989;	Douglas	et al.,	1992;	Gifford	and	Gillott,	1996;	
Puertas et al.,	2003;	Fu	et al.,	2011)

•	 alkali-activated	fly	ash	(Sun,	2005;	Sun	and	Wu,	2013;	Škvára	et al.,	2005,	2006;	Slavik	
et al.,	2008)

•	 alkali-activated	metakaolin	 (Bortnovsky	 et al.,	 2007;	 Zhang	 et al.,	 2008;	 Slavik	 et al., 
2008;	Steinerova,	2011)

However, in a few cases, acceptable performance can be related to certain restrictions, 
for instance:

•	 The	 use	 of	 an	 efficient	 activator,	 such	 as	 sodium	 silicate,	 since	 others	 (e.g.,	 sodium	
carbonate)	can	be	less	effective	in	protecting	the	concrete	(Gifford	and	Gillott,	1996).

•	 The	development	of	an	appropriate	air	bubble	network	 (Douglas	et al.,	1992).	Absence	
of	entrained	air	could	lead	to	marked	weight	loss,	for	instance	in	metakaolin-based	AAM	
(Bucher	et al.,	2011).

•	 The	development	of	high	strength,	for	instance	greater	than	86	MPa	(Fu	et al.,	2011).
•	 Avoidance	 of	 early	 freezing,	 since	 initial	 strength	 higher	 than	 5	MPa	 is	 necessary	 for	

adequate	protection	(Byfors	et al.,	1989).
•	 The	use	of	reactive	materials,	since	some	raw	materials	having	lower	kinetics	of	reaction	

(e.g.,	 some	 fly	 ashes)	 may	 lead	 to	 poor	 performance	 in	 comparison	 with	 other	 AAM	
(Puertas	et al.,	2003,	Slavik	et al.,	2008).

•	 The	need	 for	 aggregates	 in	 the	mixtures,	 since	 the	paste	 alone	can	be	 sensitive	 to	 frost	
attack	(Steinerova,	2011).

11.3.2 Surface scaling of AAM

Literature	specifically	dedicated	to	this	subject	is	scarce,	so	it	might	be	difficult	to	
detect	a	general	trend.	Sometimes,	the	tests	presented	measure	the	mass	loss,	but	not	
on concrete plates and without the use of de-icing salts. A few authors give some 
results about surface scaling, the main conclusions being:

•	 mass	 loss	 of	AAS	 can	 be	 equivalent	 to	 that	 in	 ordinary	 Portland	 cement	 (OPC)	 if	 the	
correct	activator	(e.g.,	sodium	silicate)	is	used	(Gifford	and	Gillott,	1996);

•	 AAFA	without	entrained	air	can	have	 the	same	scaling	behaviour	as	air-entrained	OPC	
(Brooks	et al.,	2010);

•	 as	for	OPC,	the	water/binder	ratio	has	a	very	significant	effect	on	scaling	(Byfors	et al., 
1989).

11.3.3 Importance and effect of air entrained in AAM

It	seems	that,	as	for	OPC	concrete,	the	air-void/bubble	network	plays	a	significant	
role	regarding	frost	resistance.	However,	not	all	the	literature	agrees	on	the	efficiency	
of air entraining agents, or the air content or critical spacing factor needed for fair 
protection of concrete against frost attack.
	 Some	authors	state	that	certain	AEAs	are	efficient	at	producing	a	correct	bubble	
network:
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•	 Alkali-activated	slag	(Byfors	et al.,	1989;	Gifford	and	Gillott,	1996;	Douglas	et al.,	1992;	
Cai et al.,	2013).

•	 Alkali-activated	fly	ash	 (Škvára	et al.,	2005,	2006;	Sun,	2005;	Sun	and	Wu,	2013;	Shi,	
2012,	cited	by	Montes	et al.,	2013).

However,	 not	 all	 available	 products	 are	 efficient	 (Gifford	 and	 Gillott,	 1996)	 or	
allow a satisfactory size distribution of air bubbles to be obtained in the concrete 
(Byfors	et al.,	 1989).	Higher	 doses	 of	AEA	may	 sometimes	 be	 required	 to	 reach	
the	same	air	content	as	in	OPC	(Byfors	et al.,	1989;	Gifford	and	Gillott,	1996),	but	
increasing	 AEA	 content	 does	 not	 necessarily	 lead	 to	 higher	 efficiency	 regarding	
frost	resistance	(Byfors	et al.,	1989).	In	some	cases,	AEA	can	lead	to	instability	of	
the	entrained	air	(Douglas	et al.,	1992),	or	may	not	permit	a	stable,	uniform	porous	
network	to	be	obtained	at	all,	for	instance	for	some	alkali-activated	fly	ash	systems	
(Brooks	et al.,	2010).
 A few authors have shown that the air bubble spacing factor could present good 
correlation	with	frost	 resistance	(Cai	et al.,	2013),	and	AEA	could	produce	an	air	
bubble	 network	 that	 is	 efficient	 for	 the	 protection	 of	 concrete	 (Shi,	 2012;	Škvára	
et al.,	2005,	2006;	Sun,	2005;	Sun	and	Wu,	2013).	However,	the	protection	is	not	
obtained	systematically	(Brooks	et al.,	2010).

11.3.4 AAM vs. OPC

Comparisons	of	 frost	 resistance	between	AAM	and	Portland	cement	are	not	often	
available in the literature but, when they are, it seems that the results converge 
towards	 similar	 conclusions,	 i.e.	 that	AAMs	 show	behaviour	 that	 is	 similar	 to	 or	
better	than	that	of	OPC	(AAS:	Gifford	and	Gillott,	1996;	Krivenko,	1992;	AAFA:	
Sun,	2005;	Sun	and	Wu,	2013;	Krivenko,	1992;	Brooks	et al.,	2010).

11.3.5 Freeze-thaw tests

On the one hand, as for other concrete pathologies, the conditions of accelerated frost 
tests can be relatively harsh, and one can wonder if this test is really representative 
of what happens in real structures. On the other hand, some authors have reported 
an	 improvement	 of	 concrete	 properties	 (e.g.,	 strength,	 dynamic	 modulus)	 in	 the	
wet	 conditions	 of	 the	 freeze-thaw	 cycle	 tests	 (Puertas	 et al.,	 2003;	 Zhang	 et al., 
2008;	Bortnovsky	et al.,	2007).	This	could	be	due	to	the	activation	of	raw	materials	
(slag,	 fly	 ash,	 metakaolin)	 during	 the	 test,	 leading	 to	 the	 formation	 of	 binding	
products and counteracting the effect of frost attack. This phenomenon might not 
be desirable in the evaluation of the frost resistance of a material. In order to avoid 
changes	 in	 the	 microstructure	 of	 AAM	 due	 to	 hydration	 or	 geopolymerization	
during freeze-thaw cycles, it could be judicious to postpone the beginning of the 
tests,	especially	for	raw	materials	such	as	fly	ash,	which	can	have	low	kinetics	of	 
reaction.
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11.4 Detailed review of frost resistance of alkali-
activated slag (AAS) systems

Shi	 et al.’s	 (2005)	 book	 reports	 many	 studies	 on	 the	 frost	 resistance	 of	 alkali-
activated	slag	systems	carried	out	at	the	Kiev	Civil	Engineering	Institute	in	the	1980s.	
Glukhovsky	(1979)	and	Glukhovsky	et al.	(1988)	studied	the	effect	of	the	activator	of	
the	AAS	on	frost	resistance	and	concluded	that	sodium	silicate-activated	slag	concrete	
usually had the least porous structure, highest strength and best frost resistance. It 
was found that these concretes could resist between 300 and 1300 freeze-thaw cycles. 
Other	concretes	using	soda-alkali	melt	as	an	activator	only	resisted	200–700	cycles	
(which	was	nevertheless	better	than	Portland	cement	concrete	for	a	given	strength).	
It was also noted that the basicity of the slag had an effect on frost resistance, i.e. 
concrete	made	with	acidic	slag	exhibited	the	worst	performance.	Timkovich	(1986)	
completed these results by stating that sodium silicate-activated slag concrete, 
regardless of the basicity of the slag used, showed much better frost resistance in 
corrosive salt solutions than sodium carbonate-activated slag concrete and Portland 
cement	concrete.	Gerasimchuk	(1982)	also	concluded	on	a	better	frost	resistance	of	
AAS	compared	to	OPC	in	a	study	on	lightweight	alkali-activated	slag	concrete	made	
with	porous	aggregates	such	as	expanded	perlite.	These	higher	performances	were	
attributed to the differences in structures and interfaces between cement paste and 
aggregate,	and	particularly	the	lower	porosity	of	the	AAS.	Finally,	Skurchinskaya	
and	Belitsky	(1989)	found	that	no	visible	deterioration	could	be	observed	on	sodium	
silicate-activated	slag	cement	concrete	after	45,	60	and	100	freeze–thaw	cycles	 in	
5%	NaCl,	MgSO4 and CaCl2, respectively.
	 Hakkinen	(1986)	(cited	by	Shi	et al.,	2005)	also	concluded	on	better	frost	resistance	
of	 AAS	 in	 freeze-thaw	 testing,	 which	 indicated	 that	 alkali-activated	 slag	 cement	
concrete without air-entrainment could show better resistance than Portland cement 
concrete. However, air-entrained alkali-activated slag concrete suffered more damage 
than Portland cement concrete during the freeze-thaw tests.
 Pu et al.	(1988)	(cited	by	Wang	et al.,	1995)	studied	the	frost	resistance	of	AAS	
concretes	having	different	strengths	(low,	medium	and	high)	according	to	a	Chinese	
standard in which the freezing took place in air. They found that no damage occurred 
after	200	freeze-thaw	cycles	for	AAS	concretes	with	strengths	above	60	MPa	and	
that	weight	loss	was	less	than	0.118%	for	those	with	lower	strength.	
	 Byfors	et al.	(1989)	studied	the	durability	properties	of	a	kind	of	alkali-activated	
slag	called	F-cement.	These	slags	were	activated	using	sodium	hydroxide,	sodium	
carbonate	 and	 an	 F-activator	 (NaOH	 2.75%,	 Na2CO3 1%, lignosulfonate 1.5%, 
sodium	gluconate	0.02%,	and	tributyl	phosphate	0.02%).	The	specimens	were	used	
to study, among other things, early freezing, frost-salt scaling resistance, and the 
influence	of	air-entraining	agents	on	the	air	bubble	network.	Different	commercial	
AEAs	(vinsol	resin,	alkylalcoholsulfonate	tenside,	polyglycolether-sulfonate	tenside,	
and	 hollow	 plastic	 microspheres)	 were	 tested	 and	 it	 was	 concluded	 that	 it	 was	
possible	to	introduce	air	in	the	F-concrete	on	condition	that	the	proportion	of	AEA	
was increased compared to those generally introduced in OPC. The size distribution 
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of air bubbles was considered satisfactory for two of the tested AEAs according to 
the	 criteria	 for	OPC	 concrete	 (alkylalcoholsulfonate	 tenside	 and	 polyglycolether-
sulfonate	tenside).
	 Frost-salt	scaling	tests	were	also	conducted	on	three	F-concretes	with	water/binder	
ratios	of	0.32,	0.40	and	0.50	(with	and	without	AEA),	according	 to	a	preliminary	
Swedish	standard	that	recommends	freezing	in	a	3%	NaCl	solution,	and	by	measuring	
the	accumulated	mass	of	material	scaled.	It	was	observed	that	the	water/binder	ratio	
had	a	very	significant	effect	on	scaling	(Figure	11.5),	much	more	than	the	amount	
of	AEA	introduced	into	the	mixtures.	In	fact,	 it	was	not	possible	to	detect	a	trend	
regarding AEA content from these results. According to the authors, a study of the 
microstructure	 explained	 these	 findings	 as	 the	 structure	 was	 revealed	 to	 be	 very	
dense, with small capillary porosity and trapped permeability, a combination that 
makes it impossible for freezable water to be transported to the air pores.
	 Finally,	the	sensitivity	of	these	concretes	regarding	early	freezing	was	also	tested	
by	keeping	specimens	having	different	values	of	early	strength	at	–20°C	for	5	days.	
The compressive strength of the samples was measured after 91 days of post-curing. 
It was found that damage due to early freezing was seen only when the concrete had 
an	initial	strength	lower	than	5	MPa,	i.e.	the	same	value	as	for	OPC.
 Douglas et al.	(1992)	studied	the	properties	and	durability	of	alkali-activated	slag	
concrete. They used granulated blast furnace slag and two different sodium silicates 
(Ms	=	1.47	or	1.22),	and	all	mixtures	incorporated	an	air-entraining	agent	(sulfonated	
hydrocarbon	type).	For	their	freeze-thaw	studies	(based	on	ASTM	C	666,	Procedure	
A)	they	prepared	prismatic	specimens	(76	mm	¥ 102 mm ¥	390	mm)	kept	at	23°C	
in an atmosphere saturated with water for 14 days. Then the frost tests were carried 
out.	They	consisted	of	six	4	h	freeze-thaw	cycles,	between	4.4°C	and	–17.8°C,	per	
day.	The	lengths	of	the	specimens	were	measured	at	4.4°C,	as	were	the	loss	of	mass,	
the resonance frequency, and the pulse velocity, every 50 cycles up to 500 ± 10 
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cycles.	The	residual	flexural	strength	was	determined	at	the	end	of	the	500	cycles.	
The specimens of reference concretes remained in a moist atmosphere.
	 Five	mixtures	having	equivalent	28-day	compressive	strengths	(around	30	MPa)	
were	 cast	 with	 a	 water/binder	 ratio	 of	 0.48.	 The	 concrete	 formulations	 differed	
mainly	 in	 their	 sodium	silicate/slag	 ratios	 (Table	11.1).	The	 test	 results	 related	 to	
frost	resistance	are	given	in	Table	11.1.	The	acceptable	limits	specified	by	ASTM	
C 666 correspond to a relative dynamic modulus of elasticity of 60% of the initial 
modulus,	and	0.10%	expansion.	Among	all	the	results,	it	was	seen	that	the	concrete	
prisms	of	Mixture	5	reached	the	specified	limits	before	300	cycles,	whereas	all	the	
other	concrete	mixtures	were	below	the	specified	values	at	500	cycles,	meaning	that	
their frost resistance was good.
	 Measurements	of	the	air-void	spacing	factors	showed	that,	for	all	formulations,	
the	values	were	between	270	and	380	mm	(Table	11.1),	which	was	higher,	according	
to the authors, than the usual recommended limit of 220 mm for concrete resistant to 
freeze-thaw	cycling.	The	air	void	spacing	factor	of	Mixture	5	(377	mm)	was	probably	
responsible	for	the	premature	deterioration	of	this	concrete.	Moreover,	it	cannot	be	
excluded	 that	 the	mediocre	 behaviour	 of	 this	mixture	might	 have	 been	 due	 to	 its	
lower	sodium	silicate	content	(0.33	vs.	0.37–0.48,	as	seen	in	Table	11.1).
 The authors pointed out that it was relatively easy to introduce air into fresh 
concrete but the small amount of air in the cured concrete indicated that entrained 
air was unstable. This instability could be due to incompatibility between the air-
entraining	agent	and	chemical	admixtures	used	for	activation	of	the	slag,	probably	
resulting in a coalescence of the air bubbles and leading to air loss during casting 
of the specimens.

Table 11.1 Properties of slag concretes and summary of test results 
in concrete prisms after 500 cycles of freezing and thawing

Concrete mixtures

1 2 3 4 5*

Sodium	silicate/slag
Air	content,	fresh	concrete	(%)
Voids	in	hardened	concrete	(%)
Spacing	factor	of	air	bubbles	(mm)
Initial	compressive	strength	(MPa)

0.48
6.2
3.9

270
30.2

0.48
5.2
4.2

325
29.7

0.39
7.3
4.5

336
30.7

0.37
7.2
6.2

286
32.1

0.33
5.7
4.7

377
33.7

After 500 freeze-thaw cycles*

Length	variation	(%)
Weight	variation	(%)
Variation	of	resonant	frequency	(%)
Variation	of	pulse	velocity	(%)
Relative	dynamic	modulus	of	elasticity	(%)
Residual	flexural	strength	(%)

+0.03
–3.7
+1.8
–1.0

104
62

+0.04
–1.0
+3.4
+0.8
107
63

+0.07
–2.7
–1.4
–3.6
97
58

+0.09
–2.9
–0.1
–8.1

100
67

+0.18
–2.6
–29.9
–29.0
50
32

*	Mixture	5:	test	terminated	at	300	cycles.
Source:	Douglas	et al., 1992.
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	 Gifford	and	Gillott	(1996)	presented	a	study	of	the	durability	of	sodium	carbonate	
or	sodium	silicate-activated	blast	furnace	slag	concrete	against	freeze-thaw	(ASTM	
C	666).	They	also	assessed	the	air-void	parameter	(ASTM	C	457)	by	using	an	air-
entraining	 agent	 that	 was	 a	 solution	 of	 various	 surface	 active	 agents	 (no	 further	
details	available)	especially	designed	for	low-slump	concrete	or	high-alkali	cement.	
It should be noted that an attempt at using a commercially available AEA designed 
for	Portland	cement	(aqueous	solution	of	modified	salts	of	a	sulfonated	hydrocarbon)	
was	found	to	be	ineffective	for	AAS.
	 Three	types	of	concrete	were	studied	(water-binder	ratio	of	0.44):	one	Portland	
cement	 concrete	 as	 the	 reference,	 and	 two	 AAS	 concretes	 activated	 by	 either	
sodium	carbonate	 or	 sodium	 silicate	 (SiO2/Na2O	=	1),	 at	 doses	 that	 provided	5.7	
and 6.1% Na2O relative to the slag mass, respectively. Lime slurry, used to delay 
the	 setting	 of	 the	 mixtures,	 was	 added	 to	 AAS	 concretes	 (8	 kg/m3).	 For	 each	
formulation,	 four	 prismatic	 specimens	 (75	 mm	 ¥	 75	 mm	 ¥	 350	 mm)	 were	 cast	
for the freeze-thaw study, and two 100 mm ¥ 200 mm cylinders for the study of 
air-void.	Half	the	specimens	were	heated	at	60°C	for	the	first	6	h,	while	the	other	
half was cured at room temperature. After 24 h, the samples were demoulded 
and	stored	 in	a	moist-curing	 room	until	 the	 time	of	 testing.	The	 results	of	 freeze/
thaw were noted every 35 cycles to measure the evolution of mass and dynamic 
modulus,	up	 to	300	cycles	(or	until	 the	modulus	dropped	below	60%	of	 its	 initial	 
value).
	 Several	conclusions	were	drawn	from	the	results:

•	 As	for	OPC,	the	workability	of	AAS	concretes	was	improved	when	the	amount	of	air	in	
the	mixture	increased.

•	 In	order	to	reach	the	same	amount	of	entrained	air	in	AAS	concretes,	it	was	necessary	to	
double	 the	AEA	content	 in	 the	sodium	silicate	AAS	compared	 to	OPC	concrete.	 In	 the	
case of sodium carbonate, the AEA content reached four times that needed for OPC. The 
dosage of AEA thus depended on the nature and concentration of the activation solution. It 
was	concluded	that	it	was	possible	to	create	finely	divided	and	closely	spaced	air	bubbles	
in	AAS	concretes	activated	by	 sodium	silicate	using	 the	 same	AEA	as	 for	OPC,	but	 at	
higher doses.

•	 It	 was	 observed	 that	 the	AAS	 specimens	 activated	 by	 sodium	 carbonate	 showed	more	
weight	loss	and	lower	relative	dynamic	modulus	than	the	other	two	mixtures.	The	sodium	
silicate	AAS	scaled	 the	 least,	marginally	 less	 than	 the	Portland	cement	 specimens.	The	
relative	dynamic	modulus	of	sodium	silicate	AAS	was	always	higher	 than	80%,	not	far	
from	that	of	the	Portland	cement	mixture.

•	 The	 air-void	 parameters	 and	 durability	 against	 freeze-thaw	 for	 early-heated	 specimens	
were slightly lower than for those maintained in standard conditions.

Shi	et al.	(2005)	studied	the	effect	of	freeze-thaw	on	AAS	cement	pastes	compared	
with OPC, focusing on the electrolytes of the pore solution, which may have 
been the cause of the different deformations observed between these two matrices 
during freezing. It was found that, in the capillary pores of OPC, the solution froze 
spasmodically,	while	the	freezing	of	the	solution	was	more	gradual	in	AAS	cement	
pastes.	Furthermore,	the	freezing	point	of	the	pore	solution	of	AAS	was	considerably	
affected	by	the	nature	of	the	alkaline	activator	used.	With	potassium	carbonate,	the	
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freezing	point	of	the	eutectic	mixture	was	−36°C	whereas	that	of	sodium	carbonate	
was	 only	 −2.1°C.	 The	 lower	 freezing	 point	 of	 alkali-activated	 slag	 cement	 paste	
was	also	attributed	to	the	differences	in	the	pore	structures	between	AAS	and	OPC,	
as	AAS	cement	pastes	contained	more	gel	pores	while	Portland	cement	pastes	had	
more capillary pores.
	 Fu	et al.	(2011)	studied	the	effect	of	freeze-thaw	cycles	and	mechanical	damage	
on	 AAS	 concretes	 according	 to	 ASTM	C	 666	 and	 GB/T50082-2009.	 They	 used	
blast	furnace	slag	activated	by	a	solution	of	sodium	hydroxide	and	sodium	silicate	
(modulus	 of	 3.34).	 Five	 formulations	 of	 AAS	 concretes	 were	 assessed	 with	 six	
specimens	 per	 formulation	 (dimensions	 100	 mm	 ¥ 100 mm ¥	 400	 mm).	 Mass	
and dynamic elastic modulus were then measured every 25 cycles up to 300  
cycles.
 The results showed a slight drop in the elastic dynamic modulus when the number 
of	 cycles	 increased	 (less	 than	 12%	 at	 300	 cycles).	 Similarly,	 the	 percentage	 of	
weight lost was very low for all specimens as it remained below 1% at the end of 
the accelerated test. It should be noted that the strength of the concretes was higher 
than	86	MPa	for	all	mixtures.	According	to	the	authors,	these	results	were	proof	of	
the	excellent	freeze-thaw	resistance	of	AAS	concretes.	The	SEM	analysis	showed	a	
symmetrical,	compact	structure,	mainly	composed	of	C-S-H	with	a	low	Ca/Si	ratio	
and	 calcium-free	 aluminosilicates	 and	 zeolites,	 which	made	 it	 difficult	 for	 water	
to	penetrate	 into	 the	concrete.	 In	addition,	 the	high	compressive	 strength	of	AAS	
concretes further enhanced this ability to resist surface damage, which made it very 
durable regarding negative temperatures.
	 In	another	paper,	the	same	team	(Cai	et al.,	2013)	used	the	same	slag	and	activators	
to carry out a study focused on freeze-thaw resistance of alkali-slag concrete based 
on	response	surface	methodology	(RSM).	RSM	was	applied	to	study	the	influence	of	
the	solution/slag	ratio	(A/S),	slag	content	and	sand	ratio	on	the	freeze-thaw	resistance	
(ASTM	C	666).	Air-void	structure	was	assessed	using	ASTM	C	457-1998.	A	frost	
resistance	coefficient	DF,	defined	as	the	ratio	of	dynamic	elastic	modulus	after	300	
freeze-thaw cycles to the initial dynamic elastic modulus, was used to evaluate 
the frost resistance. The empirical model used to plot the iso-response curves was 
calculated	 on	 the	 basis	 of	 17	 experiments	 chosen	 according	 to	 the	Box–Behnken	
Design principle.
	 The	analyses	of	response	surfaces	showed	that	the	rank	of	the	factors’	significance	
for	the	AAS	concrete	frost	resistance	was	solution/slag	ratio	>	slag	content	>	sand	
ratio.	Lower	solution/slag	ratios	and	higher	slag	contents	led	to	the	best	performances,	
while	the	sand	content	had	very	little	influence	on	the	results.	
 It was observed that the resistance to freeze-thaw ultimately depended on the 
porous	network	of	 the	materials.	The	spacing	coefficient	and	specific	surface	area	
of the air bubbles presented a fairly good correlation with the durability factor, with 
greater	frost	resistance	for	smaller	air	bubble	spacing	coefficient	(Figure	11.6)	and	
higher	specific	surface	of	air	bubbles.
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11.5 Detailed review of frost resistance of alkali-
activated alumino-silicate systems

11.5.1 Alkali-activated fly ash systems

Davidovits	 and	 Comrie	 (1988)	 and	 then	Davidovits	 et al.	 (1990),	 in	 two	 studies	
on the long-term durability of geopolymer based on observations of archaeological 
mortars, noted that the sodium-based geopolymers were not resistant to negative 
temperature and that only the mortar containing Na and K had resisted over time 
when they were in regions subject to the regular occurrence of freezing temperatures. 
Then Hermann et al.	(1999)	performed	a	freeze-thaw	test	on	geopolymer	cements	
according	to	the	ASTM	D	4842	standard	(cycles	between	–20°C	and	+20°C),	and	
observed no decrease in the compressive strength after 13 freeze-thaw cycles, no 
surface	damage,	 and	 a	 total	mass	 loss	 not	 exceeding	0.06%.	A	 few	years	 before,	
Kukko	and	Mannonen	(1982)	conducted	freeze-thaw	tests	on	F-concrete	without	air	
entrainment and found that the compressive strength increased after 100 freeze-thaw 
cycles	(–20°C	in	air	and	20°C	in	water).
	 Škvára	et al.’s	(2005,	2006)	study	of	materials	based	on	fly	ash	activated	by	an	
alkaline solution used freeze-thaw resistance tests carried out according to Czech 
standard	 CSN	 72	 2452	 (no	 details	 given	 on	 the	 temperature	 and	 duration	 of	 the	
cycles).	They	prepared	samples	of	dimensions	4	cm	¥ 4 cm ¥ 16 cm, which were 
stored	at	40%	RH	and	the	ambient	temperature	of	the	laboratory	for	28	days	before	
starting	the	freeze-thaw	tests.	Mortars	were	made	by	mixing	fly	ash	and	sand	with	
an	alkaline	solution	containing	NaOH	and	waterglass	(Ms	=	1.0–1.6,	Na2O	6–10%,	
w	=	0.30–0.40)	and	were	then	heated	between	60	and	80°C	for	6	to	12	h	in	an	open	
atmosphere.	 Seven	 formulations	 were	 made,	 incorporating	 some	 other	 materials	
(OPC,	limestone	in	ground	or	aggregate	form,	and	three	different	AEAs),	but	few	
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Figure 11.6	 Relationship	 between	 air	 bubble	 spacing	 coefficient	 and	 the	 frost	 resistance	
coefficient	DF,	defined	as	the	ratio	of	dynamic	elastic	modulus	after	300	freeze-thaw	cycles	
to the initial dynamic elastic modulus. Data from Cai et al.	(2013).
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other	details	were	given	on	the	mixtures.	In	the	freeze-thaw	tests,	samples	were	kept	
under water for 150 cycles and the results of compressive strengths were compared 
for each formulation, with controls maintained under laboratory conditions and 
broken	at	28	days,	6	months	and	1	year.
 After 150 freeze-thaw cycles, no mass loss nor disintegration was observed on the 
specimens. The values of compressive strength obtained after these cycles were, on 
average,	lower	than	those	of	the	controls	aged	28	days,	except	for	the	specimen	with	
the	AEA	2LN	additive	(Figure	11.7).	Nevertheless,	no	damage	or	deformations	were	
observed on the specimens at the end of the test. The authors therefore concluded 
that,	in	view	of	these	results,	it	could	be	stated	that	the	fly	ash-based	geopolymers	
were very resistant to freeze-thaw.
	 Brooks	et al.	(2010)	studied	high-performance	concrete	and	lightweight	concrete	
made	with	alkali-activated	fly	ash	materials	and,	among	other	things,	their	behaviour	
towards	freezing	and	thawing.	They	prepared	75	mm	¥ 100 mm ¥ 406 mm prisms 
by	 mixing	 fly	 ash	 and	 aggregates	 (fine	 and	 coarse)	 with	 a	 chemical	 activation	
solution	 of	 sodium	 hydroxide,	 concentrated	 sodium	 silicate	 and	 water	 (and	 also	
aluminium	powder	in	the	case	of	lightweight	concrete),	until	a	homogeneous	mixture	
was	obtained.	The	 samples	were	 then	placed	 in	 a	 dry	 atmosphere	 (40–90°C)	 and	
demoulded after 12 h. The authors chose to study the effects of freeze-thaw on the 
AAM	according	to	ASTM	C	666,	preferring	the	more	severe	test	where	freezing	and	
thawing	(temperature	ranging	from	–18°C	to	5°C)	occurred	under	water	immersion.	
The	mixtures	were	 prepared	with	 and	without	 an	 air-entraining	 agent	 (no	 further	
details).	Visible	changes	and	mass	 loss	of	AAM	and	OPC	were	 followed	 for	300	
freeze-thaw	cycles.	Note	that	the	results	can	also	be	found	in	the	work	of	Rostami	
and	Brendley	(2003).
	 As	seen	in	Figure	11.8,	AAFA	concretes	without	air	entrainment	had	a	level	of	
performance similar to that of air-entrained Portland cement concretes. The weight 
loss	in	the	samples	indicated	that	AAMs	had	a	good	resistance	to	freeze-thaw	cycles,	
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Figure 11.7	Compressive	strength	after	150	freeze-thaw	cycles	relative	to	28	days	of	curing	
of	mortars	composed	of	activated	fly	ash,	with	and	without	additives.	Data	from	Škvára	et al. 
(2005,	2006).
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but	AEA	did	not	increase	their	durability,	since	AAM	with	air	entrainment	presented	
more	scaling	than	the	formulation	without	AEA.	According	to	Brooks	et al., this was 
due	 to	 the	presence	of	 entrained	air,	which	 significantly	 reduced	 the	 compressive	
strength	of	the	mixtures	(10–30%	lower	with	AEA).	It	was	concluded	that	the	stable,	
uniform porous network obtained through the addition of AEA, which normally 
increases	 the	resistance	 to	freeze-thaw	in	OPC,	was	not	formed	in	 the	AAM.	The	
specimen without air entrainment performed better in freeze-thaw cycles and could 
thus	be	used	outdoors	without	 risk	of	damage.	A	study	of	 the	mass	 loss	of	AAM	
lightweight concrete with different formulations showed that concrete with lower 
density	performed	better	regarding	freeze-thaw	cycles.	AAM	concrete	with	a	density	
of	1200	kg/m3,	which	had	a	compressive	strength	of	3	MPa	and	flexural	strength	of	
0.8	MPa,	could	undergo	300	freeze-thaw	cycles	without	any	damage.
	 Sun	(2005)	and	Sun	and	Wu	(2013)	studied	the	chemical	and	freeze-thaw	resistance	
of	alkali-activated	fly	ash	(AAFA)-based	inorganic	mortars.	The	materials	used	in	
the	study	were	Class	F	fly	ash,	 silica	 fume,	metakaolin,	 sodium	hydroxide	flakes,	
sodium	sulfate	and	fine	sand.	A	low	cost	sodium	silicate	solution	was	thus	prepared	
by	mixing	the	required	amounts	of	NaOH	flake	with	silica	fume	in	distilled	water,	
and	the	mixture	was	sealed	and	placed	in	a	furnace	at	75°C	for	12	h,	followed	by	
slow cooling in air at room temperature before use. 
	 For	 the	 freeze-thaw	 testing,	 air	 entraining	 agent	 (AEA:	MB-VR,	 from	Master	
Builders)	was	used	(0.2%	by	weight	relative	to	fly	ash	or	Portland	cement)	in	two	of	
the four compositions: Portland cement mortar with and without air-entraining agent, 
and	activated	fly	ash	mortar	with	and	without	air-entraining	agent.	Mortar	prisms	
of dimensions 23.5 mm ¥ 23.5 mm ¥	50.8	mm	were	employed	in	the	freeze-thaw	
tests,	performed	according	to	ASTM	C666	(procedure	A)	for	300	cycles	(alternately	
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Figure 11.8	Weight	 loss	 after	50,	100,	200	and	300	 freeze-thaw	cycles	of	 alkali-activated	
fly	ash	concretes	compared	to	OPC	concretes,	with	and	without	air	entrainment.	Data	from	
Brooks	et al.	(2010)	and	Rostami	and	Brendley	(2003).
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lowering	the	temperature	of	the	specimens	from	4	to	–18°C	and	raising	it	from	–18	
to	4°C	in	not	less	than	2	h	and	not	more	than	5	h).
	 As	seen	in	Figure	11.9,	the	specimens	of	Portland	cement	mortar	without	AEA	
experienced	the	highest	mass	loss,	which	was	10	times	higher	than	in	specimens	of	
Portland	cement	mortar	with	AEA.	Both	activated	fly	ash	specimens	(with	or	without	
entrained	air)	showed	mass	gains	after	300	freeze-thaw	cycles	with	no	appreciable	
difference	 in	mass	change	whether	or	not	air	entrainment	was	used	(Figure	11.9).	
The strength study showed that the air-entraining agent used in this study had no 
negative	effect	on	the	compressive	strength	of	activated	FA	mortars.	Before	the	start	
of	freeze-thaw	testing	the	strength	of	AAFA	mortars	was	around	41–42	MPa.
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Figure 11.9	 (a)	 Compressive	 strength	 retention	 (%)	 and	 (b)	 dynamic	 modulus	 retention	
(%)	 after	 90,	 210,	 and	300	 freeze-thaw	cycles	of	mixtures	based	on	Portland	 cement	with	
and	without	AEA,	and	of	alkali-activated	fly	ash	(AAFA)	with	and	without	AEA.	(c)	Mass	
change	of	 the	 same	mixtures	after	300	 freeze-thaw	cycles.	Data	 from	Sun	 (2005)	and	Sun	
and	Wu	(2013).
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Figure 11.9 Continued

	 Figure	11.9	shows	the	compressive	strength	and	dynamic	modulus	retained	after	
90,	210	and	300	freeze-thaw	cycles	for	all	four	compositions.	Specimens	of	Portland	
cement mortar without AEA deteriorated most seriously, showing about 20% strength 
loss after 300 cycles, while specimens of Portland cement mortar with AEA had lost 
only	5%	after	300	cycles.	Specimens	of	AAFA	without	AEA	had	lost	8%	strength	
after 90 freeze-thaw cycles, and gradually regained some of their strength afterwards 
with	a	final	 loss	of	5%	at	 the	end	of	 the	300	cycles.	AAFA	with	AEA	specimens	
showed no change in compressive strength throughout the entire test. The study of 
dynamic modulus led to similar results, so the authors concluded that it was obvious 
that	AAFA	mortars	had	better	freeze-thaw	resistance	than	OPC	mortars.	Moreover,	
as	for	concrete,	air	entrainment	could	improve	the	freeze-thaw	performance	of	fly	
ash mortars.
	 Shi	(2012)	(cited	by	Montes	et al.,	2013)	tested	the	resistance	to	freeze-thaw	of	
specimens	prepared	from	Class	F	fly	ash	according	to	standard	ASTM	C	666.	He	
showed that, without AEA these geopolymers were unable to pass the test because 
they	 underwent	 complete	 degradation	 after	 only	 100–120	 cycles.	 In	 contrast,	 the	
addition	 of	 a	 small	 amount	 of	 AEA	 (0.25–1.5%	 per	mass	 of	 ash)	 allowed	 those	
geopolymers to resist 300 cycles of freeze-thaw and retain over 90% of their elastic 
modulus.

11.5.2 Alkali-activated metakaolin systems

Bortnovsky	et al.	(2007)	studied	the	development,	the	properties	and	the	production	
of	 geopolymers	 based	 on	 the	 use	 of	 calcined	 shale	 or	 kaolin	 fly	 dusts,	 calcium-
containing aluminosilicates, and an alkali activator composed of sodium waterglass 
with	 different	 silicate	 moduli	 (low	 and	 high).	 The	 paper	 focused	 on	 introducing	
two-component	geopolymer	binders	produced	under	the	commercial	name	Baucis.	
The	tests	performed	included	the	freeze-thaw	resistance	according	to	EN	14617-5	
(up	to	100	cycles,	freezing	2	h	at	−20°C	and	then	thawing	2	h	at	+20°C	in	water).	
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	 All	 geopolymer	 mortar	 exhibited	 high	 freeze-thaw	 durability	 even	 after	 100	
cycles	and	 the	flexural	 strength	values	obtained	at	 the	end	of	 the	 freeze-thaw	 test	
were	higher	than	those	obtained	for	the	controls	(180	days).	Compressive	strength	
values	were	below	the	controls,	but	 reached	72%	of	 the	strength	of	 the	control	 in	
the	worst	case.	Accelerated	 tests	of	durability	 (up	 to	15	cycles)	were	also	carried	
out on the mortars. This test consisted of alternating scrubbing, drying and freezing 
of	the	sample	during	1	week	–	1	cycle,	which,	according	to	the	authors,	simulated	
1 year of storage in outdoor weather conditions. The mortar sample strength values 
were	sometimes	higher,	sometimes	lower	than	those	of	control	mixtures	but	without	
falling	below	80%	of	the	original	values.
	 Steinerova	(2011)	published	an	article	on	the	relationship	between	the	properties	
of metakaolin-based geopolymer mortars and their porous structure. The geopolymer 
binder	was	prepared	 from	a	mixture	of	metakaolin	 (90%	pure)	with	a	 solution	of	
sodium	hydroxide	and	sodium	silicate	(with	ratios	Si/Al	=	1.4,	Na/Al	=	1	and	H2O/
Na	=	7.14),	and	a	water/metakaolin	ratio	of	0.74.	Quartz	sand	was	used	in	a	range	
of	0–93%	by	mass.	After	being	demoulded	at	24	h,	mortar	samples	were	placed	in	
sealed	plastic	bags	at	ambient	temperature	for	28	days	before	being	analysed.	The	
study of freeze-thaw resistance consisted of comparing the average compressive 
strength	of	six	specimens	after	25	cycles	of	freeze-thaw	(24	h	cycles	between	–18°C	
and	20°C),	and	the	average	strength	of	six	specimens	kept	at	room	temperature	as	
controls.	 The	 results	 were	 expressed	 as	 the	 percentage	 of	 variation	 of	 resistance	
relative to the control, and the test was considered acceptable if the compressive 
strength	 remained	higher	 than	 75%.	Young’s	modulus	 and	flexural	 strength	were	
also measured after 25 cycles.
 The results showed that geopolymers could tolerate the 25 freeze-thaw cycles if 
they	contained	enough	sand	(more	than	34%),	otherwise	the	nanosized	porous	structure	
and	the	absence	of	mesopores	in	the	1–8	mm range did not allow the mortar to be 
frost	 resistant.	The	degradation	of	 the	geopolymer	matrix	containing	only	a	small	
amount of sand might be due to a lack of accommodation of the freezing water in 
the	porous	network.	According	to	the	authors,	the	moisture	expansion	combined	with	
the	internal	stress	of	the	matrix	were	also	suspected	to	be	a	cause	of	the	destruction	
in the samples with low amounts of sand, a simple soak being enough to destroy 
pure	geopolymer	matrix	(sudden	occurrence	of	cracking	upon	contact	with	water).	
The	increase	in	sand	content	(34%	to	82%)	allowed	the	mortars	to	withstand	freeze-
thaw	 cycles	without	 showing	 cracking,	 as	 they	 remained	 above	 the	 limit	 of	 75%	
of	 the	controls’	 resistances.	Above	 this	 limit,	 the	 frost	 resistance	 increased	 (up	 to	
125%),	mostly	because	both	specimens	(control	and	after	freezing)	already	had	very	
low	strengths	and	because	the	excessive	sand	content	led	to	the	formation	of	coarse	
pores, which prevented full saturation.
	 Bucher	et al.	(2011)	studied	the	frost	resistance	of	a	concrete	made	of	metakaolin	
activated	 by	 a	 solution	 of	 sodium	 silicate	 and	 sodium	 hydroxide,	 without	 air-
entrainment.	The	compressive	strength	of	the	concrete	reached	55	MPa	at	28	days.	
The	freeze-thaw	test	was	based	on	the	French	standard	NF	P18-424,	on	7	cm	¥	7	cm	
¥	28	cm	specimens	(tested	at	28	days).	It	was	seen	that	the	absence	of	air-entrainment	
led	to	large	weight	losses	after	only	40	freeze-thaw	cycles	(Figure	11.10).
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11.6 Detailed review of frost resistance of mixed 
systems

11.6.1 Alkali-activated slag/fly ash

Krivenko	(1992)	studied	 the	properties	of	alkali-based	cement	concrete	and	noted	
that, depending on their composition, materials such as slag-alkaline binders, alkaline 
fly	ash-binder,	 alkaline	 aluminate	 cements,	 or	mixtures	of	 these	with	OPC,	 could	
achieve better properties than the simple OPC binder, after more than 1000 freeze-
thaw	cycles.	 Ionescu	 and	 Ispas	 (1986)	used	 a	binder	made	with	 slag	 and	fly	 ash,	
activated	with	 liquid	sodium	silicate.	The	concretes	had	good	resistance	 to	50–80	
cycles	of	freeze-thaw	exposure	at	28	days	of	curing.
 Puertas et al.	 (2003)	 studied	 the	 behaviour	 of	 three	 different	 alkali-activated	
cements	reinforced	with	polypropylene	fibres	and,	in	particular,	their	resistance	to	
freeze-thaw	cycles.	The	three	cements	tested	were:	(a)	GBFS	activated	by	waterglass	
solution	(Na2SiO3 + NaOH, Na2Oeq	=	4%)	at	room	temperature,	(b)	aluminosilicate	
fly	ash	activated	with	8	m	NaOH	and	cured	at	85°C	for	the	first	24	h,	and	(c)	50%	
fly	ash	+	50%	slag	activated	with	8	m NaOH solution at room temperature. In these 
tests,	the	dosage	of	fibre	was	0.5%	of	the	mortar	volume.	For	the	freeze-thaw	testing,	
sets of three mortars of dimensions 4 cm ¥ 4 cm ¥ 16 cm were prepared for each 
formulation.	After	28	days	of	 cure,	 the	mortars	were	 subjected	 to	50	 freeze-thaw	
cycles,	with	two	cycles	per	day	(3	h	at	–20°C,	0.5	h	immersed	in	water,	3	h	at	–20°C,	

Figure 11.10	 Metakaolin-based	 geopolymer	 concretes	 without	 AEA	 after	 40	 freeze-thaw	
cycles	(Bucher	et al.,	2011).
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and	another	0.5	h	immersed	in	water).	For	the	rest	of	the	time	(17	h)	the	specimens	
were kept immersed in water.
 The mechanical behaviour of mortars after 50 freeze-thaw cycles is presented 
in	Figure	11.11.	The	most	detrimental	 effect	was	observed	on	alkali-activated	fly	
ash,	 where	 a	 significant	 drop	 in	mechanical	 strength	 was	 found	 after	 the	 cycles.	
Compressive	and	flexural	strength	were	observed	to	increase	for	mixtures	containing	
alkali-activated slag. According to the authors, the activation of slag continued in the 
wet conditions of the test, resulting in the formation of a large amount of reaction 
product, which increased the mechanical strength. An increase was also seen, but to a 
lesser	extent,	for	slag/fly	ash	mixtures	and	was	due	to	the	presence	of	slag	in	smaller	
quantities. It was concluded that slag-based materials have a strong resistance to 
negative temperatures because the freezing temperatures of alkaline metal solutions 
are	below	0°C	(about	–15	to	–20°C).	It	was	also	noted	that	the	presence	of	fibre	did	
not change the behaviour of the mortars regarding freeze-thaw cycles.
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Figure 11.11 Compressive strength after 50 freeze-thaw cycles relative to strength without 
cycling	of	alkali-activated	slag	and	fly	ash	systems,	with	and	without	polypropylene	fibres.	
Data from Puertas et al.	(2003).

11.6.2 Alkali-activated metakaolin/fly ash systems

Slavik	et al.	(2008)	have	studied	the	behaviour	with	respect	to	freeze-thaw	cycles	of	
geopolymer	made	of	fluidized	bed	combustion	bottom	ash	(FBC-BA)	and	thermally	
activated	kaolinitic	clay	(i.e.,	metakaolin).	The	mixtures	of	the	two	products	were	
activated	with	a	solution	of	waterglass	(composition	30.2%	SiO2	and	10.8%	Na2O)	
and 5 m	NaOH	(Figure	11.12).	After	24	h,	the	specimens	were	demoulded	and	kept	
at	45%	RH	and	22°C	for	28	days	before	starting	the	freeze-thaw	tests.	In	accordance	
with	European	standard	EN	14617-5:2005,	the	specimens	were	exposed	to	50	freeze-
thaw	cycles	(freezing	for	2	h	at	–20°C	and	then	thawing	for	2	h	at	+20°C	in	water)	
and then tested for compressive strength. In parallel, compressive strength tests were 
also performed on specimens of the same age which had not been subjected to any 
negative temperatures.
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 The study of compressive strength showed that the resistance declined a little 
when	the	amount	of	FBC-BA	increased,	and	the	same	result	was	observed	after	50	
cycles of freeze-thaw. However, it should be noted that the amount of activating 
solution	also	decreased	with	 the	 increase	 in	fly	ash	content.	After	50	 freeze-thaw	
cycles,	all	samples	underwent	a	moderate	drop	in	resistance,	which	did	not	exceed	
20% relative to the strength of control specimens. According to the authors, these 
results showed acceptable freeze-thaw resistance.
	 Zhang	et al.	 (2008)	studied,	among	other	properties,	 the	freeze-thaw	resistance	
of	metakaolin	(MK)/fly	ash-geopolymer	composites	manufactured	by	an	extrusion	
technique	and	incorporating	short	PVA	fibres.	Four	geopolymers	made	from	kaolin	
calcined	at	700°C	for	12	h	and	Class	F	fly	ash	(in	proportions	ranging	from	100%	
MK	to	50%	MK-50%	FA)	were	activated	by	a	solution	of	waterglass	and	NaOH.	
The	samples	were	cured	at	20°C	and	100%	R.H.	for	28	days.	The	9	h	freeze-thaw	
cycles	were	carried	out	between	4.4	and	–20°C	on	90	mm	¥	75	mm	¥ 6 mm thin 
plate	specimens.	The	impact	strength,	stiffness	and	toughness	of	the	four	mixtures	
were measured before and after 20 freeze-thaw cycles. The results showed that the 
geopolymers	tested	possessed	an	excellent	resistance	to	freeze-thaw	cycles:
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Figure 11.12	 (a)	 Compressive	 strength	 and	 (b)	 relative	 strength	 of	 geopolymers	made	 of	
fluidized	 bed	 combustion	 bottom	 ash	 and	metakaolin	 after	 50	 cycles	 of	 freeze-thaw.	Data	
from	Slavik	et al.	(2008).
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•	 For	 the	 100%	metakaolin	mixture,	 no	 obvious	 change	 in	 the	 impact	 strength	was	 seen	
relative to the same composite before the freeze-thaw cycles.

•	 The	 impact	strength	of	mixtures	with	metakaolin	and	fly	ash	 increased	after	 the	 freeze-
thaw	 cycles,	 especially	 for	 high	 fly	 ash	 content.	 As	 the	 impact	 behaviour	 of	 hardened	
cementitious	 paste	 was	 expected	 to	 be	 reduced	 after	 freeze-thaw	 cycles,	 the	 authors	
concluded	that	the	increase	was	probably	due	to	(a)	the	geopolymer	structure,	which	was	
dense and compact so the water could not penetrate inside the plates and there was thus 
almost	no	freeze-thaw	deterioration,	or	(b)	the	geopolymeric	products	still	being	formed	
over	the	long	duration	of	freeze-thaw	testing	(about	10	days).	Knowing	that	the	kinetics	
of	fly	ash	reaction	is	usually	lower	than	that	of	metakaolin,	the	latter	explanation	seems	
plausible, and means that the freeze-thaw tests should be carried out after a longer cure, 
or for more cycles.

11.7 Future trends

There	is	an	increasing	interest	in	AAM	applied	to	construction,	including	in	countries	
experiencing	negative	temperatures.	Current	knowledge	on	the	durability	aspects	of	
these materials does not allow their behaviour over time to be predicted, and thus 
requires further investigation, particularly in freeze-thaw conditions. In-situ and 
laboratory-scale tests are still needed to generalize the knowledge on frost resistance 
of	all	 types	of	AAM.	Several	accelerated	 tests	have	been	used	 in	 the	 literature	 to	
evaluate	the	frost	resistance	of	AAM	but	it	should	be	pointed	out	 that	accelerated	
tests	 are	 sometimes	 far	 from	 reality,	 so	 feedback	 is	 still	 needed	 to	 confirm	 the	
laboratory	findings.
 Durability related to freeze-thaw concerns two forms of damage but the literature 
tends to deal mainly with issues related to internal cracking. The surface scaling 
problem is an important issue requiring further study, especially testing that includes 
contact with salt solution.
 The mechanisms responsible for damage due to freeze-thaw are mainly physical 
and are now well-known for Portland cement, as are the ways to reduce them. It is 
known that the use of AEA effectively reduces damage by creating a network of 
air bubbles. However, these chemical substances are usually combined with water 
and	their	stability	and	efficiency	in	the	presence	of	strongly	alkaline	solution	(such	
as	waterglass)	remain	to	be	investigated.
	 Further	work	on	mathematical	models	for	freeze-thaw	should	complete	the	existing	
ones	 already	 developed	 for	 Portland	 cement-based	materials.	 Such	models	 could	
contribute	to	the	understanding	and	prediction	of	the	behaviour	of	AAM	regarding	
the durability of concrete. 

11.8 Sources of further information

Freeze-thaw	is	being	treated	by	the	5-year	RILEM	Technical	Committee	247-DTA	
(Durability	 testing	 of	 alkali-activated	 materials),	 set	 up	 in	 2012	 and	 chaired	 by	
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Professor John L. Provis. It is anticipated that the working groups will deliver a set of 
recommendations based on round-robin tests of standardized alkali-activated material 
mix	designs	according	to	specific	freeze-thaw	testing	protocols.	The	recommendations	
will focus on answering the following questions:

•	 What	is	the	best	method	for	testing,	in	a	laboratory	environment,	the	likely	frost	resistance	
durability	 of	 an	 alkali-activated	 binder	 or	 concrete	 according	 to	 specific	 modes	 of	
degradation?

•	 Which	parameters	of	mix	design	and/or	sample	conditioning	show	the	greatest	impact	on	
the test outcomes, and how do these correspond to likely in-service performance?

•	 What	 recommendations	can	be	made	 for	 the	 formulation	of	an	alkali-activated	material	
that is as resistant as possible to freeze-thaw?
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12The resistance of alkali-
activated cement-based binders 
to carbonation 
S. A. Bernal
University of Sheffield, Sheffield, UK

12.1 Introduction

The chemical reaction between a cement-based material and carbon dioxide (CO2) is 
referred to as carbonation, and is one of the most harmful degradation processes that 
can drastically affect the long-term durability of civil infrastructure (Hobbs, 2001; 
Glasser et al., 2008). A truly sustainable material must be durable, and therefore 
efforts have been focused in the past decade to understand the changes induced by 
carbonation in the microstructure of alkali-activated materials, and its consequent 
effects on permeability and mechanical strength, in order to predict service life 
performance (Bernal and Provis, 2014). 
 Carbonation of ordinary Portland cements (OPC) takes place when CO2 from the 
atmosphere diffuses through the pore network of the material, and dissolves in the 
pore solution forming HCO3

–. This anion is a weak acid, and reacts with the calcium-
rich hydration products present in the matrix, mainly the portlandite (Ca(OH)2), 
calcium silicate hydrate (C-S-H), calcium aluminate hydrates (C-A-H) and ettringite 
(Johannesson and Utgenannt, 2001; Fernández-Bertos et al., 2004), promoting the 
formation of calcium carbonate polymorphs through a decalcification process. This 
leads to the decay of the strength-giving phases and a drop in the internal pH of 
the system, which facilitates the development of corrosion of steel components in 
reinforced concrete materials (Poonguzhali et al., 2008).
 In alkali-activated materials, the mechanism of carbonation is not yet fully 
understood, but it has been demonstrated that it is fundamentally a chemically 
controlled mechanism that occurs in two steps: (1) carbonation of the pore solution 
leading to a reduction in pH and the eventual precipitation of Na-rich carbonates, 
followed by (2) the decalcification of Ca-rich phases (mainly C-S-H, as portlandite 
usually does not form in these systems) and carbonation of secondary reaction 
products present in the system (Bernal et al., 2012, 2013). These materials usually 
perform poorly when tested under accelerated carbonation conditions compared with 
Portland cement-based products; however, natural carbonation rates as low as 1 mm/
year have been identified (Shi et al., 2006) in aged structures based on alkali-activated 
binders. This indicates that the accelerated carbonation testing methods applied to 
alkali-activated materials are not accurately replicating what is experienced under 
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natural carbonation conditions, and raises the need for further examination of the 
testing methods themselves.

12.2 Testing methods used for determining carbonation 
resistance

The relatively low concentration of CO2 in the atmosphere (0.03–0.04%) makes 
carbonation a slow process in dense and chemically stable cementitious materials. 
This has led to the development of accelerated testing methods exposing the 
material to high CO2 concentrations to induce carbonation. This is usually 
achieved through the use of climatic chambers where the exposure conditions 
such as temperature, relative humidity (RH) and concentration of CO2 can be 
completely controlled. Table 12.1 shows a summary of the testing methods and 
protocols used for the assessment of the carbonation resistance of cementitious 
materials. It is important to note that carbonation resistance of alkali-activated 
materials has generally been tested using the same methods applied for Portland 
cement testing, but their applicability to these alternative binders still needs to be  
validated.
 The reproducibility and repeatability of the results obtained by following different 
accelerated carbonation testing protocols has been strongly questioned (Sanjuán 
et al., 2003), and therefore comparison between carbonation results reported in 
different studies must be approached with care. It is evident that the accelerated 
carbonation conditions vary significantly depending on the protocol adopted, and 
in those cases where very high concentrations of CO2 are used, it is important to 
consider the disruption suffered by the material, and to question the real meaning 
of the results in giving a good representation of a natural carbonation process. 
Accelerated carbonation results need then to be understood as an indicator of the 
potential durability of materials with comparable chemistry, when tested under 
similar exposure conditions.
 The phenolphthalein method is widely used by the cement community to determine 
carbonation front; however, its applicability to the assessment of modern blended 
cements and alkali-activated materials is also questionable. This method is based on 
the changes in pH expected to occur in the specimens as a consequence of the CO2 
exposure. Considering the chemical differences between Portland cements and alkali-
activated materials (i.e., the lack of portlandite (Ca(OH)2) as a reaction product in 
most alkali-activated binders), changes in the pH of the pore solution can be easily 
registered using this method, instead of real decomposition via decalcification of 
the binding phases due to carbonation.
 The effect of the different solvents (distilled water/ethanol) and concentrations 
used for the preparation of the phenolphthalein indicator in each of the carbonation 
testing methods described in Table 12.1 is largely unknown, with regard to 
the actual pH changes in the material. It is possible that this leads to different 
results in terms of measured carbonation depths, especially in alkali-activated 
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materials, as a water-rich solution might promote the redissolution of dried pore 
solution remaining in the material after carbonation exposure, and reveal a fully 
alkaline surface, even though some chemical reaction with CO2 has occurred. 
This is one limitation related to assessment of the susceptibility to carbonation 
of cementitious materials, especially alkali-activated binders, via accelerated 
carbonation testing. Consequently, the development and validation of testing 
protocols to estimate more accurately the long-term performance of these materials is  
required. 

Table 12.1 Summary of accelerated test methods

Test Sample preconditioning required Indicator Exposure 
conditions

BS EN 
13295:2004

Specimens covered with a plastic 
film for 24 h, then demoulded and 
sealed again with a plastic film 
for 48 h, followed by curing of 
the specimens under water at 21 
± 2°C for 27 days. Afterwards the 
samples should be brought to an 
even moisture content, which is 
achieved by storing the samples 
at 21 ± 2°C and 60 ± 10 RH until 
constant weight, for a minimum of 
14 days. 

1 g of 
phenolphthalein 
dissolved in 70 
mL of ethanol, 
diluted to 100 mL 
with distilled or 
deionised water

[CO2]: 1%, 
T : 21 ± 2ºC
RH: 60 ± 10%

RILEM 
CPC-18

Not specified Solution of 1% 
phenolphthalein in 
70% ethanol

[CO2]: Not 
specified
T : 20°C
RH: 65%

Nordtest 
Method: NT 
Build 357

Specimens are stripped 1 day after 
casting, and cured in water at 20 
± 2ºC for 14 days, then cured in 
air at 50 ± 5% RH, 20 ± 2ºC until 
reaching a total of 28 days of 
curing

1 g phenolphthalein 
dissolved in 500 
mL of distilled/ion 
exchanged water, 
and 500 mL ethanol

[CO2]: 3%, 
T: Not 
specified
RH: 55–65%

Portuguese 
Standard 
LNEC E391

Samples cured submerged in water 
for 14 days at 20 ± 2ºC, and stored 
in an enclosed environment at 50 ± 
5% RH and 20 ± 2ºC until 28 days

0.1% of 
phenolphthalein in 
an alcoholic solution

[CO2]: 5 ± 
0.1% 
T: 23 ± 3ºC 
RH: 55–65%

French test 
method 
AFPC-
AFREM 
(1997)

Specimens cured for 28 days are 
saturated with water prior to CO2 
exposure, and then oven dried at 
40∞C for 2 days. 

0.1% of 
phenolphthalein in 
an alcoholic solution

[CO2]: 50%, 
T: 20°C
RH:  65%
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12.3 Factors controlling carbonation of cementitious 
materials 

Carbonation of cements is controlled by the diffusivity and reactivity of the CO2 
within the bulk matrix (Fernández-Bertos et al., 2004), which is strongly dependent 
on the transport properties of the material, as well as the chemistry of the binding 
phases. Diffusivity of gaseous CO2 is affected by the interconnectivity of the pore 
network and the carbonation exposure conditions, including CO2 concentration, 
relative humidity and temperature (Houst and Wittmann, 1994; Fernández-Bertos 
et al., 2004). The reactivity of the CO2 will depend on the CO2 concentration, as 
well as the type of binder (Goñi et al., 2002), the gel maturity and pore solution 
chemistry (Fernández-Bertos et al., 2004), as this controls the nature and chemistry of 
the reaction products that will be present over the time of service, and consequently 
their susceptibility to react with CO2.
 In alkali-activated materials it could be expected that the diffusivity of CO2 is 
controlled by the same variables as identified in conventional Portland cements, as 
this is a physically controlled mechanism that is mostly driven by the permeability 
of the material. However, the reactivity of CO2 in these alternative binders strongly 
differs from what has been observed for Portland cements, as the chemistry and 
nature of reaction products forming is quite different, as will be discussed in the 
following sections. 

12.4 Carbonation of alkali-activated materials

12.4.1 The role of exposure conditions

There are a limited number of published studies evaluating carbonation of alkali-
activated materials, but there seems to be a general agreement that these materials 
are more susceptible to carbonation than conventional Portland cements, when 
tested under accelerated carbonation conditions, which is one of the major perceived 
limitations facing their adoption on an industrial scale.
 Byfors et al. (1989) published one of the first studies of carbonation of alkali-
activated materials, and identified that higher relative humidities (80%) promoted lower 
carbonation rates than identified in specimens carbonated at 50% relative humidity, 
and carbonation in F-concretes (plasticised alkali silicate-activated granulated blast 
furnace slag) is more intense when compared with OPC samples formulated to achieve 
comparable compressive strengths. Similar results were obtained by Bakharev et al. 
(2001), who observed a higher susceptibility to carbonation (associated with higher 
carbonation depths measured through phenolphthalein method) in concretes based 
on alkali-activated slag than in Portland cement concretes exposed to carbonated 
water (0.35 m solution of NaHCO3).
 In a later study, Deja (2002) identified comparable carbonation depths in alkali-
activated slag mortars and concretes, and in reference samples based on Portland 
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cement, with increased compressive strengths at longer times of exposure to CO2. 
These results were attributed to the refinement of the pore structure in both alkali-
activated slag and Portland cement, associated with the precipitation of carbonates 
forming as the carbonation reaction progresses. It is important to note that the 
specimens were accelerated carbonated at a relative humidity of 90%, and in an 
atmosphere of 100% CO2, and therefore the results of this particular study need 
to be interpreted with care when compared with natural exposure conditions. At 
very high relative humidity it is expected that the pores are fully saturated with 
moisture, and therefore, even using high CO2 concentrations, the diffusivity of this 
gas through the pore network will be hindered, in both alkali-activated slag and 
Portland cement samples. This will reduce the likelihood of developing a carbonation 
process sufficiently representative to give a good indication of how these materials 
will perform under natural conditions during service. 
 Carbonation of cementitious materials is generally faster at intermediate relative 
humidity (50–70%), and decreases at higher and lower relative humidities (Papadakis 
et al., 1991; Houst, 1996; Galan et al., 2013). High humidity increases the fraction 
of pores filled with water, hindering the diffusion of gaseous CO2, while at low 
humidity the pore network will not be sufficiently moist to promote the solvation 
and hydration of the carbon dioxide to form carbonic acid (Houst and Wittmann, 
1994). Under intermediate moisture conditions, both reaction kinetics and diffusion of 
CO2 are favoured, and therefore acceleration of the carbonation process is observed 
(Fernández-Bertos et al., 2004; Galan et al., 2013).
 Bernal et al. (2014a) evaluated the effect of exposure conditions (relative humidity 
and CO2 concentration) on the progress of accelerated carbonation of alkali-activated 
slag/metakaolin blended concretes, showing that the progress of carbonation is slightly 
higher when the test was conducted at 65% relative humidity, compared with specimens 
carbonated at relative humidities of 50% or 80%, consistent with that identified in 
conventional Portland cement; however, after longer periods of carbonation testing, 
the effect of the relative humidity became less pronounced. It is noted that in these 
alternative binders, the role of the relative humidity during accelerated carbonation 
testing goes far beyond the effect it can have in the saturation of the pore network 
and diffusivity of CO2. This is related to a number of reasons, largely associated 
with the stability of the gel with respect to changes in humidity.
 Alkali-activated slag binders can be more susceptible to shrinkage-related 
processes than Portland cement (Palacios and Puertas, 2007; Collins and Sanjayan, 
2000, 2001), especially at early times of curing (Chi et al., 2012), and the extent 
of shrinkage is strongly influenced by the nature and concentration of the alkaline 
activator (Melo Neto et al., 2008). Dry conditions promote desiccation of the 
reaction products, especially in alkali-activated slag, leading to structural changes 
(Ismail et al., 2013) and resulting in the superficial microcracking of the material, 
which facilitates the ingress of CO2. Consequently, during the pre-conditioning of 
the specimens prior to accelerated carbonation testing, as required by the available 
standards and protocols shown in Table 12.1, it is likely that severe changes in the 
superficial permeability of the material take place as a result of drying shrinkage. 
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This can provide misleading indications regarding the mechanism of carbonation, 
compared to what can be experienced under natural carbonation conditions.
 In both Portland cement (Castellote et al., 2009) and alkali-activated materials 
(Bernal et al., 2013), it has been identified that the concentration of CO2 during 
accelerated carbonation testing plays a key role in inducing different structural 
changes in the binding products, and therefore, in the mechanism of accelerated 
carbonation. Changes in the pore solution of Portland cement carbonated specimens 
carbonated under different CO2 concentrations and relative humidities have also been 
identified (Anstice et al., 2005). In alkali-activated cements, significant differences 
in the total porosity and capillary structure in these materials were observed as the 
CO2 concentration of exposure increased from 1% to 3% (Bernal et al., 2014a). 
A recent study (Bernal et al., 2012) has demonstrated that the CO2 concentration 
also affects the carbonation of the pore solution, as slight changes in temperature, 
relative humidity and CO2 concentration lead to modification of phase equilibria 
in the system Na2CO3–NaHCO3-CO2-H2O that can describe the carbonated pore 
solution of alkali-activated materials (Figure 12.1).
 In alkali-activated binders it has been identified (Bernal et al., 2012, 2013) that 
under atmospheric CO2 concentrations the formation of natron (Na2CO3·10H2O) 
is favoured; however, under accelerated carbonation testing conditions (CO2 
concentrations between 1% and 100%) the formation of nahcolite (NaHCO3) prevails. 
Natron has a higher molar volume than nahcolite, meaning that under accelerated 
carbonation conditions nahcolite will fill much less space, and thus provide a greatly 
reduced degree of pore blockage in an alkali-activated binder than what could be 
expected under natural carbonation conditions. This, along with the differences 
in cracking due to sample conditioning as discussed above, indicates that the 
permeability developed by the material under natural carbonation conditions will 
differ from what is promoted under accelerated carbonation testing. Modifications 
of the carbonate/bicarbonate phase equilibrium favouring formation of bicarbonates 
(Figure 12.1) will lead to a more notable decrease in pH upon carbonation than would 
be observed in natural CO2 environments, by as much as 2 pH units (Bernal et al., 
2012). This will then render the pore solution environment in an accelerated test 
far more damaging to embedded steel reinforcing than is the case in actual service  
conditions.

12.4.2 The role of the binder composition

The mechanism of carbonation in alkali-activated materials is strongly dependent 
on the type of precursor used (slag or fly ash) (Bernal et al., 2013) and the nature 
and concentration of the activator used (Bernal et al., 2014c; Palacios and Puertas, 
2006) as these parameters control the type of the reaction products formed.
 Puertas et al. (2006) observed higher accelerated carbonation depths in slag-based 
mortars activated with sodium silicate than in sodium hydroxide activated specimens. 
This was mainly attributed to the differences in the composition and structure of the 
C-S-H product forming in each system. In the case of the silicate-activated slags the 
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C-S-H had a lower Ca/Si ratio (~0.8) than those formed when NaOH was used (Ca/
Si ratio ~1.2). The higher Ca/Si ratio, along with the reduced silicate chain length 
observed in NaOH-activated slags, might favour the formation and precipitation 
of an increased amount of carbonate products to fill pore spaces when compared 
to silicate-activated slag products, and this could influence the diffusivity of CO2 
within the material. Natron and the calcium carbonate polymorphs calcite, vaterite 
and aragonite were identified as the main crystalline accelerated carbonation products 
of these silicate-activated slag binders (Palacios and Puertas, 2006). 
 Bernal et al. (2010) also determined the carbonation products forming in accelerated 
carbonated silicate-activated slags, but in that study calcite was the only calcium 
carbonate polymorph identified, along with trona (Na3(CO3)(HCO3)·2H2O). The 
differences in the carbonation products forming in these materials are mainly attributable 
to the exposure conditions used in each study. Specifically, the formation of trona 
will be favoured over natron with slight increments in the exposure temperature, 
independent of the CO2 concentration of exposure (Bernal et al., 2012). The Mg-
Ca carbonate huntite (Mg3Ca(CO3)4) has also been observed as an accelerated 
carbonation product derived from the degradation of hydrotalcite (one of the secondary 
products in these binders) in the presence of high CO2 concentrations (Bernal et al.,  
2013). 
 Most recently it was observed (Bernal et al., 2014b) that the MgO content of the 
slag influences the extension and the mechanism of carbonation of alkali-activated 
slags, so that an increased content of MgO in the slag promoted a significant reduction 
in the carbonation extent. This is associated with the formation of layered double 
hydroxides with a hydrotalcite-type structure as a secondary reaction product in 
systems with sufficient content of MgO (>5 wt.%) (Bernal et al., 2014b). Layered 
double hydroxides are materials that have the capacity to absorb CO2 (León et al., 
2010), and therefore it could be expected that a larger formation of this particular 
phase in these systems significantly contributes to enhancing the performance of 
alkali-activated slag binders when exposed to high CO2 concentrations.
 Prior to accelerated carbonation, silicate-activated slag pastes present a very 
cohesive and homogeneous structure as shown in Figure 12.2(a). In contrast, the 
carbonated paste (Figure 12.2(b)) exhibits a highly heterogeneous and porous structure. 
The surface of the carbonated pastes usually shows crystalline-like particles with 
dimensions of a few micrometres, accompanied by more irregular-shaped particles, 
identified as calcite. Chemical analysis of these pastes (Figure 12.2(c)) shows that the 
carbonation of the paste leads to the decalcification of the C-A-S-H type gel, along 
with the formation of a sodium-rich aluminosilicate-type product. These structural 
changes lead to the increased porosity and the reduced mechanical strength usually 
identified in accelerated carbonated silicate-activated slags. 
 Even though accelerated carbonation testing of alkali-activated slag materials 
is more damaging than is identified in Portland cement, it has been observed 
(Bernal et al., 2011) that an increased paste content in these concretes reduces the 
carbonation depth, so that the carbonation depths are comparable to those obtained 
in Portland cement concretes produced with similar mix designs. A similar trend 
has been identified in naturally carbonated silicate-activated slag concretes as shown 
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Figure 12.2 SEM images of silicate-activated slag binders before (a) and after (b) 1000 h 
exposure to 1% CO2, and corresponding EDX data (c).
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in Figure 12.3, and this effect seems to be more significant when the concretes are 
formulated with lower water/binder ratios (Bernal et al., 2014c). The carbonation depth 
is also strongly dependent on the activation conditions, specifically the concentration 
of the activator, as higher concentration of alkalis in the pore solution is likely to 
attract a higher concentration of CO2, favouring the formation of carbonic acid and 
carbonates, and therefore accelerating the carbonation reaction (Bernal et al., 2014c). 
This highlights that it is possible to tailor durability of alkali-activated materials to 
promote desired performance. 
 Accelerated carbonation testing methods are designed and intended to develop a 
better understanding about what is likely to occur when the material is in service. 
The study of de Castro et al. (2004) found a square-root dependence of carbonation 
rate on CO2 concentration in Portland cement concretes when assuming diffusion 
control of carbonation, enabling comparison of the outcomes of the accelerated and 
natural carbonation testing for these concretes. Correlating accelerated and natural 
carbonation results of silicate-activated slag concretes using the de Castro equation, 
it has been demonstrated that the accelerated test is notably overpredicting the 
natural carbonation rate in these systems (Bernal et al., 2014c). The difference in 
the correlation between natural and accelerated carbonation between alkali-activated 
slag concretes and Portland cements has also been reported in Bernal et al. (2012), 
where a higher degree of aggressiveness of the accelerated test is observed in 
alkali-activated systems when the concentration of CO2 increases above the natural 
concentration, compared with Portland cement concretes exposed under the same 
carbonation environment. This suggests that under accelerated carbonation testing 
conditions, if an alkali-activated concrete shows similar carbonation depths to a 
Portland cement concrete, it is likely that the durability of the alkali-activated material 
under natural carbonation conditions (and thus the service life) would be considerably  
greater.
 Carbonation of alkali-activated fly ash, also referred to as fly ash geopolymers, has 
not been as broadly studied. Criado et al. (2005) identified the formation of nahcolite 
(sodium bicarbonate) in samples cured under atmospheric conditions, which was 
associated with the carbonation of the alkalis in the pore solution. This is consistent 
with a recent study (Bernal et al., 2013) assessing carbonation of fly ash geopolymers 
at different concentrations of CO2 (1–5%). Formation of sodium carbonate heptahydrate 
(Na2CO3·7H2O) has been observed in young fly ash geopolymer specimens (1 day 
of curing) carbonated at 5% CO2, which is an indication that carbonation in these 
systems promotes an internal CO2 concentration gradient, associated with a more 
rapid drop in the internal relative humidity in the early stage of the CO2 exposure, 
before a high CO2 concentration is able to diffuse through the pore network to the 
binder. Structural changes in the geopolymer gel in carbonated specimens were not 
detected via 29Si and 27Al MAS NMR spectroscopy; however, carbonated samples 
presented a marked reduction in mechanical strength.
 The partial substitution of slag for fly ash in alkali-activated binders promotes 
the formation of two distinctive binding products: a C-A-S-H gel formed through 
alkali silicate activation of slag, and an N-A-S-H gel (Puertas et al., 2000, Ismail et 
al., 2014). Under accelerated carbonation exposure, decalcification of the C-A-S-H 
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type gel is identified, the products of which coexist with an apparently unaltered 
N-A-S-H type gel resulting from the activation of fly ash, as well as various alkali 
and alkali-earth carbonate precipitates (Bernal et al., 2013). 

12.5 Remarks about accelerated carbonation testing of 
alkali-activated materials

The need to develop a standard methodology to assess carbonation performance of 
alkali-activated materials is evident. The availability of such a method is essential to 
develop a better understanding of the factors governing the mechanism of degradation 
of these materials. The information reported in the open literature must be interpreted 
considering that this is an indicator of the performance of materials produced with 
similar formulations and evaluated under comparable environmental conditions, as 
accelerated carbonation results of alkali-activated materials are strongly dependent on 
the carbonation testing environment parameters such as relative humidity, temperature 
and CO2 concentration. It is not recommended to carry out accelerated carbonation 
testing of alkali-activated binders at CO2 concentrations higher than 1% CO2, and 
further work is required to determine accurate recommendations regarding other 
aspects of the testing procedure. 
 The relatively low natural carbonation rates identified in alkali-activated concretes 
suggest that these materials have a good resistance to carbonation during their service 
life, and accelerated carbonation tests are not replicating what is likely to take place 
in the long term. Changes in the carbonation reaction equilibria take place under 
accelerated carbonation conditions, especially in the interaction between CO2 and 
pore solution, promoting poor performance results despite the low permeability and 
good mechanical strength identified in the specimens before accelerated carbonation 
testing. This highlights that further research in this area needs to be undertaken 
to determine how the testing conditions are affecting the outcomes of the tests 
conducted.
 Little attention has been given to those factors that can be strongly affecting 
the performance of alkali-activated materials when assessed through accelerated 
carbonation tests, such as the effect of pre-conditioning of the specimens inducing 
desiccation of the hydrated products, carbonation shrinkage induced by decalcification 
of the binding products, and the chemistry of the pore solution. These factors can 
strongly influence how the phenolphthalein indicator might work, modifying the 
outcomes of tests. This suggests that further research in developing methods for 
measuring the progress of the carbonation front in alkali-activated materials needs 
to be conducted. Efforts in this area are being led and coordinated through the 
RILEM technical committee TC 247-DTA (Durability testing of alkali-activated  
materials).
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13The corrosion behaviour of 
reinforced steel embedded in 
alkali-activated mortar
M. Criado
Instituto de Ciencia de Materiales de Madrid (CSIC), Madrid, Spain

13.1 Introduction

Reinforced concrete (RC) combines the good compression strength properties of 
concrete and the excellent mechanical strength properties of steel. Thus, RC materials 
can be used by designers, architects and civil engineers to meet high mechanical 
strength, fire resistance, durability, shape adaptability and low cost requirements 
(Grinda, 1995; Jiménez-Montoya et al., 1987). This explains why Portland cement 
has been the construction material par excellence for decades.
 Corrosion of reinforcement steel is one of the main causes of the premature 
degradation of reinforced concrete structures. Steel rebars embedded in concrete are 
protected from corrosion by a thin oxide layer that is formed and maintained on their 
surfaces because of the highly alkaline environment of the surrounding concrete; 
with a pH usually in the range 12.5–13.5 (Bertolini et al., 2004; Page, 2007; Qiao 
and Qu, 2007). 
 However, with time, severe corrosion may occur in reinforced concrete structures 
(RCSs). Corrosion initiation in RCSs can be due to penetration of chloride ions or 
carbon dioxide (CO2) to the steel surface. Chloride ions cause local destruction of 
the passive layer, leading to localized corrosion, while carbon dioxide reacts with 
the hydrated cement matrix to decrease the pH, leading to the loss of steel passivity 
and more generalized corrosion attack (Bertolini et al., 2004; Tommaselli et al., 
2009). The steel corrosion occurs due to an electrochemical action, when metals of 
different nature are in electrical contact in the presence of water and oxygen. The 
process consists in the anodic dissolution of iron when the positively charged iron 
ions pass into the solution and the excess of negatively charged electrons goes to steel 
through the cathode, where they are absorbed by the electrolyte constituents to form 
hydroxyl ions. These in turn combine with the iron ions to form ferric hydroxide, 
which then converts to rust.
 Apart from imposing the thermodynamic conditions required for self-renewal 
of the passivating layer, the concrete cover acts as a physical barrier to penetration 
of aggressive agents through its pores (Gónzalez et al., 1996; Gónzalez Fernández 
and Miranda Vidales, 2007). The less permeable and thicker the concrete cover, 
the longer will be the time needed for corrosion to appear and hence, the longer 
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will be the service life of the RCS concerned (Tuutti, 1982). Figure 13.1 shows the 
Tuutti model that represents the different stages of the RCS corrosion initiation and 
propagation, thus governing the lifetime in service. The model represents the service 
life of a structure exposed to the action of carbonation and/or chloride ingress, in 
the absence of remedial interventions, as being the sum of two components:

• an initiation time, during which the cover zone of the concrete is penetrated by the aggressive 
agents until they reach sufficient concentration at the surface of the outermost steel bars 
to cause depassivation;

• a propagation time, during which the despassivated steel corrodes at a rate that eventually 
results in a limit stage being reached, usually identified by failure of serviceability associated 
with cracking or spalling of the concrete cover.

Corrosion of the steel bar damages the reinforced concrete structures in two ways. 
First, it reduces the cross-sectional area of steel bar. Second, it produces corrosion 
products with a larger volume than the steel itself. The volume increase induces the 
tensile stress in concrete, which results in cracking and eventual structural failure 
(Bertolini et al., 2004; Poupard et al., 2006; Bernal et al., 2012). 
 An idea of the magnitude of the problem can be seen by the fact that losses 
attributed to RCS corrosion in Spain were of the order of 1.2 ¥ 109 euros in 1995 
(Grinda, 1995) and currently estimated direct and indirect costs of 3–4% of gross 
national product (GNP) in developed countries are connected to maintenance and 
repair operations (Bastidas et al., 2012). 
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13.2 Corrosion of reinforced alkali-activated concretes

13.2.1 Mechanisms for corrosion in reinforced concrete

For corrosion of steel in concrete to occur, the following conditions must all be 
satisfied: (a) the provision of an anode-cathode couple with at least part of the steel 
acting as an anode, (b) the maintenance of an electrical circuit (free-flowing ions), 
(c) the presence of moisture, and (d) the presence of oxygen (Gónzalez Fernández 
and Miranda Vidales, 2007).
 There are two major processes that are coupled in corrosion attack on steels in 
concrete: carbonation reactions and pitting corrosion in the presence of chloride ions are 
shown in Figure 13.2. In carbonation, beginning at the surface of concrete and moving 
gradually towards the inner zones, the alkalinity of concrete may be neutralized by 
carbon dioxide from the atmosphere, so that the pH of the pore liquid of the concrete 
decreases to a value around 9 where the passive film is no longer stable. Chloride ions 
from the environment can penetrate into the concrete and reach the reinforcement; 
if their concentration at the surface of the reinforcement reaches a critical level, the 
protective layer may be locally destroyed (Bertolini et al., 2004).
 Carbonation of concrete leads to complete dissolution of the protective layer. 
Chlorides instead cause localized breakdown, unless they are present in very large 
amounts. Therefore:

• corrosion induced by carbonation can take place on the whole surface of steel in contact 
with carbonated concrete (general corrosion);
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Figure 13.2 Schematic of reinforced concrete corrosion processes.
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• corrosion by chlorides is localized (pitting corrosion), with penetrating attacks of limited 
area (pits) surrounded by non-corroded areas. Only when very high levels of chlorides 
are present (or the pH decreases) may the passive fi lm be destroyed over wide areas of 
the reinforcement and the corrosion will be of a general nature.

13.2.2 Carbonation-induced corrosion

In moist environments, carbon dioxide present in the air forms an acid aqueous 
solution that can react with the hydrated cement paste and tends to neutralize the 
alkalinity of concrete (this process is known as carbonation).
 The alkaline constituents of concrete are present in the pore liquid (mainly as 
sodium and potassium hydroxides) but also in the solid hydration products, e.g. 
Ca(OH)2 or calcium silicate hydrate gel (C-S-H gel). Calcium hydroxide is the 
hydrate in the cement paste that reacts most readily with CO2. The reaction that 
takes place in aqueous solution, can be written schematically as:

  CO  + Ca(OH)   CaCO  + H O2 2 + Ca(2 2 + Ca(OH2 2OH)  2 2)  H O, NaOH 
3 2O  3 2O  + 3 2+ H O3 2H OH O2H Oæ ÆH Oæ ÆH O, Næ Æ, Naæ ÆaOH æ ÆOH 2æ Æ2H O2H Oæ ÆH O2H Oæ Ææææ Ææ Æææ Ææ Ææææ Æææ Ææææ Æ  (13.1)

Carbonation does not cause any damage to the concrete itself, although it may cause 
the concrete to shrink. Indeed, in the case of concrete obtained with Portland cement, 
it may even reduce the porosity and lead to an increase in strength (Chi et al., 2002). 
However, carbonation has important effects on corrosion of embedded steel. The 
fi rst consequence is that the pH of the pore solution drops from its normal values of 
pH 13–14, to values approaching neutrality. If chlorides are not present in concrete 
initially, the pore solution following carbonation is composed of almost pure water. 
This means that the steel in humid carbonated concrete corrodes as if it were in 
contact with water. A second consequence of carbonation is that chlorides bound 
in the form of calcium chloroaluminate hydrates and otherwise bound the hydrated 
phases may be liberated, making the pore solution more aggressive (Bertolini et al., 
2004).
 The standard indicator used to determine carbonation depths in concretes is 
phenolphthalein (BS EN 14630:2006), which shows a colour change from pink/
purple to colourless corresponding to the pH at which carbonate is converted to 
bicarbonate in solution. This pH also corresponds approximately to the pH at which 
steel is depassivated in pore solution environments, thus supporting its use as a 
measure of carbonation depth.
 The rate of carbonation depends on both environmental factors (humidity, 
temperature, concentration of carbon dioxide) and factors related to the concrete 
(mainly its alkalinity and permeability).

• Humidity: The rate of diffusion of carbon dioxide within concrete is facilitated through the 
aerated pores. If the pore structures are dry, CO2 diffuses inward readily but the carbonation 
reaction does not occur because of lack of water. If the pores are fi lled with water, the 
carbonation reaction rate is low because of slow CO2 diffusion in water. Carbonation 
reaction only occurs when the pores are partially fi lled with water, which is normally the 
case at the surface of concrete (Bastidas et al., 2012).
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• CO2 concentration: As the CO2 content in the air increases, the carbonation rate 
increases.

• Temperature: An increase in temperature will raise the rate of carbonation.
• Concrete composition: The permeability of concrete has a remarkable influence on the 

diffusion of carbon dioxide and thus on the carbonation rate. A decrease in the water/
cement ratio and an appropriate curing process, lead to a less porous cement matrix, which 
slows down the penetration of carbonation. Moreover, a higher alkalinity may decrease 
the carbonation rate. 

13.2.3 Introduction of chloride ions

Chloride contamination of concrete is a frequent cause of corrosion of reinforcing 
steel. According to the European Standard EN 206-1 (2000), the maximum allowed 
chloride contents are 0.2–0.4% chloride ions by mass of binder for reinforced and 
0.1–0.2% for prestressed concrete. Chloride ions can be introduced into concrete in 
two ways: contaminates in the mixing water, aggregates or admixtures, and exposure 
to deicing salts, seawater. Unlike the case of CO2, the diffusion of Cl– only takes place 
in the presence of water. If the concrete is dry, transport of Cl– ions is impossible. 
If the concrete is semi-dry, there will be diffusion of chlorides from the surface to 
the inner concrete. With presence of cracks, the diffusion of Cl– ion is enhanced. 
The diffusion resistance within the crack is compared to the diffusion resistance of 
the cover itself (Bastidas et al., 2012).
 Chlorides lead to a local breakdown of the protective oxide form on the 
reinforcement in alkaline concrete, so that a subsequent localized corrosion attack 
takes place (Zhang et al., 2009). Areas no longer protected by the passive film act 
as anodes (active zones) with respect to the surrounding still passive areas where 
the cathodic reaction of oxygen reaction takes place. The morphology of the attack 
is that typical of pitting shown in Figure 13.3 (Bertolini et al., 2004).
 Once corrosion has initiated, a very aggressive environment will be produced 
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Figure 13.3 Schematic representation of pitting corrosion of steel in concrete
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inside pits. In fact, current flowing from anodic areas to surrounding cathodic areas 
both increases the chloride content (chlorides, being negatively charged ions, migrate 
to the anodic region) and lowers the alkalinity (acidity is produced by hydrolysis of 
corrosion products inside pits). Conversely, the current strengthens the protective 
film on the passive surface since it tends to eliminate the chlorides while the cathodic 
reaction produces alkalinity. Consequently, both the anodic behaviour of active zones 
and the cathodic behaviour of passive zones are stabilized (Bertolini et al., 2004).
In an attempt to overcome these problems, the construction sector is very interested 
in the development of new cement binder materials as an alternative to conventional 
Portland cement. In this respect, the most promising emerging approach is based on 
new raw materials suitable for alkaline activation, which originate from new binding 
materials generically known as alkaline cements.

13.3 Corrosion resistance in alkali-activated mortars

Considering that rebar corrosion is the main cause of reinforced concrete structure 
failure, the capacity of alkali-activated mortars to passivate steel rebars may be 
very important in guaranteeing the durability of RCS constructed using these new 
materials. Presumably, given its high alkalinity (even higher than OPC mortar) 
and concomitant position on the Pourbaix diagram, alkaline concrete should limit 
rebar corrosion to negligible levels. Several works (Miranda et al., 2005; Holloway 
and Sykes, 2005, Alcaide et al.. 2007; Bastidas et al., 2008; Aperador et al., 2009; 
Aperador Chaparro et al., 2012; Torres et al., 2010; Fernández-Jiménez et al., 2010; 
Criado et al., 2010, 2013) have demonstrated that alkali activated fly ash or slag 
mortars passivate steel reinforcement as rapidly and effectively as OPC mortars. 
They also show that the passivating capacity and permanence of the passive state, 
once reached, will depend on the nature and dosage of the binder, on the type of 
activator used, and on the environmental conditions.

13.3.1 Corrosion resistance in alkali-activated slag mortars

Regarding the corrosion of steel reinforcement embedded in slag mortar, Aperador 
et al. (2009) showed that the corrosion current density (icorr) was higher in alkali-
activated slag (AAS) than in the ordinary Portland cement (OPC) mortars exposed 
to accelerated carbonation environment. The slag was alkali-activated with a 
waterglass solution containing 5% Na2O by weight of slag and a SiO2/Na2O ratio 
of 2.4. Cylindrical reinforced AAS and OPC specimens (76.2 mm diameter and 
76.2 mm length) were prepared with a liquid/binder ratio of 0.4 to perform the 
experimental tests. Carbonation exposure was simulated by accelerated testing in 
a cabinet with 3% CO2, 65% RH, and 25°C (AASA and OPCA specimens), and 
exposure in a laboratory environment with 0.03% CO2, 65% RH, and 25°C (AASL 
and OPCL specimens).
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 Figure 13.4 shows Ecorr values versus time for steel rebars embedded in AAS 
and OPC concrete in accelerated and laboratory exposure. In general, all the tested 
concretes showed similar behaviour with the exception of AASA. According to 
ASTM C 876-99 Standard (1999), the active potentials in the range from –0.2 V 
to –0.5 V vs. Cu/CuSO4 up to 45 days observed for the AASA specimen indicate 
a 90% probability of corrosion. The AASL and OPCL concretes presented a 10% 
probability of corrosion after 45 days and 265 days of exposure in a laboratory 
environment, respectively. 
 Figure 13.5 shows Rp and icorr values versus time for steel rebars embedded in 
carbonated and uncarbonated concretes. The AASA and AASL specimens showed the 
lowest Rp values: 4.65 kW cm2 for AASA and 68.6 kW cm2 for AASL after 45 days 
of experimentation. The OPCL and OPCA concretes showed the highest corrosion 
resistance after 80 days; with Rp values in the range from 640 to 1400 kW cm2 (see 
Figure 13.5(a)). Nevertheless, the Rp value of the OPCA concrete dropped to 51 
kW cm2 after 265 days of experimentation, a behaviour that was attributed to the 
carbonation phenomenon. Figure 13.5(b) shows icorr values, estimated from the Rp 
measurements using the Stern–Geary equation (Stern and Geary, 1957): icorr = B/Rp, 
applying DE ± 20 mV at a scan rate of 0.16 mV s–1 and adopting a tentative value 
of 52 mV or 26 mV for the B constant for steel in the passive or active (corroding) 
state, respectively (Andrade and Alonso, 1996), versus time for steel rebars embedded 
in the two concretes. The AASA concrete showed the highest icorr, with a value 
of 1.5 mA cm–2 after 45 days. The OPCL, OPCA and AASL specimens showed 
lower corrosion current densities of 0.02, 0.03 and 0.05 mA cm–2, respectively. This 
behaviour is due to the fact that the carbonation rate is higher in AAS than in the 
respective OPC mortars, the calculated carbonation rate coefficients were 139 and 
25 mm (year)–1/2 for AAS and OPC, respectively, after 45 days of carbonation. It 
should be said that instead of the high aggressive environment tested (3% CO2), the 

0 50 100 150 200 250
Time (days)

AASA
AASL
OPCA
OPCL

10% Probability of corrosion

90% Probability of corrosion

Uncertainty of corrosion

E
co

rr
 /V

 v
s.

 C
u/

C
uS

O
4

–0.6

–0.4

–0.2

0.0

0.2

Figure 13.4 Corrosion potential (Ecorr) versus time for steel rebars embedded in AAS and OPC 
concretes exposed to accelerated carbonation (AASA and OPSA) or a laboratory environment 
(AASL and OPCL).
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steel embedded in AAS and OPC concretes with and without exposure to carbonation.

corrosion rate of steel embedded in both AAS and OPC concretes was very low. 
These findings are in good agreement and correlate with the reported Ecorr results 
(Figure 13.4) and with those obtained from electrochemical impedance spectroscopy 
(EIS) data. 
 In other work (Aperador Chaparro et al., 2012), the corrosion of reinforcing bars 
embedded in alkali-activated slag concrete subjected to chloride attack was studied. 
The slag was alkali-activated with a waterglass solution containing 5% Na2O by 
weight of slag and a SiO2/Na2O ratio of 2.4. Cylindrical reinforced AAS and OPC 
specimens (76.2 mm diameter and 76.2 mm length) were prepared with a liquid/
binder ratio of 0.4 to perform the experimental tests. Electrochemical measurements 
were carried out by immersing the specimens completely in 3.5% NaCl solution by 
weight of the slag. 
 Figure 13.6 shows the evolution of the rebar corrosion potential (Ecorr) measured 
on AAS and OPC concrete exposed to 3.5% NaCl solution by weight of the slag, 
during 12 months immersion. For 0 months immersion (28 days of curing) the AAS 
and OPC concretes presented a 10% probability of corrosion, corresponding to a 
state of passivity based on the Pourbaix diagram. After 3 months of immersion the 
tested AAS and OPC concretes showed similar behaviour, the active potentials in the 
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range from −0.2 to –0.6 V vs. Cu/CuSO4, indicate a 90% probability of corrosion. 
Ecorr evolutions of OPC concrete were constant after 6 months, and AAS specimens 
present the most negative corrosion potential values after 6 months.
 Figures 13.7 and 13.8 show typical Nyquist plots for steel rebar embedded in AAS 
and OPC concrete exposed to a 3.5% NaCl solution, respectively. Measurements 
were performed at 0 (28 days of curing), 3, 6, 9 and 12 months. The electrical 
equivalent circuit (EEC) used to fit impedance data of steel embedded in both systems 
contains two distributed constant phase elements (CPE1 and CPE2) to consider the 
two relaxation time constants. The CPE1−R1 couple, which predominates at high 
frequencies, may be originated by the passive film and/or the dielectric properties of 
the concrete, while the CPE2−R2 couple, controlled at low frequencies, characterizes 
the corrosion process of the steel/concrete pore solution interface. RΩ is the electrolyte 
resistance. 
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Figure 13.6 Corrosion potential (Ecorr) vs. time for steel rebars embedded in AAS and OPC 
concretes immersed in a 3.5% NaCl solution by weight of the slag.
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 The high frequency process had a CPE1 (YP1) for AAS in the range from 0.12 
¥ 10−8 to 2.71 ¥ 10−8 Fcm−2s−(1−a1), for OPC in the range from 0.1 ¥ 10−9 to 2.76 
¥ 10−9 Fcm−2s−(1−a1). At lower frequencies a capacitive behaviour was observed 
indicating a situation of passivity for AAS and OPC after 0 months, these value 
capacitive increments indicating the active condition of the rebar after 3 months of 
exposure for OPC concrete and 6 months for AAS specimens.
 The impedance data could be interpreted in the following way. During the first 3 
months of testing, the steel appears to show certain inertia to starting the corrosion 
process due to the passivation of the steel. The fitting process gives a R2 value from 
86 to 7 kW cm2 for AAS concrete. The effect of chloride content in AAS concrete 
shows that R2 decreases when the time of exposition increases. Accepting that the 
Stern–Geary equation can be applied, with an approximate B constant value of 26 
mV, the resulting corrosion current density is low (icorr = 0.3 mA cm−2). For the OPC/
steel system, the EIS results show a similar picture, with a depressed semicircle at 
high frequencies and a second semicircle also depressed at low frequencies, yielding 
an R2 value from 58 to 7 kW cm2. The estimated corrosion current density was low, 
of the order of 0.4 mA cm−2. These results agree well with the DC data.
 The passive state stability can also be affected by the inclusion of carbon fibres. 
A study was carried out to determine the effect of carbon fibre on the corrosion 
process of the embedded reinforcement in alkali-activated slag mortars (Alcaide 
et al., 2007). The slag was alkali-activated with a waterglass solution containing 
4% Na2O by slag mass and a SiO2/Na2O ratio of 1.18. Alkali-activated slag (AAS) 
mortar prismatic specimens measuring 80 ¥ 55 ¥ 20 mm were prepared with three 
different percentages of FC·(130 mm powder): 0, 1 and 3% and an activating solution/
slag ratio of 0.56 (0.4% by binder weight of methylcellulose was added to facilitate 
fibre dispersion). After curing for seven days in water at 20°C, the specimens were 
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Figure 13.8 Nyquist plots after 108 days of experimentation for steel rebars embedded in 
OPC concrete exposed to 3.5 wt.% NaCl solution at 25ºC.
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subjected to two types of attack: accelerated carbonation (with pure CO2 and 70% 
RH) and partial immersion in a 0.5 m NaCl solution to simulate seawater.
 Figure 13.9 shows the variation in corrosion rates over time in AAS mortars with 
alkaline cement and 0, 1 and 3% FC3 after exposure to accelerated carbonation. 
Note that during the process both the control and the sample with 1% FC3 were 
passivated while the 3% sample, surprisingly, was not. The maximum corrosion 
levels reached in the carbonation process came to 3.2 mA/cm2, 4.8 mA/cm2 and 5.7 
mA/cm2 for the control, 1% FC3 and 3% FC3, respectively. After around 50 days 
these values flattened at 0.7 mA/cm2, 1.4 mA/cm2, and 2.5 mA/cm2, respectively. 
Consequently, as in Portland cement mortars, carbonation involves the development 
of the corrosion cell, whose kinetics are enhanced by the presence of carbonaceous 
materials (Garcés et al., 2005).
 Figure 13.10 shows the variation in corrosion rate in AAS mortars with 0, 1 
and 3% FC3 partially submerged in seawater. Attention should first be drawn to 
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Figure 13.9 Evolution in corrosion rate in AAS mortars with different percentages of FC3, 
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Figure 13.10 Evolution in corrosion rate in AAS mortars containing different percentages of 
FC3 and an activating solution/slag ratio of 0.56, partially submerged in seawater.
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the behaviour of the control, with icorr values of under 0.1 mA/cm2 throughout: i.e., 
the steel maintains its passivity despite the aggressive environment. Moreover, the 
presence of 1% FC3 entailed no clear depassivation of the reinforcement, for the 
icorr measurement stabilized at a mean value of around 0.1 mA/cm2. The presence of 
3% FC3, on the contrary, led to the development of the chloride-induced corrosion 
cell, with the mean icorr value hovering around 2 mA/cm2.
 Taking into account that the addition of these conductive materials (FC3) in 
increasing proportions entails a progressive decline in concrete resistivity and that 
the carbonaceous materials are nobler than steel, they exert a galvanic couple effect 
on the metal, and the development of the corrosion cell is favoured. Therefore, the 
icorr values recorded rise when the percentage of FC3 is increased.

13.3.2 Corrosion resistance in alkali-activated fly ash mortars

Regarding the corrosion of steel reinforcement embedded in fly ash mortar, Miranda 
et al. (2005) showed that the addition of 2% (by binder weight) of Cl– in both fly 
ash and Portland cement mortars multiplies the corrosion rate by a factor of 100, 
approximately. The fly ash was activated with an 8 m NaOH solution and a 15% 
waterglass + 85% 12.5 m NaOH solution and Portland cement was hydrated with 
water. The sand/binder ratio employed was 2/1 and 3/1 for fly ash and cement mortars, 
respectively. Small prismatic specimens measuring 8 ¥ 5.5 × 2 cm were prepared, 
which contained 0% and 2% (by binder weight) of Cl– in the form of CaCl2, added 
during the mixing operation.
 Figures 13.11(a), 13.12(a) and 13.13(a) show the icorr values, estimated from the 
Rp measurements taken, respectively, in the Portland cement mortar and the NaOH 
and ‘water glass+ NaOH’ activated fly ash mortars, at different specimen ages. The 
addition of chlorides multiplies the icorr values by a factor of approximately 100 
(from 0.01 to 1–10 mA/cm2). Values of around 1 mA or higher are typical of active 
corrosion, whereas lower values correspond to passivated steel. Figures 13.11(b), 
13.12(b) and 13.13(b) illustrate the changes recorded in the Ecorr values. The findings 
are very similar for the three mortars in the passive state, ranging from –100 to 
–200 mV, and substantially more negative for fly ash than for cement mortars when 
passivation breaks down (around –600 mV compared with –300– –400 mV).
 In the presence of the chloride anion, icorr values appear to be higher in fly ash 
mortars than in Portland cement mortars. The explanation for this behaviour may 
very likely lie in the way the chloride dosage was defined with respect to cement 
weight. Contamination is higher in the former as a result of its proportionally higher 
cement content, with a sand/cement ratio of 2/1, compared with a ratio of 3/1 in the 
latter.
 Bastidas et al. (2008) have studied the corrosion rates of steel rebars embedded in 
three types of fly ash mortars treated with three types of activators and with chloride 
additions using mainly electrochemical techniques. Mortar specimen composition 
is shown in Table 13.1. Experiments were performed on small prismatic specimens 
measuring 8 ¥ 5.5 ¥ 2 cm, which contained 0%, 0.2%, 0.4% and 2% chloride in 
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relation to the binder material, in humidity cycles. Humidity cycles were performed 
to assess the chemical stability and thus the reliability of the fly ash matrix structure. 
The specimens were exposed to a cyclic environment: 94 days at 95% RH, point A, 
followed by 150 days in the laboratory atmosphere (dry environment, ≈30% RH), 
point B, and 220 days at 95% RH.
 The corrosion current density (icorr) value was estimated from the Rp measurements. 
Figure 13.14 shows the current density (icorr) versus time for specimens in a cyclic 
RH experiment. It may be noted that: (i) the CR2 mortar remains in the passive 
state even with 2% Cl– in the initial wet period and the intermediate dry period – an 
increase of two orders of magnitude in the icorr may be observed with the rewetting 
of the CR2 mortar (see Figure 13.14(b)); and (ii) it is notable that with the CR3 
mortar the humidity cycles also cause the loss of the passive state in the specimens 
with a low chloride content of 0.2 or 0.4% Cl–.
 The corrosion potential was monitored vs time as shown in Figure 13.15 for 
steel bars embedded in the CR1, CR2 and CR3 mortars with different chloride 
additions, using similar humidity cycles and the same specimens as in Figure 13.14: 
100 days at 95% RH, point A, followed by 150 days in the laboratory atmosphere 

(a)

(b)

OPC
OPC 2% Cr

OPC
OPC 2% Cr

E
co

rr
 /V

 v
s.

 S
C

E
i co

rr
  (
mA

 c
m

–2
)

0.01

–600

–400

–200

0

0.1

1

10

100

 20 40 60 80
Time (days)

Figure 13.11 (a) icorr and (b) Ecorr values versus time, with steel electrodes symmetrically 
embedded in the Portland cement mortars without and with (2%) of Cl– in relation to the 
cement weight.
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Figure 13.12 (a) icorr and (b) Ecorr values versus time, with steel electrodes symmetrically 
embedded in the fly ash + 8 m NaOH mortars without and with (2%) of Cl- in relation to the 
cement weight.

(dry environment, ≈30% RH), point B, and 220 days at 95% RH. It may be noted 
that the CR2 mortar remains in the passive state even with 2% Cl- in the initial wet 
period and the intermediate dry period. A decrease of 0.4 V (more active) may be 
observed in the Ecorr when the specimens are moved from a dry environment to a 
wet environment (see Figures 13.15(b) and 13.15(c)). These changes in the Ecorr 
may be attributed to the wetness of the pore network in the mortars. In contrast, 
the Ecorr for passive electrodes is of the same order of magnitude in wet and dry 
conditions. 
 The carbon steel corrosion current density in the experimental conditions yielded 
similar values for the three tested materials: CR1, CR2 and CR3 mortars. Similar 
current density values were also obtained using polarization resistance and short 
duration galvanostatic pulses two orders of magnitude higher for activated electrodes 
than for passivated electrodes.
 Absence of stability was observed in the passive state of specimens manufactured 
with CR3 mortar with 0.2 or 0.4% chloride additions and exposed to HR cycles (≈30% 
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Figure 13.13 (a) icorr and (b) Ecorr values versus time, with steel electrodes symmetrically 
embedded in the fly ash + (15% waterglass + 85% 12.5 m NaOH) mortars without and with 
(2%) of Cl- in relation to the cement weight.

Table 13.1 Mortar composition

Mortar 
matrix

Binder material Sand/
binder 
ratio

Type of activator Liquid/
binder 
ratio

CR1 Fly ash (FA) 2/1 15% waterglass, solution + 85% 
(12.5m NaOH) solution

0.5

CR2 70% FA + 30% OPC 2/1 15% waterglass, solution + 85% 
(12.5m NaOH) solution

0.5

CR3 58.8% FA + 25.2% OPC 2/1 8% pyramid, solid + 8% 
Na2CO3 solid water

0.4

RH and ≈95% RH). This behaviour was associated with a descending alkaline pH 
of the CR3 mortar compared to the pH of the CR1 and CR2 mortars and/or a high 
total porosity (Bastidas et al., 2008).
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Figure 13.14 Corrosion current density (icorr) versus time for carbon steel bars embedded in (a) 
CR1, (b) CR2 and (c) CR3 mortars for different chloride additions and in a cyclic environment: 
100 days at a 95% RH, point A, followed by 150 days in the laboratory atmosphere (dry 
environment, ≈30% RH), point B, and 220 days at 95% RH.
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Figure 13.15 Corrosion potential (Ecorr) versus time for carbon steel bars embedded in (a) 
CR1, (b) CR2 and (c) CR3 mortars for different chloride additions and in a cyclic environment: 
100 days at 95% RH, point A, followed by 150 days in the laboratory atmosphere (dry 
environment, ≈30% RH), point B, and 220 days at 95% RH.
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13.4 New palliative methods to prevent reinforced 
concrete corrosion: use of stainless steel 
reinforcements

Use of new corrosion prevention strategies is reported as a palliative method to 
increase the reinforced Portland or alkali-activated concrete service life, thus 
contributing to a reduction in the environmental impact and economic cost. Corrosion 
protection of steel rebar is often achieved by adding inhibitors in concrete, using 
high performance concrete mixtures, using protective coatings, using stainless steel 
and applying cathodic protection.
 Currently, cathodic protection and replacement of C-steel rebars with stainless 
steel (SS) ones seem to be the most efficient solutions to guarantee the durability of 
reinforced concrete structures in highly aggressive environments (Pedeferri, 1996; 
Castro-Borges et al., 2002). Stainless steels can be divided into four categories, 
based on their microstructure: ferritic, austenitic, martensitic and austenitic-ferritic 
(duplex). Only specific grades of austenic and duplex stainless steel are currently 
used in concrete, although also a ferritic type with 12% chromium has been proposed 
(Bertolini et al., 2004). Austenitic SSs are characterized by much higher pitting 
potentials than C-steel, and much higher chloride content is required to depassivate 
them (Bertolini et al., 1996; Gu et al., 1996; Blanco et al., 2006; Kouřil et al., 2010). 
SSs have been used in a wide range of applications including highway bridges, car 
parks, coastal facilities and other structures where high chloride concentrations are 
expected (Baddoo, 2008). For an estimation of the service life of SS-reinforced 
structures, the critical chloride content is required, but this feature varies with 
service conditions including steel composition, surface finishing, metallurgical state 
(forming by hot or cold working, welding, etc.) and concrete chemistry (Angst et 
al., 2009). For instance, the presence of scales on the steel surface can significantly 
impair the corrosion resistance, even for the most alloyed SSs (Kouřil et al., 2010). 
Corrugated SS rebars exhibit poorer tensile properties and fatigue behaviour than 
those of plain rebars of the same compositions (Castro et al., 2003). Corrugations 
formed by hot or cold working also have an important effect on the characteristics 
of the passive layer on SS rebars and, therefore, affect the corrosion behaviour of the 
SSs. On corrugated bars formed by cold working, the corrosion attack tends to be 
more localized and faster than on corrugated bars obtained by hot working (Paredes 
et al., 2012).
 SS composition has a paramount influence on the resistance to localized corrosion. 
Pitting resistance equivalent number (PREN) has been introduced in order to establish 
a ranking of resistance to pitting corrosion. This parameter is defined as %Cr + 
3.3%Mo + 30%N and is used to assess the resistance to chloride-induced corrosion 
in acid and in neutral solutions (Herbsleb, 1982). However, its validity in alkaline 
environments such as concrete is still under discussion. Bertolini et al. (1996) 
observed that in alkaline solutions molybdenum has a lower influence on localized 
corrosion than in acid and neutral environments, while, in the same media, nickel 
is also maintained to contribute to SS corrosion resistance. Other studies (Bertolini 
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and Gastaldi, 2011) have demonstrated that both in alkaline solution and in concrete 
a high content of manganese or a high ferritic phase percentage in SSs have caused 
a significant decrease in the alloy corrosion resistance.
 Although in the long term the choice of SS may be a more cost-effective 
alternative to cathodic protection, the high initial costs of SS have often limited its 
use. In order to decrease the initial cost of the structure, two possible ways have 
been studied, based on selective use of SS bars, i.e. limited to the more vulnerable 
parts of the structures, or on reduction in the cost of SS raw materials. As far as the 
latter choice is concerned, it must be stressed that nickel is subject to considerable 
price fluctuations due to stock market factors which have also induced the doubling 
of nickel price (Bertolini and Gastaldi, 2011). So, new austenitic SSs have been 
developed, where the nickel content has been partially substituted by other elements. 
In particular, N has been added because it is a strong austenite stabilizer and a solid 
solution strengthener (Milititsky et al., 2008; Simmons, 2006). It also has a positive 
effect on pitting corrosion resistance (Baba et al., 2002). Mn is also used because it 
is effective in increasing both the solubility of N in liquid steel and the fraction of 
austenite formed during solidification. The use of a new low nickel (Low-Ni) SS may 
even involve a saving of about 15–20% compared to conventional AISI 304 SS.
 Low-Ni austenitic SSs exhibit attractive properties that are comparable to those 
of traditional austenitic SSs, such as good corrosion resistance, high strength and 
ductility levels and reduced tendency to SS sensitization (Di Schino et al., 2002). 
Previous studies (García-Alonso et al., 2007a,b) have shown that in sound OPC 
chloride-free mortar, the corrosion rate of C-steel is similar to that of traditional 
and Low-Ni austenitic SSs, while in the presence of chlorides it is at least 10 times 
higher than that of these SSs under similar conditions. Furthermore, Low-Ni SSs 
have a very similar corrosion behaviour to that of AISI 304 in solutions simulating 
both carbonated and uncarbonated chloride-contaminated concrete (Bautista et al., 
2006).
 In light of these results, recent works have been carried out to study the corrosion 
behaviour of a new type of austenitic SS, with a low nickel content (Low-Ni) SS 
embedded in alkali-activated fly ash (AAFA) with different chloride additions (Criado 
et al., 2011) and in carbonated AAFA and OPC mortars, partially immersed in 
distilled water containing increasing sodium chloride amounts, from 0.4 m saturation 
(Monticelli et al., 2014).
 The former work (Criado et al., 2011) into the corrosion behaviour of a new type 
of austenitic SS embedded in AAFA mortar with different chloride additions and 
exposed to a ≈95% RH has demonstrated that Low-Ni SSs have a good corrosion 
behaviour, again quite comparable to that of AISI 304 SS. In these fly ash mortars, 
Low-Ni SSs exhibited icorr values of the order of 0.001–0.01 mA cm–2 in the presence 
of chlorides, indicating the permanence of the passive state. Austenitic Low-Ni, 
AISI 304 SS and the reference C-steel were used as reinforcements. Their chemical 
composition is shown in Table 13.2. The content of nickel for Low-Ni SS is half the 
percentage for AISI 304 SS. The fly ash was activated with an 8 m NaOH solution 
(AAFA1 mortar) and a 15% waterglass + 85% 10 m NaOH solution (AAFA2 mortar). 
The sand/binder ratio employed was 2/1 and the liquid/solid ratio was 0.45. Small 
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prismatic specimens measuring 8 ¥ 5.5 ¥ 2 cm were prepared, which contained 0%, 
0.4% and 2% of Cl- (with respect to binder weight) in the form of NaCl, and were 
added to fly ash.
 Figures 13.16–13.19 show Ecorr and icorr values, estimated from the Rp measurements, 
versus time for (a) Low-Ni SS, (b) AISI 304 SS and (c) carbon steel rebar embedded 
in mortars AAFA1 and AAFA2, respectively, with different chloride additions (0, 
0.4% and 2%). These figures showed a certain similarity between the corrosion 
behaviour of Low-Ni SS, AISI 304 SS and the carbon steel rebar in the absence of 
chlorides. These steels exhibited Ecorr values around −100 to −200 mV vs SCE and 
icorr values of the order of 0.01 mA cm–2.
 According to the results, the Low-Ni SS and AISI 304 SS embedded in mortar 
AAFA1 with 0.4% and 2% chlorides (Figure 13.16) showed Ecorr values hundreds of 
millivolts higher (more noble) than the carbon steel rebar (≈ –500 mV vs. SCE). In 
contrast, the addition of 0.4% chloride did not cause a breakdown of passivity for the 
carbon steel rebar embedded in mortar AAFA2 (see Figure 13.17). The breakdown of 
passivity depends on the material characteristics to allow the diffusion of chlorides 
through its porous canal network (Batis et al., 2005). A possible explanation for 
this behaviour was that the addition of a small amount of waterglass (15%) to the 
activating solution prompts the precipitation of a dense and compact reaction product 
(Fernández-Jiménez et al., 2006), leading to a system with a slightly lower porosity 
(see Figure 13.20), through a blocking and pore refinement process. Therefore, a 
lower porosity implies a greater difficulty in the mobility of chloride ions to the 
steel surface.
 The evolution of icorr over time (Figures 13.18 and 13.19) showed differences 
in the icorr value of around two or three orders of magnitude in the specimens with 
0.4% and 2% chlorides (with these chloride additions, carbon steel had lost its 
passivity and it corroded at high corrosion rates, icorr = 1–10 mA cm–2, except in 
mortar AAFA2 with chlorides additions of 0.4%, see Figure 13.19), while the SSs, 
including the new Low-Ni SS, still exhibited icorr values of the order of 0.001–0.01 
mA cm–2.
 Therefore, the new Low-Ni SS does not present significant changes in Ecorr and 
icorr values, thus indicating the permanence of the passive state. The effect caused by 
the reduced Ni-content is almost balanced by the beneficial effect of other additives 
such as manganese or nitrogen, present in higher concentration than in AISI 304 
SS. In this study and in the literature (García-Alonso et al., 2007a,b), the influence 

Table 13.2 Chemical composition (% by weighta) of the tested 
austenitic Low-Ni SS, austenitic AISI 304 SS and carbon steel

Material C Si Mn P S Cr Ni Mo Cu N

Low-Ni
AISI 304
C-steel

0.082
0.049
0.45

0.48
0.32
0.22

7.26
1.75
0.72

0.027
0.028
<0.01

0.001
0.001
0.022

16.56
18.20
0.13

4.32
8.13
0.13

0.07
0.22
–

0.13
0.21
0.18

0.075
0.059
–

a The balance was Fe.
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of the metal base composition on the corrosion process has proved not to be a very 
important factor, and the Low-Ni SS embedded in the AAFA1 and AAFA2 chloride-
polluted mortars has a good durability.
 Corrosion behaviour of a low nickel austenitic SS in carbonated chloride-polluted 
alkali-activated fly ash mortar also demonstrated the very good performance of this 
new SS, which has a slightly lower pitting resistance than the more expensive AISI 
304 SS (Monticelli et al., 2014). The reinforcements used in this study were also 
austenitic Low-Ni, AISI 304 SS and the reference C-steel (their chemical composition 
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Figure 13.16 Corrosion potential (Ecorr) versus time for (a) Low-Ni SS, (b) AISI 304 SS 
and (c) carbon steel rebar embedded in mortar AAFA1 for different chloride additions and 
exposed to a ≈95% RH.
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Figure 13.17 Corrosion potential (Ecorr) versus time for (a) Low-Ni SS, (b) AISI 304 SS 
and (c) carbon steel rebar embedded in mortar AAFA2 for different chloride additions and 
exposed to a ≈95% RH.

was shown in Table 13.2). The fly ash was activated with an 8 m NaOH solution 
(AAFA1 mortar) and a 15% waterglass + 85% 10 m NaOH solution (AAFA2 mortar) 
and Portland cement was hydrated with water. The sand/fly ash and sand/cement 
ratio employed was 2 and 3, respectively. In all mortar types the liquid/binder ratio 
was 0.6 favouring carbonation. Prismatic mortar specimens, with dimensions of 8 
¥ 5.5 ¥ 2 cm were prepared. The AAFA and OPC mortars underwent hardening, 
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carbonation steps and partial immersion in water containing increasing chloride 
additions, according to the scheme reported in Table 13.3. 
 Figures 13.21 and 13.22 and Table 13.4 report anodic polarization curves recorded 
on Low-Ni SS and AISI 304 SS rebars embedded in carbonated mortars exposed to 
chloride solutions for 650 days exhibiting the highest and the lowest Rp value in each 
SS/mortar system. Low-Ni SS bars with high Rp values (mainly higher than 108 W 
cm2, Figure 13.21(a)) exhibited passive corrosion conditions with icorr values around 
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Figure 13.18 Corrosion current density (icorr) versus time estimated from the Rp measurements 
for (a) Low-Ni SS, (b) AISI 304 SS and (c) carbon steel rebar embedded in mortar AAFA1 
for different chloride additions and exposed to a ≈95% RH.
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Figure 13.19 Corrosion current density (icorr) versus time estimated from the Rp measurements 
for (a) Low-Ni SS, (b) AISI 304 SS and (c) carbon steel rebar embedded in mortar AAFA2 
for different chloride additions and exposed to a ≈95% RH.

3–5 ¥ 10–9 A cm–2 (as evaluated by the Tafel method) and Ecorr values nobler or 
equal to –0.20 V (Table 13.4). Among these rebars, those exposed to AAFA mortars 
exhibited Epit values clearly detectable by a sharp anodic current increase, occurring 
at +0.10 V in AAFA1 and +0.14 V in AAFA2 (Table 13.4). In OPC anodic currents 
increased rather continuously over three orders of magnitude. So, in this mortar Epit 
was assigned to the potential at which an anodic current density of 1 ¥ 10–7 A cm–2 
was exceeded (+0.09 VSCE). Table 13.4 shows that Epit values increased in the order: 
OPC ≤ AAFA1 < AAFA2. 
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 The Low-Ni SS bars with the lowest Rp values (from about 105 to 106 W cm2, 
Figure 13.21(b)) showed polarization curves had shifted to higher currents with icorr 
between 4 ¥ 10–8 and 2 ¥ 10–7 A cm–2. Even if these icorr values are rather low, they 
are around 1–2 orders of magnitude higher than those measured from the curves 
in Figure 13.21(a). Moreover, they are the result of a localized corrosion attack in 
progress, thus they may correspond to significant local penetration rates. Under these 
conditions, Ecorr values of –0.4 V or more negative were measured. Table 13.4 shows 
that on low Rp rebars the potentials at which new pits form (Epit) are only 40–80 mV 
lower than those obtained on the high Rp rebars (Figure 13.21(a)) and again increase 
according to the sequence: OPC < AAFA1 < AAFA2. These findings suggest that 
the potential of new pit formation is scarcely dependent on the pre-existence of a 
localized corrosion attack on the metal. It also only slightly depends on the mortar 
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Figure 13.20 Total porosity results for mortars AAFA1 and AAFA2 after 90 days of 
ageing.

Table 13.3 Hardening (steps I and II), carbonation (III) and 
exposure steps for reinforced mortar specimens. During step 
IV C-steel reinforced slabs were immersed in 0.2 m chloride 
solutions 

Steps AAFA mortars OPC mortars

I 20 h at 85°C, 100% RH 20 h at room temperature, 100% RH

II 28 days at the laboratory atmosphere

III 60 days at room temperature, 65% RH, PCO2
 = 1 atm

IV 650 days of partial immersion in NaCl solutions of increasing 
concentrations, starting from 0.4 m up to saturation (150 days in 0.2 m NaCl 
solution, for C-steel).

Source: Criado et al., 2012.
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Figure 13.21 Anodic polarization curves recorded on Low-Ni SS rebars embedded in 
carbonated mortars and exposed to chloride solutions for 650 days: (a) high Rp values; (b) 
low Rp values.

type, with AAFA mortars exhibiting a somewhat higher protection against new pit 
formation.
 Figures 13.22(a) and 13.22(b) show the polarization curves obtained on AISI 
304 bars with the highest (> 1 ¥ 108 W cm2) and the lowest (OPC: 1.2 ¥ 106 W cm2; 
AAFA1: 5.9 ¥ 106 W cm2; AAFA2: 3.8 ¥ 107 W cm2) Rp values, respectively. From 
Figure 13.22(a), icorr values around 4–5 ¥ 10–9 A cm–2 are evaluated, with Ecorr of 
–0.12 V or nobler. In Figure 13.22(b), unaltered icorr values are found for rebars 
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in AAFA mortars, characterized by the lowest, but still rather high, Rp values (5.9 
¥ 106 and 3.8 ¥ 107 W cm2). These Rp values indicate the persistence of passive 
corrosion conditions, as also suggested by the nobler corresponding Ecorr (–0.04 and 
–0.10 V). Instead, the AISI 304 SS rebar exposed to OPC (with Rp of 1.2 ¥ 106 W 
cm2) shows an icorr value of one order of magnitude higher (3.6 ¥ 10–8 A cm–2) and 
slightly more active Ecorr values (–0.26 V, Table 13.4). The comparison of Figures 
13.22(a) and 13.22(b) evidences that Epit values of AISI 304 are almost independent 
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Figure 13.22 Anodic polarization curves recorded on AISI 304 SS rebars embedded in 
carbonated mortars and exposed to chloride solutions for 650 days: (a) high Rp values; (b) 
low Rp values.
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Table 13.4 Ecorr, icorr and Epit values obtained from anodic polarization curves recorded on Low-Ni and 
AISI 304 SSs in mortars after 650 days of exposure to chloride solutions 

SS AAFA1 AAFA2 OPC

Rp (W 
cm2)

Ecorr 
(VSCE)

icorr
(A cm–2)

Epit
(VSCE)

Rp
(W cm2)

Ecorr
(VSCE)

icorr
(A cm–2)

Epit
(VSCE)

Rp
(W cm2)

Ecorr
(VSCE)

icorr
(A cm–2)

Epit
(VSCE)

Low-
nickel

7.0 ¥ 107 –0.16 5 ¥ 10–9 +0.10 2.4 ¥ 108 –0.12 3 ¥ 10–9 +0.14 1.1 ¥ 108 –0.20 5 ¥ 10–9 +0.09

1.7 ¥ 105 –0.44 1.3 ¥ 
10–7

+0.05 9.3 ¥ 104 –0.39 2.2 ¥ 
10–7

+0.10 1.0 ¥ 106 –0.41 3.6 ¥ 
10–8

+0.01

AISI 304 3.2 ¥ 108 –0.12 4 ¥ 10–9 +0.31 3.9 ¥ 108 –0.12 5 ¥ 10–9 +0.47 1.6 ¥ 108 –0.05 5 ¥ 10–9 +0.14

5.9 ¥ 106 –0.04 4 ¥ 10–9 +0.29 3.8 ¥ 107 –0.10 5 ¥ 10–9 +0.50 1.2 ¥ 106 –0.26 3.6 ¥ 
10–8

+0.11

Note: The parameters reported refer to the bars exhibiting the highest and the lowest Rp values, in each SS/mortar system. The corresponding Rp values are also reported.
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of icorr, as also found for Low-Ni SS, and vary significantly with the mortar type. 
In both figures they increase according to the following order: OPC (+0.11/+0.14 
V) < AAFA1 (+0.29/+0.31 V) < AAFA2 (+0.47/+0.50 V). These tests suggest that 
SSs, and particularly AISI 304, have a higher pitting resistance in AAFA than OPC 
mortars. In the latter mortar, both the slightly higher chloride content and the presence 
of more significant inhibiting bicarbonate/carbonate concentrations may contribute 
to this effect.
 With the aim to actually assess the risk of pitting attack on SSs in the studied 
systems under the severe corrosion conditions investigated, at the end of the exposure 
to chloride solutions all the slabs were broken and the fraction of rebars showing 
localized corrosion (among those not affected by electrochemical polarization) was 
evaluated. The fraction of rebars which showed localized attack in each SS/mortar 
system is reported in Table 13.5. The last column shows the percentage of rebars 
of each SS suffering localized attack in all mortars, while the last row reports the 
percentage of all SS rebars exhibiting localized attack in each mortar type. Table 13.5 
evidences that AISI 304 is more resistant to pitting (only 11% of rebars suffering 
localized attack), but the cheaper Low-Ni exhibits an acceptable performance (pits 
or stains on 28% of rebars). Moreover, even if some caution is necessary, given the 
limited number of rebars tested, Table 13.5 indicates that the protectiveness against 
pitting corrosion offered by OPC mortar to both SSs is lower than that offered by 
AAFA mortars, where only 17% of all the rebars underwent localized attack.

Table 13.5 Fraction of rebars with pits and stains in each  
SS/mortar system. Aggregated results are also presented

SS type Mortars

AAFA1 AAFA2 OPC All mortars

Fraction of rebars with localized attack

Low-Ni
AISI 304
Both SSs

1/6
1/6
0.17

2/6
0/6
0.17

2/6
1/6
0.25

0.28
0.11

13.5 New palliative methods to prevent reinforced 
concrete corrosion: use of corrosion inhibitors 

Corrosion inhibitors may be a good alternative to other protection methods or classical 
repair methods due to their lower cost and easy application. Corrosion inhibitors can 
prolong either the initiation period (raising the chloride threshold value or reducing 
chloride penetration) or the propagation period (reducing the overall corrosion 
rate) (Broomfield, 1999; Bertolini et al., 2004; Raupach et al., 2007; Söylev and 
Richardson, 2008). Corrosion inhibitors can be classified in different ways: according 
to their application methods, according to their mechanism of protection, or their  
content. 
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 The main application methods for corrosion inhibitors are:

• added to fresh concrete as an admixture
• applied on the hardened concrete surface, so-called penetrating corrosion inhibitor (also 

migrating corrosion inhibitor and surface-applied corrosion inhibitor).

 The inhibitors can also:

• be added to repair mortars, or
• be used as a surface treatment on the reinforcement bars before concreting.

According to the different mechanisms of protection, corrosion inhibitors may be 
anodic, cathodic or mixed.

• Anodic inhibitors act on the dissolution of the steel and they reduce the corrosion rate by an 
increase in the corrosion potential of the steel. The most commonly used anodic inhibitor 
is calcium nitrite (Ca(NO2)2). Sodium nitrite, sodium benzoate and sodium chromate have 
also been used.

• Cathodic inhibitors act on the oxygen reaction on the steel surface and they reduce the 
corrosion rate by a decrease in corrosion potential. The most commonly used cathodic 
inhibitors are sodium hydroxide and sodium carbonate, which are supposed to increase 
the pH near the steel, and reduce the oxygen transport by covering the steel surface. 
Phosphates, silicates and polyphosphates are also used.

• Mixed inhibitors act on both anodic and cathodic sites and they reduce the corrosion rate 
without a significant change in the corrosion potential, generally by surface adsorption 
over the surface of the steel in contact with the inhibitor and consequently forming a thin 
protective layer. In mixed type inhibitors, material with the hydrophobic group that has 
polar groups such as N, S, OH is effective. Organic polymer compounds such as amine 
and aminoalcohol (AMA) are also used.

Corrosion inhibitors have been used successfully in steel pipelines, tanks, etc., for 
many decades. Their use in concrete, however, is more recent and more limited. 
Early studies are focused on the use of corrosion inhibitors as additives for the 
concrete mix, showing the most effective to be calcium nitrite (Ca(NO2)2) (Berke and 
Rosenberg, 1989; Söylev and Richarson, 2008) due to its oxidant properties and its 
ability to heal defects in the passive layer on steel. However, nitrites are considered 
to be toxic substances (Hellawell, 1988), and there is growing interest to develop 
environmentally friendly substances that can act as corrosion inhibitors. Several 
studies have been conducted to evaluate the effectiveness of chemical admixtures 
in inhibiting reinforcement corrosion (Elsener, 2001; Troconis de Rincón et al., 
2002; Ngala et al., 2002, 2003; Dhouibi et al., 2003; Muralidharan et al., 2004; Al-
Mehthel et al., 2009). These studies have concentrated on calcium nitrite, sodium 
monofluorophosphate, zincates, citrates, etc. In recent years, corrosion inhibitors have 
included blends based on organic compounds which penetrate the concrete cover to 
reach the rebars in structures in service (Jamil et al., 2004, 2005).
 Previous papers have reported studies to evaluate the inhibitive action of several 
organic compounds on the corrosion of carbon steel in a synthetic solution simulating 
the pore chemistry of a carbonated concrete and in a carbonated OPC concrete 
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(Trabanelli et al., 2002, 2005). In synthetic solution, benzoate (BEN), its amino-
derivates (2-aminobenzoate (2AMB) or N-phenyl-2-aminobenzoate (PhAMB)), and 
dicarboxylates are able to form a long-lasting film on the steel surface. Their efficiency 
improves with time. Among the additives tested as inhibitors in carbonated concrete, 
only BEN and 2AMB exhibit inhibition efficiency (IE) on rebar corrosion. In the 
presence of 2AMB an IE of around 60% is measured after 400 days of exposure. 
Sodium salts of the aminobenzoic acids (2AMB and 3AMB) have proved to act as 
anodic inhibitors to reduce both critical passivation and passive currents on the steel 
and to maintain the free corrosion potential of steel in the passive region. On the 
other hand, in alkaline synthetic solutions containing chlorides, disodium b-glycerol 
phosphate (GPH) forms an impervious surface film on the steel which hinders the 
onset of localized attack. Results obtained after six months of exposure to chloride-
polluted mortars reveal a 90% IE with GPH (Monticelli et al., 2000). Finally, tests 
have been performed in a synthetic solution to verify whether the simultaneous use 
of GPH and 2AMB is compatible and whether their addition can efficiently hinder 
the corrosion attack in the presence of both chlorides and carbonation (Monticelli et 
al., 2011). The concentration of these two substances has been varied to determine 
the lowest concentration necessary to reduce corrosion to an acceptable level. The 
results suggest that a mixture of 0.05 m GPH and 0.05 m 2AMB ensures a high IE 
(above 93%) in 100 h of testing.
 Therefore, as 3AMB acts as anodic inhibitor able to reduce both critical passivating 
and passive currents on steel under carbonation conditions, while GPH and PhAMB 
form a film on steel which inhibits pitting corrosion in chloride polluted concrete, 
mixtures of GPH with 3AMB, and GPH with PhAMB have been tested as corrosion 
inhibitors (Criado et al., 2012), in both a synthetic solution (simulating the mortar 
pore chemistry in the presence of chlorides and carbonation) and in carbonated OPC 
and FA mortars partially immersed in an aqueous solution containing 1% (by binder 
weight) chlorides. 
 The fly ash was activated with an 8 m NaOH solution (FAA mortar) and a 
15% waterglass + 85% 10 m NaOH solution (FAB mortar) and Portland cement 
was hydrated with water. The sand/FAA or FAB and sand/OPC ratios used in the 
mortars were 2 and 3, respectively. In all mortars types the liquid/binder ratio was 
0.6 favouring carbonation. Prismatic mortar specimens, with dimensions of 8 ¥ 5.5 
¥ 2 cm were prepared. The mortar slabs were subjected to the following procedure: 
(i) a hardening step involving 28 days ageing in laboratory atmosphere conditions at 
room temperature; (ii) a carbonation step involving 60 days exposure in a carbonation 
chamber at 65% RH, ≈1 atm pressure of CO2 and room temperature; and (iii) a step of 
150 days partial immersion (2 cm depth) in 1% (by binder weight) chloride solution, 
both in the absence and the presence of the tested inhibitors. The chloride/binder 
ratio was 0.01 and in the presence of the inhibiting mixtures the following ratios 
were ensured: [GPH]:[3AMB]:[Cl–] was 1:1:4 (0.05 m GPH with 0.05 m 3AMB, 
Mix A), and [GPH]:[PhAMB]:[Cl–] was 1:saturated:4 (0.05 m GPH with saturated 
PhAMB, Mix B).
 Figure 13.23 shows the Nyquist plots recorded for carbonated OPC, FAA and FAB 
mortars after 150 days of partial immersion in a chloride solution (1% chlorides in 
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Mix A or Mix B.
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relation to the binder) in the absence and presence of the inhibiting mixtures. The 
behaviour after 20 or 70 days exposure was similar to that after 150 days, and for 
this reason these plots were omitted. In general, capacitive behaviour was obtained, 
characterized by the presence of a capacitive arc at high frequency (usually in the 
106–104 Hz range for OPC mortars and the 106–103 Hz range for FA mortars), most 
likely connected with the dielectric properties of the mortar, followed by a poorly 
defi ned second semicircle in the 104–10 Hz frequency range for OPC mortars and 
in the 103–1 Hz range for FA mortars, which was attributed to the characteristics of 
a corrosion product layer, adherent to the reinforcing bars. The impedance response 
collected at lower frequencies may be associated with the carbon steel corrosion 
process.
 The electrical equivalent circuit (EEC) used to fi t the impedance data of reinforced 
carbonated mortar specimens and subsequent partial immersion conditions in a distilled 
water solution polluted with 1% chlorides contains: Re is the electrolyte resistance, 
the RHF–CPEHF couple predominating at high frequencies may be associated to the 
dielectric properties of the mortar cover, the Rprod–CPEprod couple characterizes the 
layer of corrosion products on the steel surface, and the RCT–CPELF combination 
controlling the low frequency portion of the diagrams (and also containing a Warburg 
impedance element (W), in the case of OPC mortar immersed in Mix A or Mix 
B) is related to the electrochemical properties of the corroding carbon steel rebar. 
In particular, RCT corresponds to the charge transfer resistance and CPELF to the 
double-layer capacitance of the carbon steel/mortar interface.
 From the Nyquist plots of the EIS diagrams, polarization resistance (Rp) values 
were estimated by subtracting the contribution of the mortar pore solution and, 
wherever present, of the inorganic fi lm from the low frequency intercept of the arc 
collected in the lowest frequency region. These values, evaluated in both uninhibited 
(blank solution) and inhibited (Mix A or Mix B) carbonated chloride-polluted OPC, 
FAA and FAB mortars during 150 days of partial immersion in distilled water 
containing 1% chlorides (vs. binder), are reported in Figure 13.24. In OPC mortar, 
the Rp values were about 3 ¥ 104 W cm2 after 20 days of immersion and remained 
more or less unchanged during the whole exposure period. Uninhibited carbonated 
chloride-polluted FAA and FAB mortars exhibited higher Rp values (1–3 ¥ 105 W 
cm2), indicating lower corrosion rates.
 The penetration of the inhibitor mixtures in the OPC mortars only slightly reduced 
the reinforcement corrosion rates. In fact, the Rp values obtained by impedance fi tting 
were 4–9 ¥ 104 W cm2 (Figure 13.24).
 Table 13.6 collects the inhibition effi ciency (IE), in %, of the mixtures calculated 
using the formula: 

  
IE

R R

R
pinhR RpinhR Rpblank

pinh
 =

R R – R R
  

Ê
ËÁ
Ê
Á
Ê
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ˆ
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ˆ
˜
ˆ
¯̄̃

¥ 100
 

(13.2)

where Rpinh and Rpblank are the polarization resistance values estimated from the 
Nyquist plots in the presence and absence of the inhibitors, respectively. It can 
be noticed that the penetration of Mix A and Mix B into the OPC mortar led to 
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Figure 13.24 Variation in Rp with time for steel rebars embedded in uninhibited (blank) 
and inhibited (Mix A or Mix B) carbonated OPC, FAA and FAB mortars immersed in 1% 
chloride solution.

IE values of 70% and 50%, respectively, after 20 days of exposure, but that these 
values decreased to about 60% with Mix A and 30% with Mix B at the end of the 
exposure time of 150 days.
 EIS data recorded in carbonated chloride-polluted FAA and FAB mortars containing 
the inhibitor mixtures showed one capacitive loop at frequencies lower than 1 Hz 
(1–10–4 Hz), connected to the corrosion process (Figure 13.23). The initial Rp values 
were around 2.5 ¥ 107 W cm2, i.e. about two orders of magnitude higher than those 
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obtained in the corresponding blank mortars. The IE of the mixtures was close to 
99%. After 150 days in FAA mortar with Mix A, very high Rp values of about 6 ¥ 
106 W cm2 were still shown, with an IE of about 99%. Even in FAA mortar with 
Mix B, and in FAB mortar with both mixtures (Mix A and Mix B), the inhibiting 
effects were maintained during the long exposure periods, but decreasing Rp values 
were measured (Figure 13.24). The corresponding IE values always remain higher 
than or equal to 50%, throughout the exposure time (Table 13.6). In general, the 
inhibiting efficiencies appeared higher in the FAA and FAB than in the OPC system, 
where steel is exposed to a higher chloride concentration. 

Table 13.6 Inhibition efficiency (IE) (%) values for carbonated 
OPC, FAA and FAB mortars in partial immersion in 1% 
chloride solution, inhibited with Mix A or Mix B

Time 
(days)

Inhibitor efficiency (IE) (%)

OPC+Mix 
A

OPC+Mix 
B

FAA+Mix 
A

FAA+Mix 
B

FAB+Mix 
A

FAB+Mix 
B

20
70
150

69
63
56

51
81
33

99
98
98

98
49
60

99
65
51

99
99
69

 

13.6 Future trends 

Although the results demonstrate that alkaline cements can provide passivation to 
reinforcements as efficiently and permanently as conventional Portland cement, 
they also show that this passivity depends on the type and dosage of binder, on the 
type of activators used and on the environmental conditions, so from a scientific, 
technical and economic viewpoint there is a need for more results on the subject in 
order to build up a database and avoid unnecessary risks regarding the durability of 
reinforced structures manufactured with these new materials. Moreover, future work 
should focus on the study of the nature and the integrity of the hydration products 
forming at the mortar–steel interface, which play a substantial role in governing metal 
passivation and de-passivation. Focus should also be on the study of morphological 
aspects and chemical compositions of the corrosion products deposited on the 
steel surface, so exerting influence on steel–mortar interface microstructure and on 
material behaviour. 
 The use of new corrosion prevention strategies could increase the reinforced 
alkali-activated concrete service life. These strategies can be encompassed in the 
following: 

• the reduction of permeability of concrete: the use of high-quality, impermeable concrete 
with a low water/cement (w/c) ratio and adequate mixing and pouring of concrete cover 
can do much to alleviate the corrosion problem; 

• protective coatings on the concrete: treatments with water-repellant materials, such as use 
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of overlays of asphalt or polymer concrete, can be very effective, as overlays of this type 
offer low permeability, good crack resistance and good bonding properties;

• protective coatings on the steel: submicron films inhibit corrosion by providing a chemically 
inert barrier to the diffusion of corrosion initiating species; and 

• suppression of the electrochemical process: suppression of the electrochemical corrosion 
of iron is the basis of cathodic protection. If the current supplied to the rebar is sufficiently 
large, the iron is made cathodic and corrosion is prevented. A sacrificial anode, such as 
zinc or magnesium bars, can be buried close to the structure to reduce the corrosion of 
steel rebars. 

13.7 Sources of further information and advice

More information can be found in the following sources:

• Shi, C., Krivenko, P.V. and Roy, D. (2006) Alkali-Activated Cement and Concretes. 
London: Taylor and Francis.

• Pacheco-Torgal, F., Abdollahnejad, Z., Camoes, A.F., Jamshidi, M. and Ding, Y. (2012) 
‘Durability of alkali-activated binders: a clear advantage over Portland cement or an 
unproven issue?’, Construcc Build Mater, 30, 400–405.

• van Deventer, J.S.J., Provis, J.L., Duxson, P. and Brice, D.G. (2010) ‘Chemical research 
and climate change as drivers in the commercial adoption of alkali activated materials’, 
Waste Biomass Valor, 1, 145–155.

• www.rilem.org. Durability testing of alkali-activated materials.

Advice can be obtained from the following research groups:

• Instituto de Metarlurgia, Universidad Autónoma de San Luis de Potosí, San Luis de Potosí, 
México.

• National Centre for Metallurgical Research (CENIM), CSIC, Madrid, Spain.
• Eduardo Torroja Institute of Construction Sciences (IETCC), CSIC, Madrid, Spain.
• Departament of Materials, University of Oxford, Oxford, United Kingdom.
• Universidad de Alicante, Alicante, Madrid, Spain.
• Composite Materials Group, Universidad del Valle, Cali, Colombia.
• Department of Metallurgical Engineering, Universidad Pedagógica y Tecnológica de 

Colombia, Tunja, Colombia.
• Department of Mechatronics Engineering, Universidad Militar Nueva Granada, Bogotá, 

Colombia.
• Corrosion and Metallurgical Study Centre ‘A. Daccò’, University of Ferrara, Ferrara, 

Italy.
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14The resistance of alkali-
activated cement-based binders 
to chemical attack
Z. Baščarević
University of Belgrade, Belgrade, Serbia

14.1 Introduction

A binder material in practice can come in contact with a wide range of aggressive 
aqueous solutions. Sulphate ions present in groundwater or soils surrounding a 
concrete structure can represent a threat to its long-term durability. Sulphate attack on 
hydrated Portland cement concrete comprises a series of chemical reactions between 
sulphate ions and the components of the hardened cement (Alexander et al., 2013). 
These reactions may lead to the deterioration of concrete structure.
	 The	 attack	 by	 acidic	 solutions	 also	 represents	 a	 topic	 of	 growing	 significance	
due to increasing damage to concrete structures globally (Alexander et al., 2013). 
Acidic media originate usually from industrial processes but can be due to urban 
activity and natural occurrences. Concrete exposed to acid rain (Xie et al., 2004) or 
used in agricultural construction (De Belie et al., 1997) and wastewater treatment 
plants	(Beddoe	and	Dorner,	2005)	can	suffer	significant	deterioration.	Probably	the	
most important cause of acid-induced damage to concrete is biogenic sulphuric acid 
corrosion which often takes place in sewer pipes (Monteny et al., 2000; Gutiérrez-
Padilla et al., 2010).
 Water is always present in chemical deterioration processes, since it acts as a 
solvent for aggressive agents, and it helps to transport these aggressive agents and 
their reaction products (Alexander et al.,	 2013).	Leaching	of	 concrete	by	flowing	
water has caused severe damage in dams, pipes and tunnels, and is potentially 
important for the long-term storage of nuclear wastes (Shi and Stegemann, 2000; 
Glasser et al., 2008). There are also some applications where a binder material can 
be exposed to alkaline solutions, such as soils with high Na2CO3 content or humid 
environments.
 Most degradation processes of hydrated Portland cement are associated with 
leaching of portlandite, Ca(OH)2,	 from	 the	 pore	 solution	 and	 decalcification	 of	
calcium silicate hydrate, C–S–H (Alexander et al., 2013). In the case of sulphate 
attack on hydrated Portland cement, deterioration of Portland cement concrete is 
usually caused by the formation of expansive secondary ettringite and gypsum in 
the hardened cement paste, resulting from reactions of sulphate ions with aluminate 
phases and portlandite. Due to different chemistry of the pore solution (Lloyd et al., 
2010) and different binder gel composition (Shi et al., 2006; Fernández-Jiménez and 
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Palomo, 2009) of alkali-activated materials, these binders usually perform better in 
aggressive aqueous solutions than Portland cement.

14.2 Resistance to sodium and magnesium sulphate 
attack

14.2.1 Background

External sulphate attack refers to the deterioration of a binder material resulting 
from chemical reactions occurring when a binder is exposed to a solution containing 
a high concentration of dissolved sulphates. Foundations and/or parts of structures 
in contact with groundwater and soils in arid regions or concrete in contact with 
wastewaters may be subject to sulphate attack (Alexander et al., 2013).
 Upon contact of hydrated Portland cement with sulphate solution, diffusion of 
sulphate ions into the structure of the hardened cement occurs. Diffusion is followed 
by reactions of sulphate ions with some of the phases present in the structure. The 
main reaction products of sulphate attack on hydrated Portland cement are gypsum, 
ettringite, thaumasite or mixtures of these phases (Glasser et al., 2008). The formation 
of	these	phases	can	cause	expansion,	stress,	strength	loss,	and	finally	deterioration	
of the material. Occurrence and the extent of deterioration of hardened Portland 
cement structure in contact with a sulphate solution depend on the type of Portland 
cement, water/binder ratio, pH of the sulphate solution, concentration of sulphate 
ions, type of cation accompanying the sulphate ions, temperature, etc. (Neville, 2004; 
Santhanam et al., 2001; Messad et al., 2009).
 Although there are numerous investigations on the effects of sulphate solutions 
on hydrated Portland cement structures (Neville, 2004), at the moment, there is no 
standard method in Europe for testing the resistance of cementitious materials to 
sulphate attack (CEN/TR 15697:2009). Probably the most widely used test procedure 
for assessment of sulphate resistance of ordinary and blended Portland cement is 
ASTM C1012. This standard uses expansion of 25 ¥ 25 ¥ 285 mm mortar bars, after 
the immersion in 50 g/L solution of sodium sulphate, as a measure for evaluation 
of sulphate resistance of Portland cement. Several other sulphate resistance testing 
procedures are often used, such as Koch-Steinegger, SVA, Wittekind, etc. (see 
CEN/TR 15697:2009 and Alexander et al., 2013, for detailed discussion on sulphate 
resistance test methods).
 Due to generally lower content of calcium in alkali-activated binders than in 
hydrated Portland cement, it should be expected that the mechanism of sulphate 
attack on alkali-activated binders is different. Therefore, some test parameters 
used	to	assess	sulphate	resistance	of	Portland	cement	should	probably	be	modified	
in order to provide a proper evaluation of resistance of alkali-activated binders to 
sulphate attack (Bernal and Provis, 2014). Currently, there is an ongoing work of 
RILEM Technical Committee DTA: Durability testing of alkali-activated materials 
on providing recommendations regarding appropriate test methodologies for testing 
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durability of alkali-activated binders. One of the areas which will be given special 
attention is sulphate attack on alkali-activated binders.
 The following subsections will provide an overview on previous work done on 
investigating sulphate attack on alkali-activated binders. The review is roughly divided 
into three subsections, according to the chemistry of the alkali-activated binders. 
High-calcium alkali-activated binders are usually obtained from calcium-rich starting 
materials, such as granulated blast furnace slag. Although alkali-activated binders 
based	on	blends	of	blast	 furnace	slag	and	an	aluminosilicate	material,	 such	as	fly	
ash, have intermediate calcium content, sulphate resistance of these materials has 
also been analysed in the subsection dealing with high-Ca alkali-activated binders. 
The second subsection will be focused on sulphate resistance of low-calcium alkali-
activated	 binders,	 based	 on	 aluminosilicate	 source	materials,	 such	 as	 fly	 ash	 and	
metakaolin. Some results on sulphate resistance of hybrid Portland cement–alkali-
activated aluminosilicate systems will be given in the third subsection.

14.2.2 Sulphate attack resistance of high-calcium alkali-
activated binders

Bakharev et al. (2002) investigated resistance to sulphate attack of alkali-activated 
granulated blast furnace slag using the ASTM C1012 test procedure. Alkali-activated 
slag concrete specimens were immersed in 5% Na2SO4 and 5% MgSO4 solutions for 
a period of up to 12 months. Ordinary Portland cement (OPC) concrete samples were 
subjected to the same treatment for comparison. Up to 60 days, strength development 
was the same for both alkali-activated slag and Portland cement concretes in both 
environments. After that time, strength reduction in Portland cement concrete was 
higher than in alkali-activated slag samples in both of the sulphate solutions (see 
Figures 14.1 and 14.2). After 12 months of exposure to the Na2SO4 solution, the 
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Figure 14.1 Compressive strength of ordinary Portland cement (OPC) and alkali-activated 
slag (AAS) concrete samples subjected to 5% Na2SO4 solution. Data obtained from Bakharev 
et al. (2002).
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strength decrease was up to 17% for alkali-activated slag concrete and up to 25% 
for Portland cement concrete. The reduction of concrete compressive strength was 
more substantial in the MgSO4 solution for both types of binders: after 12 months 
in the MgSO4 solution, the strength decrease was up to 37% for Portland cement 
concrete and 23% for alkali-activated slag samples. Structural characterization of 
mortars from the surface of alkali-activated slag and Portland cement samples by 
X-ray diffraction analysis indicated different degradation products. In Portland 
cement samples, ettringite was present in the sample exposed to Na2SO4 solution, 
and considerable amounts of ettringite and gypsum were found in the sample exposed 
to MgSO4. Meanwhile, no gypsum or ettringite were present in the alkali-activated 
slag sample exposed to Na2SO4 solution, while a considerable amount of gypsum 
was present in samples exposed to MgSO4 solution. As a result of gypsum formation, 
cracks at the corners of alkali-activated slag specimens and some softening of the 
concrete occurred after the exposure to the MgSO4 solution.
 Puertas et al. (2002) investigated sulphate resistance of alkali-activated granulated 
blast furnace slag using variants of two different testing methods: ASTM C1012 
and Koch-Steinegger. Blast furnace slag mortar samples were prepared using both 
sodium silicate and sodium hydroxide solutions as activator. Additionally, sulphate 
resistance	of	50%	slag	+	50%	fly	ash	mixture	activated	with	10	m NaOH solution 
was	 evaluated.	 Sodium	 silicate	 activated	 slag	 samples,	 and	 slag/fly	 ash	 mixture	
showed good sulphate resistance. However, mortars prepared from slag activated 
with NaOH showed 15–25% lower strength after exposure to the sodium sulphate 
solution, compared to the reference samples cured in water. Traces of ettringite were 
detected in these samples.
 More recently, resistance to sulphate attack of alkali-activated granulated blast 
furnace	 slag	 concrete	 was	 evaluated	 after	 five	 cycles	 of	 immersion	 in	 saturated	
sodium sulphate solution for 24 h followed by drying of the samples at 105 ± 5°C 
for 24 h (Chi, 2012). The testing method was adopted from ASTM C88. Alkali-
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slag (AAS) concrete samples subjected to 5% MgSO4 solution. Data obtained from Bakharev 
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activated slag concrete had lower weight loss compared to OPC concrete. However, 
no regular trends were observed in the reduction of compressive strength of the 
concrete samples. Some of the alkali-activated slag samples showed some strength 
increase after the treatment with the sulphate solution, for example, alkali-activated 
slag samples cured at relative humidity of 80% and at temperature of 60°C prior to 
testing.
 The effects of external sulphate attack on mechanical properties and microstructure 
of alkali-activated granulated blast furnace slag were recently investigated by 
Komljenović	et al. (2013). Alkali-activated slag mortar samples were immersed in 
5% Na2SO4 solution for up to 90 days. At the same time, control samples of alkali-
activated slag were cured in humid chamber, and Portland-slag cement (CEM II) was 
used as a benchmark material. Exposure to the sulphate solution caused a decrease 
in strength of Portland cement mortars, but not of alkali-activated slag samples. 
Strength loss of Portland cement mortars in sulphate solution was attributed to the 
formation of ettringite and gypsum. On the other hand, alkali-activated slag did not 
show	 significant	 structural	 alteration.	 Good	 resistance	 of	 alkali-activated	 slag	 to	
sulphate attack was attributed to the absence of portlandite and the unavailability 
of aluminium, substituted in C–S–H(I) or present in hydrotalcite gel, for reaction 
with sulphates.
	 Sulphate	 resistance	 of	 alkali-activated	 fly	 ash/slag	 (1:1	mass	 ratio)	 binder	 has	
been studied recently by Ismail et al.	 (2013).	Alkali-activated	fly	 ash/slag	 binder	
pastes, prepared with different water/binder ratios, were immersed in 50 g/L NaSO4 
and 50 g/L MgSO4 solutions for 3 months. It was found that decreasing the water/
binder ratio increases the resistance to sulphate attack. Nevertheless, the cation 
accompanying the sulphate ion had more pronounced effect on sulphate resistance 
of the alkali-activated binders. No evident physical changes were observed in the 
alkali-activated binder samples after the exposure to the NaSO4 solution. Ismail et al. 
(2013) suggested that alkali-activated binder continued to stabilize and develop in the 
presence of the NaSO4 solution and noted that NaSO4 is often used as an activator 
in alkali-activated slag systems. On the other hand, MgSO4 was more aggressive to 
the alkali-activated binder pastes than NaSO4 solution. The presence of magnesium 
led	to	decalcification	of	the	Ca-rich	gel	phases	present	in	the	alkali	activated	fly	ash/
slag system, causing degradation of the binder and precipitation of gypsum.

14.2.3 Sulphate attack resistance of low-calcium alkali-activated 
binders

Most of the previous studies concluded that alkali-activated binders obtained by 
activation of aluminosilicate materials show good resistance to sulphate attack, 
especially to the attack of Na2SO4 solution. Palomo et al. (1999) subjected 1 ¥ 1 ¥ 6 
cm alkali-activated metakaolin paste samples to the effects of 4.4% Na2SO4 solution 
for	a	period	of	up	to	270	days.	A	fluctuation	in	strength	was	observed	during	the	first	
three months of testing both in the control (immersed in water) and in the samples 
exposed to the sulphate solution. After that period, there was an increase in strength 
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in both groups of samples. Some traces of faujasite-type zeolitic phase were detected 
after 56 days of investigation, both in the control and in the samples exposed to the 
Na2SO4	solution.	No	significant	changes	in	the	structure	were	detected	by	the	infrared	
spectroscopy of the alkali-activated binder after the sulphate resistance testing.
 Fernández-Jiménez et al. (2007) observed similar behaviour when alkali-activated 
fly	ash	mortar	samples	were	tested	for	sulphate	resistance.	After	fluctuations	in	strength	
at the early stages of the investigation, an increase in strength was observed both in 
the samples immersed in 4.4% Na2SO4 solution and in control samples cured in air. 
No	significant	differences	were	observed	in	sulphate	resistance	of	the	alkali-activated	
fly	ash	 samples	prepared	with	 sodium	hydroxide	 and	 sodium	silicate	 solutions	 as	
activators. Electron microscopy of the alkali-activated binder revealed crystals of 
Na2SO4 salts in the pores of the material after 365 days in the Na2SO4 solution.
	 Compressive	strength	of	alkali-activated	fly	ash	paste	samples	subjected	to	5%	
Na2SO4, 5% MgSO4 and 5% Na2SO4 + 5% MgSO4	solutions	fluctuated	throughout	
the entire testing period in a study conducted by Bakharev (2005a). However, the 
least changes in alkali-activated binders’ properties were found in more concentrated 
sulphate solution, i.e. in the 5% Na2SO4 + 5% MgSO4 solution. The strength losses 
observed in the Na2SO4 and MgSO4 solutions were attributed to migration of alkalis 
from the specimens into the solution. Based on infrared analysis of alkali-activated 
fly	ash	specimens	after	 the	 immersion	 in	sulphate	solutions,	 it	was	suggested	 that	
sulphate attack had caused an increase in a chain length of aluminosilicate gel. Also, 
when sodium silicate was used as an alkaline activator, the infrared analysis of the 
alkali-activated	fly	ash	binder	indicated	that	exposure	of	the	samples	to	the	Na2SO4 
solution resulted in an increase in the Si/Al atomic ratio in the aluminosilicate gel. 
The alkali-activated binder prepared using sodium hydroxide as alkaline activator 
had the best performance in the sulphate solutions, which was attributed to a stable 
cross-linked aluminosilicate polymer structure.
 Škvara et al. (2005) investigated resistance to sulphate attack of paste and mortar 
samples	prepared	from	alkali-activated	fly	ash.	The	alkali-activated	binder	samples	
were immersed in 44 g/L Na2SO4 and 5 g/L MgSO4 solutions for a period of up to 
720	days.	Compressive	strength	of	 the	alkali-activated	fly	ash	mortars	exposed	 to	
the effects of the sulphate solutions increased over the whole period of testing. No 
significant	 changes	 in	mass	 and	dimensions	of	 the	 samples	were	observed	during	
the investigation and no new crystalline phases were detected in the structure of 
alkali-activated	fly	ash	after	the	treatment	with	the	sulphate	solutions.
 Recently, sulphate resistance of alkali-activated lignite bottom ash samples was 
tested in accordance with ASTM C1012 (Sata et al., 2012). Ordinary Portland 
cement was subjected to the same treatment for comparison. It was concluded that 
alkali-activated ash mortars were less susceptible to attack by 5% Na2SO4 solution 
than	OPC.	Alkali-activated	bottom	ash	mortars	showed	significantly	lower	expansion	
after 360 days in the sulphate solution compared to the OPC specimens.
	 Alkali-activated	binder	prepared	from	high	calcium	(~17%	CaO)	fly	ash	showed	
presence of calcium silicate phases in the structure. Mortars samples prepared from 
this alkali-activated binder showed some strength loss after 6 months of immersion 
in 5% MgSO4 solution (Chindaprasirt et al., 2013). X-ray diffraction analysis of the 
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white deposit from the surface of the samples indicated the presence of gypsum and 
magnesium hydroxide, among other phases.

14.2.4 Sulphate attack resistance of hybrid binders

In recent years, much attention has been paid to hybrid Portland cement–alkali-
activated aluminosilicate systems (Shi et al., 2011; García-Lodeiro et al., 2013). 
This new type of alkali-activated binder, so-called hybrid cement, consists of high 
volume	(usually	more	than	60%)	of	a	supplementary	cementitious	material	(e.g.	fly	
ash, slag), Portland cement clinker and small quantity of an alkaline activator.
 Fernández-Jiménez et al. (2013) investigated resistance to sulphate attack of 
the hybrid binder produced by blending two types of slag (blast furnace slag and 
zinc slag) with an activator and 12% of Portland cement clinker. Mortar specimens 
prepared from hybrid binder were cured in a humid chamber for 28 days and then 
submerged in 4.4% Na2SO4 solution for a period of up to 90 days. High durability 
Portland cement samples were subjected to the same treatment for comparison. 
Compressive strength of both groups of samples was observed to increase with time 
in the Na2SO4 solution. While X-ray diffraction analysis of the Portland cement 
specimens treated with the sulphate solution indicated formation of ettringite, only 
some small ettringite crystals in the pores of the hybrid binder were detected by 
electron microscopy. The quantity of the ettringite formed in the structure of the 
hybrid	binder	was	insufficient	to	be	detected	by	X-ray	diffraction	analysis.

14.2.5 Concluding remarks regarding sulphate attack

Alkali-activated binders generally perform well when exposed to sulphate solution. 
However, lack of the most suitable method for testing sulphate attack on Portland 
cement has affected the work on sulphate resistance of alkali-activated binders. 
Testing conditions varied in terms of the time of exposure, the type of samples used 
(paste, mortar and concrete) and, in terms of test parameters used to assess sulphate 
resistance of alkali-activated binders (expansion, weight loss, compressive strength, 
etc.). It seems that mechanism of sulphate attack on alkali-activated binders is not 
yet fully understood, primarily due to a wide range of the compositions of alkali-
activated binders.
 Nevertheless, based on the results of the previous work done on investigating 
sulphate attack on alkali-activated binders, and the available standards and test 
protocols for Portland cement, some recommendations regarding future work on 
evaluating the sulphate resistance of alkali-activated binders can be made. Several 
important testing parameters should be kept in mind when selecting the most suitable 
test method for sulphate attack on alkali-activated binders.

•	 Type of samples (paste, mortar or concrete).	Durability	of	the	final	product	can	only	be	
assessed by testing concrete samples. However, testing of concrete requires large samples, 
duration of the testing will be long as a result of a large cross section of the sample and 
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use of non-standardized aggregate will reduce reproducibility of the test. Standardized 
laboratory testing of pastes and mortars could bring important outcomes and promote 
interlaboratory dissemination of results.

•	 Mix design of the samples. Durability of binder materials is strongly affected by their 
permeability, i.e. porosity. Higher water/binder ratio will accelerate deterioration and help 
to achieve discrimination in a reasonable timescale. However, high water/binder ratios 
would differ from the ratios used for concretes to be applied in construction.

•	 Curing of the samples before the testing. Depending on their composition, some alkali-
activated binders need heat curing. Curing of the alkali-activated binders under water or in 
limewater prior to sulphate resistance testing, or as control samples, is not always suitable, 
as leaching of the alkali can occur. In that case, curing of alkali-activated binder in a humid 
chamber would be a better option. The age of the alkali-activated binder samples before 
the	testing	could	be	fixed	(for	example,	28	days).

•	 Aggressive solution. In order to accelerate the deterioration of binder material, usually 
high concentrations of sulphate ions are used. The results obtained in highly concentrated 
sulphate	solution	can	be	different	from	the	performance	of	the	binder	in	the	field,	where	
lower concentrations of sulphate ions are present. Studies of sulphate attack on alkali-
activated binders indicated that cation accompanying the sulphate ions had a pronounced 
effect on sulphate resistance, as MgSO4 solution was more aggressive to alkali-activated 
binders than Na2SO4 solution. Control of the sulphate solution pH is also very important. 
Leaching	of	 the	alkali	from	the	binder	structure	can	lead	to	a	significant	 increase	in	pH	
of the solution (Baščarević	et al., 2014).

•	 Pass/fail criteria. Testing of alkali-activated binders in sodium sulphate solutions according 
to test procedures used to investigate Portland cement in most cases did not promote 
expansion or cracking of the material. It seems that compressive strength of the samples, 
or relative strength of specimens stored in the sulphate solution and in humid chamber, 
would be a more suitable option. Pass/fail criteria should be based on the residual strength 
of the specimens after reasonably long testing in the sulphate solution.

14.3 Resistance to acid attack

14.3.1 Background

Since their development, alkali-activated binders have been advertised as being highly 
resistant to the effects of acidic solutions (Shi et al., 2006; Fernández-Jiménez and 
Palomo, 2009). Acid attack on a binder material, whether Portland cement of alkali-
activated binder, occurs via degradation of a binder by ion exchange reactions. It is 
well known that all hydrated Portland cement compounds are stable only in solutions 
with	well-defined	 ranges	of	concentrations	 for	Ca2+ and OH- ions (Pavlik, 1994a; 
Alexander et al., 2013). Due to a lower calcium content in alkali-activated binders, 
the acid-induced corrosion processes in alkali-activated binder materials and Portland 
cement are expected to be different (Fernández-Jiménez and Palomo, 2009).
 Hydrated paste of Portland cement is highly alkaline and can be easily attacked 
by acidic solutions (Pavlik 1994a; Pavlik and Uncik, 1997; Beddoe and Dorner, 
2005). Acidic solutions react with hydrated and unhydrated compounds of hardened 
Portland cement and decompose them. As the pH value of the hydrated Portland 
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cement pore solution decreases, calcium hydroxide (12.6), ettringite (10.7), calcium 
silicate	hydrate	(~10.5)	and	finally	calcium	aluminate	and	ferrite	hydrates	decompose	
successively until a silica gel residue is obtained at pH values below roughly 2 (the 
values in parentheses referring to pH stability; Beddoe and Dorner, 2005). The end 
products of the acid attack on hydrated Portland cement are generally the calcium 
salts	of	the	acid	and	a	decalcified	residue	of	the	cement	hydration	products	(Pavlik	
and Uncik, 1997).
 High-calcium alkali-activated binders, such as alkali-activated granulated blast 
furnace slag, are expected to show superior acid corrosion resistance compared to 
Portland cement, due to the absence of portlandite and low Ca/Si ratio in the binder. 
On the other hand, highly cross-linked three-dimensional aluminosilicate structure 
of	 low-calcium	alkali-activated	binders,	e.g.	alkali-activated	fly	ash	or	metakaolin	
binders, should provide good performance of these binders in acidic solutions.

14.3.2 Acid corrosion resistance of high-calcium alkali-activated 
binders

Shi and Stegemann (2000) investigated acid corrosion resistance of several cementing 
materials, including alkali-activated blast furnace slag and ASTM Type I Portland 
cement. Hardened cement pastes were exposed to pH 3 nitric acid, pH 3 acetic acid, 
and pH 5 acetic acid solutions for 580 days period. Corroded depth was used as a 
measure of acid-induced degradation of the cementing materials. It was found that 
all the cement pastes corroded faster in acetic acid than in nitric acid, and when the 
pH of the acetic acid was decreased to 3, the differences in acid corrosion resistance 
of the cementing materials became more obvious. The alkali-activated blast furnace 
slag pastes were less corroded than Portland cement pastes in all the acidic media. 
Although no pore structure test of the investigated cementing materials was done, it 
was suggested that the differences in acid corrosion resistance of the cement pastes 
were caused by the nature of their hydration products, rather than their porosity. 
These	findings	were	later	confirmed	by	Shi	(2003).
 Bakharev et al. (2003) studied acid corrosion resistance of alkali-activated blast 
furnace slag and Portland cement concrete specimens immersed in pH 4 acetic acid. 
After 12 months in the acidic solution, Portland cement specimens had about 47% 
and alkali-activated slag samples had about 33% strength reduction, compared to 
the samples cured in water. Also, at the end of the investigation, a depth of the pH 
reduction of the concrete samples, determined by phenolphthalein method, was much 
higher for Portland cement samples (22 mm) than for alkali-activated slag concrete 
(16 mm). Thus, alkali-activated slag concrete showed higher acetic acid resistance 
compared to Portland cement concrete, attributed to low content of Ca and low 
average Ca/Si ratio of C-S-H in slag paste.
 More recently, Bernal et al. (2012) investigated acid resistance of alkali-activated 
granulated blast furnace slag mortar samples in comparison to Portland cement. The 
mortar samples were exposed to pH 3 hydrochloric, nitric and sulphuric acid solutions, 
as well as to pH 4.5 acetic acid solution. Negligible changes in compressive strength 
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were	 identified	 both	 in	 Portland	 cement	 and	 alkali-activated	 slag	mortars	 during	
exposure to mineral acids. After an initial drop in strength in all the alkali-activated 
slag samples, there was a substantial increment in the mechanical strength with the 
time of exposure in specimens exposed to nitric and sulphuric acid (attributed to 
maturity effects in the undamaged core), and a slight reduction in the mechanical 
strength of specimens exposed to hydrochloric acid. On the other hand, exposure 
to	acetic	acid	caused	significant	reduction	in	strength	in	both	Portland	cement	and	
alkali-activated slag mortars, indicating that acetic acid was more aggressive than 
the	mineral	acids	used	in	this	study.	These	findings	were	in	line	with	the	previous	
results (Shi and Stegemann, 2000; Shi, 2003). It is well known that aggressiveness 
of an acid towards a calcium silicate-based binder such as Portland cement or alkali-
activated slag depends on the strength of the acid (i.e., its ability to dissociate) and 
the solubility of its calcium salts (Alexander et al., 2013). Although acetic acid is 
a weak acid, its high aggressiveness towards binder materials is attributed to the 
high solubility of calcium acetate. In order to provide an additional explanation, 
Pavlik (1994b) suggested that the differences between nitric and acetic acid attack 
on Portland cement were caused by a buffering effect of the acetic acid solution in 
the corroded layer. Bernal et al. (2012) also pointed out that the solutions of acetic 
acid in water have a lower surface tension than either pure water or aqueous mineral 
acids, which may lead to a higher degree of wetting and penetration of the acidic 
solution into the pore network of the solid binder.
 Although exposure to acetic acid caused strength loss and a substantial increment 
in porosity in both Portland cement and alkali-activated slag mortars, Bernal et 
al. (2012) emphasized that alkali-activated slag performed better than Portland 
cement, retaining 75% of their original strength after 150 days of exposure to acetic 
acid (see Figure 14.3). Higher stability of alkali-activated slag binder under acetic 
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Figure 14.3 Compressive strengths of Portland cement (OPC) and alkali-activated slag 
(AAS) mortars as a function of the time of exposure to pH 4.5 acetic acid. Data obtained 
from Bernal et al. (2012).
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acid attack is attributed to lower initial permeability, higher alkalinity of the pore 
solution and low CaO/SiO2	ratio	in	the	alkali-activated	slag	system.	Decalcification	
of the alkali-activated slag binder through formation of calcium acetate leaves a 
residual aluminosilicate type gel in the corroded area, which is less soluble and 
more mechanically sound than the silicate gel formed in Portland cement binders, 
thus contributing to the higher acid resistance of alkali-activated slag binder.
	 Acid	corrosion	resistance	of	alkali-activated	fly	ash	and	granulated	blast	furnace	
slag mixture was studied by Allahverdi and Škvára (2001a, 2001b, 2005, 2006). Fly 
ash and slag were mixed in equal proportions and alkali activated. After 28 days of 
curing, paste samples were exposed to pH 1, 2 and 3 nitric acid solutions (Allahverdi 
and Škvára, 2001a, 2001b) and pH 1, 2 and 3 sulphuric acid solutions (Allahverdi 
and	Škvára,	2005,	2006).	Upon	the	exposure	of	the	alkali-activated	fly	ash/slag	binder	
to	pH	1	and	pH	2	nitric	acid,	fine	shrinkage	cracks	and	relatively	hard	and	brittle	
corroded layers were observed. Exposure of the material to pH 3 nitric acid led to 
almost no changes in appearance of the samples, with a formation of relatively soft 
and easily removable surface layer. Based on the structural characterization of the 
binder material, Allahverdi and Škvára (2001b) suggested a reaction mechanism of 
the acid corrosion of the alkali-activated binder. According to these authors, the acid 
corrosion reaction of the alkali-activated binder occurs via the following steps: 

1. Leaching of calcium and sodium (charge compensating cations in the binder gel network); 
these ions are exchanged by H+ or H3O

+ ions from the acidic solution along with an 
electrophilic attack by acid protons on Si‒O‒Al bonds in the aluminosilicate gel network, 
resulting in the ejection of tetrahedral aluminium from the structure.

2. Framework vacancies are mostly re-occupied by silicon atoms resulting in a formation 
of an imperfect highly siliceous network; the ejected aluminium atoms are octahedrally 
coordinated and accumulate in the intraframework space.

Exposure	of	the	alkali-activated	fly	ash/slag	binder	to	pH	1	sulphuric	acid	resulted	in	
significant	expansion	and	formation	of	a	hard	corroded	layer	(Allahverdi	and	Škvára,	
2005).	After	the	exposure	to	pH	2	sulphuric	acid	a	slight	expansion,	very	fine	cracks	
and hard corroded layer were observed, while the exposure to pH 3 sulphuric acid 
led to a formation of soft and easily removed surface layer (Allahverdi and Škvára, 
2006).	Examination	of	the	alkali-activated	fly	ash/slag	binder	after	the	exposure	to	pH	
1 sulphuric acid by scanning electron microscopy revealed the presence of gypsum 
crystals in the corroded layer. The authors concluded that the deposition of gypsum 
inside corroded matrix provided a protective effect, inhibiting the total process of 
deterioration in acidic solution. On the other hand, Allahverdi and Škvára (2006) 
suggested that the mechanism of the sulphuric acid attack at pH 2 and 3 resembled 
the one suggested for nitric acid attack (Allahverdi and Škvára, 2001b).

14.3.3 Acid corrosion resistance of low-calcium alkali-activated 
binders

Rostami	and	Brendley	(2003)	studied	acid	corrosion	resistance	of	alkali-activated	fly	
ash immersed in 100% solution of acetic and 20% solutions of nitric, hydrochloric 
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and sulphuric acid. Based on weight loss of the concrete samples after 1 year of 
testing in the acetic solution, the authors concluded that alkali-activated material was 
more resistant than Portland cement. Visual examination of the samples exposed to 
70%	nitric	acid	confirmed	superior	resistance	of	the	alkali-activated	binder,	as	the	
Portland cement concrete showed severe damage after 2 h in the acidic solution, 
while	alkali-activated	fly	ash	concrete	showed	no	signs	of	degradation	after	more	
than one week in 70% nitric acid.
	 Alkali-activated	 fly	 ash	 pastes	 showed	mass	 loss	 and	 decrease	 in	 compressive	
strength after 6 months of immersion in 5% sulphuric and acetic acids (Bakharev, 
2005b). The sulphuric acid was more aggressive to the alkali-activated material 
than the acetic acid, but the strength of these acidic solutions was also different, 
as sulphuric acid solution had pH 0.8 and acetic acid solution had a pH value of 
2.4. Bakharev (2005b) concluded that the exposure to the acidic solutions caused 
depolymerization and dealumination of aluminosilicate binder gel structure. It was 
suggested	that	durability	properties	of	the	alkali-activated	fly	ash	pastes	depended	
on the type of the alkali activator solution used (alkali hydroxide or alkali silicate 
solution).	Nevertheless,	all	alkali-activated	fly	ash	samples	investigated	in	this	study	
showed higher acid resistance than Portland cement pastes and Portland cement 
paste	with	20%	fly	ash	replacement.
 Fernández-Jiménez et al. (2007) studied acid corrosion resistance of alkali-
activated	fly	ash	and	Portland	cement	mortars	in	pH	1	hydrochloric	acid.	Structural	
characterization	of	the	alkali-activated	fly	ash	binder	upon	the	exposure	to	hydrochloric	
acid revealed an increase in the content of amorphous phases in the structure. At 
the same time, aluminium and zeolites content in the aluminosilicate structure 
decreased.	 The	 authors	 concluded	 that	 treating	 of	 alkali-activated	 fly	 ash	 binder	
with highly acidic solution triggered dealumination of the aluminosilicate structure. 
Aluminosilicate depolymerization was followed by condensation of silicon-rich 
polymeric	 ions.	 However,	 alkali-activated	 fly	 ash	 mortars	 performed	 better	 than	
Portland	 cement	mortars:	 compressive	 strength	of	 alkali-activated	fly	ash	mortars	
declined by approximately 23–25% after 90 days in the acidic solution, whereas 
in the Portland cement mortars strength decreased at nearly twice that rate (47%). 
Weight	 loss	of	alkali-activated	fly	ash	mortars	was	lower	than	in	Portland	cement	
mortars.
	 Later	study	on	the	hydrochloric	acid	resistance	of	alkali-activated	fly	ash	concrete,	
which combined the effects of acidic conditions and high temperature, also indicated 
that alkali-activated binder performed better than Portland cement concrete (Chaudhary 
and Liu, 2009). A more recent investigation by Temuujin et al. (2011) showed that 
treating	the	alkali-activated	fly	ash	pastes	with	18%	hydrochloric	acid	caused	leaching	
of Fe, Al and Na. Consequently, a weight loss and a strength reduction of the samples 
were	observed	after	only	5	days	of	the	investigation.	Sodium	chloride	was	identified	
as a corrosion product of the acid attack, originating from neutralization reaction of 
sodium hydroxide with the hydrochloric acid.
 Recently, Lloyd et al. (2012) reported a comprehensive study of factors 
influencing	the	resistance	of	alkali-activated	fly	ash	binder	to	pH	1	sulphuric	acid.	
Of	the	factors	examined,	replacement	of	fly	ash	by	granulated	blast	furnace	slag	and	



The resistance of alkali-activated cement-based binders to chemical attack 385

increased	alkali	content	were	found	to	have	the	strongest	positive	influence	on	the	
resistance to corrosion (see Figure 14.4), while the effects of water-to-binder ratio 
and the content of dissolved silica in the activating solution were less pronounced. 
Alkali	type	and	the	presence	of	aggregate	were	found	to	have	no	significant	effect	
on resistance to the acid under the examined conditions. The authors emphasized 
that the measurement of corroded depth is much more sensitive to the acid-induced 
degradation mechanism of alkali-activated binder than mass loss, and recommended 
it	for	future	studies	in	this	field	(Lloyd	et al., 2012; Provis et al., 2009). Comparison 
between the corroded depths of several different types of binders in pH 1 sulphuric 
acid showed that Portland cement paste performed best, followed by alkali-activated 
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slag	 and	 alkali-activated	fly	 ash.	These	 results	were	 opposite	 to	 those	 of	Shi	 and	
Stegemann (2000), who reported that Portland cement corroded more rapidly than 
alkali-activated slag paste in pH 3 acidic solutions. Lloyd et al. (2012) suggested 
that direct comparison between alkali-activated binders and Portland cement, with 
regard	to	field	performance,	is	hindered	somewhat	by	the	fact	that	paste	rather	than	
concrete samples were examined for acid corrosion resistance, and the absence of 
an interfacial transition zone region in alkali-activated binder concrete is expected to 
provide	a	significant	performance	advantage	over	Portland	cement	concrete.	There	
were also notable differences in curing of the alkali-activated binder samples prior 
to the acid attack in these two investigations: Shi and Stegemann (2000) tested acid 
resistance of the samples cured for one year, while Lloyd et al. (2012) examined 
the samples after 28 days of curing.
	 Sun	and	Wu	(2013)	reported	that	both	alkali-activated	fly	ash	and	Portland	cement	
mortars	deteriorated	in	3%	sulphuric	acid.	On	the	other	hand,	Ariffin	et al. (2013) 
found that concrete specimens prepared with alkali-activated pulverized fuel ash and 
palm oil fuel ash showed higher resistance to 2% sulphuric acid attack compared 
to Portland cement concrete. Blended alkali-activated binder had lower mass loss 
and higher residual compressive strength than Portland cement concrete. After 18 
months of exposure to 2% sulphuric acid, strength loss of alkali-activated concrete 
was 35%, while Portland cement concrete lost 68% of its initial strength. Sata et al. 
(2012) compared sulphuric acid resistance of mortars prepared by alkali activation 
of	lignite	bottom	ash	to	the	resistance	of	Portland	cement	and	high	volume	fly	ash	
mortars. After 120 days in 3% sulphuric acid solution, alkali-activated binder mortars 
showed	significantly	lower	weight	loss	than	Portland	cement-based	mortars.
 Acid corrosion resistance of alkali-activated binder synthesized from low calcium 
ferronickel slag was assessed by exposing the samples to 1 n hydrochloric acid and 
simulated acid rain (sulphuric and hydrochloric acids, 60 : 40 wt.%, pH 3) solutions 
(Komnitsas et al., 2007). Strength loss of approximately 20% was observed in both of 
the acidic solutions. Halite, NaCl, was detected in the surface layer of the specimens 
immersed in hydrochloric acid.
 Pacheco-Torgal et al. (2010, 2011) investigated durability performance of alkali-
activated binder based on calcined tungsten mine waste mud. The acid resistance 
of waste mud mortars was assessed by immersion of the samples in 5% sulphuric, 
hydrochloric and nitric acid solutions. When a limestone aggregate was used, both 
alkali-activated and Portland cement mortars showed high weight losses after 
immersion in acidic solutions. On the other hand, waste mud mortars without 
limestone aggregate showed good acid resistance, superior to the acid resistance of 
Portland cement mortars. This was attributed to the fact that alkali-activated binders 
had low water absorption and low content of calcium.
	 Alkali-activated	metakaolin	 paste	 samples	 showed	 no	 significant	 signs	 of	 acid	
corrosion after immersion in 0.001 n (pH 3) sulphuric acid solution for 270 days 
(Palomo et al.,	1999).	After	a	fluctuation	in	flexural	strength	during	the	first	 three	
months of immersion, there was a strength recovery with the time of exposure of 
the samples. It was observed that small amounts of a crystalline zeolite belonging 
to the faujasite family began to form after 180 days in the acidic solution.
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 Recently, Burciaga-Díaz and Escalante-García (2012) assessed the acid corrosion 
resistance of two different alkali-activated metakaolin paste samples. The samples 
were exposed to 0.5 n hydrochloric acid solution isothermally at 60°C, for up to 10 
days. The starting pH of the solution was 0.8, and reached values of up to 3.7 by the 
end of the investigation. The alkali-activated metakaolin paste sample with SiO2/Al2O3 
molar ratio of 2.6 and starting compressive strength of 55.4 MPa showed strength 
loss of only 4% after 10 days of testing. On the other hand, alkali-activated binder 
with SiO2/Al2O3 molar ratio of 3.0 and starting compressive strength of 81 MPa lost 
14.6% of its strength after 2 days in the acidic solution and showed total strength 
reduction of 31.3% at the end of the investigation. Infrared spectroscopy and electron 
microscopy of the binders after the exposure to the acidic solution suggested that 
the deterioration was due to the destruction of the polymeric network and migration 
of Na and Al towards the solution. X-ray diffraction showed that NaCl precipitated 
in the aqueous medium. However, the authors concluded the chemical resistance of 
the alkali-activated metakaolin binder was good considering the aggressiveness of 
the acidic solution.
 Gao et al. (2013) also investigated acid resistance of binder prepared from 
metakaolin as a starting material. A mixture of potassium hydroxide and silica 
fume was used as an alkaline activator. The alkali-activated binder paste samples 
were immersed in 0.01 n hydrochloric acid solution (pH 2) for 28 days. Analyses 
of the acidic solutions after the immersion of the binder material indicated high 
concentrations of potassium ions in the solution. The compressive strength of the 
samples slightly decreased after the exposure to the hydrochloric acid. Based on 
X-ray diffraction and electron microscopy analyses of the binder material after the 
acid attack, the authors concluded that the binder network structure remained intact 
after the immersion in the acidic solution.

14.3.4 Acid corrosion resistance of hybrid binders

Recently, Donatello et al. (2013) examined acid resistance of a hybrid cement binder 
which	contained	78%	fly	ash,	18%	Portland	cement	clinker	and	4%	Na2SO4. The 
hybrid binder and Type II Portland cement mortars were exposed to 0.1 n hydrochloric 
acid solution for 90 days. Prior to acid resistance examination, strengths of hybrid 
cement and Portland cement mortars were 37.2 and 54.1 MPa, respectively. After 90 
days in hydrochloric acid (0.1 n), compressive strengths were reduced by 85–90% in 
both sets of mortars. The Portland cement mortar showed higher initial acid resistance 
than the hybrid cement. This was explained by the presence of high quantities of 
portlandite and calcite, which acted as acid buffers. Structural characterization of the 
binder materials after the exposure to the acidic solution indicated that both pastes 
showed characteristic signs of acid attack on cementitious gel structures, with a 
formation of colloidal silica gel.
 Fernández-Jiménez et al. (2013) investigated durability of the hybrid binder 
obtained by blending 12% Portland cement clinker with two types of slag (blast 
furnace slag and zinc slag) and alkaline activator. High durability Portland cement 
was used as a control material in this study. After 90 days in 0.1 n hydrochloric acid 
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(pH 1.5) compressive strength declined substantially in both cements (~90%). Thus, 
the acid resistance of the hybrid binder was wholly comparable to the performance 
of conventional Portland cement.

14.3.5 Concluding remarks regarding acid attack

The available literature on acid corrosion resistance of alkali-activated materials 
indicates that alkali-activated binders generally perform well in acidic solutions. Due 
to a wide range of acid exposure conditions which are of interest in practice, various 
non-standardized test protocols were used in order to assess acid corrosion resistance 
of alkali-activated binders. Testing conditions varied in terms of the strength of the 
acid used, the concentration of the acidic solution, the time of the exposure and the 
type of the samples used (paste, mortar or concrete). Also, different measures of 
acid induced degradation of the binder materials (weight loss, compressive strength, 
corroded depth, etc.) were used. In most of the studies, an alkali-activated binder 
performed better than Portland cement specimens subjected to the same acid solution 
treatment.
 Some of the recommendations given in the previous section regarding future work on 
sulphate attack on alkali-activated binders can also be applied in future investigations 
of acid attack on alkali-activated binders, especially those regarding type of samples 
or curing of the samples before testing. However, more attention should be devoted 
to selecting appropriate acidic solutions. Some of the previous works on acid attack 
on alkali-activated binders applied rather drastic testing conditions, in terms of type 
and concentration of the acidic solutions used. Whenever the results can be obtained 
after a reasonable time of testing, use of acidic solutions that are expected to be 
met in practice should be favoured. Also, it seems that no work has been done on 
investigating biogenic sulphuric acid corrosion of alkali-activated binders.
 Selecting a proper measure of acid-induced degradation of alkali-activated binders 
is also very important. Monitoring the mass loss of the binder may not always be 
the best way to investigate acid attack, since degradation of alkali-activated material 
in an acidic solution can be both due to leaching and dissolution of the binder and 
due to deposition of degradation products inside the structure. Recently, corroded 
depth has been recommended as a much more sensitive measure of the acid-induced 
degradation mechanism of alkali-activated binders than mass loss. On the other hand, 
some authors consider that measuring compressive strength loss can be complicated by 
the increase in strength of the undamaged core of the alkali–binder sample. It seems 
that, in order to provide a proper evaluation of alkali-activated binders’ resistance to 
acid attack, multiple indicators of acid-induced degradation should be used.

14.4 Decalcification resistance

Decalcification	is	usually	described	as	the	process	of	degradation	of	hydrated	Portland	
cement in pure water involving dissolution and leaching of calcium ions from 
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portlandite, Ca(OH)2, and calcium silicate hydrate, C-S-H (Glasser et al., 2008). This 
phenomenon usually affects structures that have been in contact with water for long 
periods:	dams,	tunnels,	water	pipes,	etc.	Decalcification	of	cement-based	materials	has	
been	identified	as	an	important	issue	for	nuclear	waste	storage	(Shi	and	Stegemann,	
2000; Glasser et al.,	2008;	Komljenović	et al., 2012; Wan et al., 2013).
 Different testing procedures were developed to assess the resistance of binder 
materials	 to	decalcification.	Since	calcium	leaching	 is	a	 relatively	slow	process,	a	
wide range of accelerated tests have been developed. The majority of these procedures 
are	carried	out	with	strongly	acidified	solutions	 like	ammonium	nitrate,	NH4NO3, 
instead of water (Glasser et al.,	2008).	Decalcification	by	highly	concentrated	(6	m) 
NH4NO3 solution offers some key advantages compared to leaching by water. The 
rate of leaching is increased by two orders of magnitude (Carde and François, 1997; 
Heukamp et al., 2001; Puertas et al., 2012) and additionally, the leaching reaction 
in 6 m NH4NO3 solution is	almost	a	pure	decalcification,	i.e.	there	is	no	altering	in	
content of silicon, even at very low ratios of Ca/Si = 0.3 (Chen et al., 2006).
	 Decalcification	 resistance	 of	 alkali-activated	 granulated	 blast	 furnace	 slag	 has	
been	 investigated	 recently	 by	 Komljenović	 et al. (2012). Alkali-activated binder 
was exposed to the effects of the concentrated (6 m) NH4NO3 solution for 90 days. 
Simultaneously, a set of control (reference) alkali-activated slag samples was cured 
in a humid chamber. Portland-slag cement (CEM II) was used as a benchmark 
material	and	the	decalcification	process	was	investigated	under	equal	conditions	for	
both materials.
 Exposure of mortar samples to 6 m NH4NO3 solution led to a decrease in strength, 
both in alkali-activated binder and Portland cement. However, decrease in strength 
was	significantly	lower	in	alkali-activated	slag	mortars.	After	60	days	of	investigation,	
the relative strength of Portland cement (degraded/reference) was 0.19 and remained 
unchanged after additional 30 days of testing. Over the same period, changes in 
alkali-activated slag mortar strength were considerably lower: relative strength of 
the alkali-activated slag mortars was 0.91 after 60 days and 0.85 after 90 days of 
testing.
 X-ray microanalysis of the alkali-activated slag binder after the immersion in 
NH4NO3 solution showed that sodium from the pore solution was leached almost 
completely	after	the	first	30	days	of	testing.	Decrease	in	Ca/Si	atomic	ratio	from	an	
initial value of 0.84 to 0.33 after 90 days in solution, indicated leaching of calcium 
from the structure. A very low ratio of Ca/Si (~0.3) was explained by the coexistence 
of calcium silicate hydrate, C–S–H(I), with low Ca/Si ratio and polymerized silica 
gel. Al/Si atomic ratio in alkali-activated slag samples after exposure to NH4NO3 
solution ranged in a very narrow interval from 0.14 (initial) to 0.15 (after 90 days in 
the solution). In the same period, the Al/Si ratio in the reference samples showed an 
increase. It was suggested that a small change in this ratio in alkali-activated binder 
after the immersion in NH4NO3 solution could be related to aluminium leaching, i.e. 
to a lower degree of its substitution in the C–S–H(I) structure. Analysis of Mg/Si 
versus Al/Si ratio indicated the presence of a phase similar to hydrotalcite, probably 
finely	dispersed	Mg-Al	hydroxide	gel	within	C–S–H(I).	After	the	immersion	of	the	
alkali-activated binder in NH4NO3 solution, the Mg/Al atomic ratio decreased and 
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there was an indication that no aluminium was incorporated into C-S-H. The detected 
decrease in the Mg/Al atomic ratio was attributed to magnesium leaching from 
hydrotalcite gel and/or aluminium leaching from C–S–H gel; the released aluminium 
could then be incorporated into polymerized silica gel, resulting in formation of 
aluminosilicate gel.
 Correlation of compressive strength of mortars with the results of structural 
characterization showed that decrease in strength was related to the decrease in 
Ca/Si ratio. Dissolution of portlandite due to the effects of NH4NO3 solution had 
a destructive effect on mechanical properties of Portland cement mortars. After 
almost complete leaching of portlandite (after 30 days in the solution, Ca/Si ~ 2.0), 
a further decrease in strength of CEM II mortars occurred due to the dissolution 
of C–S–H, until it reached minimal, or the so-called residual strength, with ratio 
Ca/Si ~1.4 (after 60 days in NH4NO3 solution). In alkali-activated slag samples 
portlandite	 was	 not	 detected	 and	 decalcification	 of	 C–S–H	 with	 low	 Ca/Si	 ratio	
resulted in a thick protective layer of silica gel. Hence, alkali-activated slag samples 
showed substantially lower decrease in strength after the immersion in NH4NO3  
solution.
	 Komljenović	 et al.	 (2012)	 concluded	 that	 very	 pronounced	 decalcification	
resistance of alkali-activated slag was due to the absence of portlandite, high level 
of polymerization of silicate network (low Ca/Si atomic ratio ~ 0.8), a relatively 
low level of aluminium substitution for silicon in C–S–H(I) gel structure (up to 
20% of bridging tetrahedra), as well as due to the formation of a protective layer of 
polymerized silica gel.
 The effects of 6 m NH4NO3	 solution	 on	 properties	 of	 alkali-activated	 fly	 ash	
binder were investigated recently by Baščarević	 et al. (2013). It was found that 
immersion in the concentrated NH4NO3 solution (starting pH ~ 4) had almost 
similar effects on the structure of the alkali-activated binder as the acid attack. 
Exposure	of	the	alkali-activated	fly	ash	samples	to	NH4NO3 solution caused leaching 
of alkali cations and breaking of Si–O–Al bonds in aluminosilicate gel structure. 
Consequently,	compressive	strength	of	the	alkali-activated	fly	ash	mortars	decreased	
approximately 20% after 28 days in the solution. Further examination (up to 540 
days) indicated that reparation of structural defects, formed by breaking of Si–O–Al 
bonds, occurred. Defects in the structure were re-occupied by silicon forming 
more	siliceous	structure,	which	resulted	in	a	subsequent	fluctuation	in	compressive	 
strength.
	 As	 noted	 previously,	 decalcification	 resistance	 of	 a	 binder	material	 is	 of	 great	
importance in the structures used for radioactive waste disposal containers. Previous 
studies showed that alkali-activated cements have a high potential for use in 
stabilization/solidification	of	hazardous	and	radioactive	wastes	(Shi	and	Fernández-
Jiménez,	 2006;	Vance	 and	Perera,	 2009;	Provis,	 2009;	Nikolić	et al., 2014). The 
results	 of	 Komljenović	 et al.	 (2012)	 confirmed	 that	 in	 stabilization/solidification	
processes, alkali-activated slag represents a more promising option than Portland 
cement	due	to	the	significantly	higher	resistance	to	decalcification.
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14.5 Resistance to alkali attack

There are certain applications where binder materials can be exposed to highly 
alkaline solutions. For example, concretes that are resistant to alkaline soil conditions 
are necessary in construction applications in many parts of the world, where high 
levels of sodium carbonate in soils can increase the soil pH to around 9 or higher 
(Sindhunata et al., 2008). Alkali resistance would also be important in conditions 
where a binder material is exposed to moisture, as the pore solution within alkali-
activated binders is highly alkaline (Sindhunata et al., 2008). Exposure of Portland 
cement pastes to the conditions that simulated exposure to moisture (pH 11.5 calcium 
hydroxide solution) caused leaching of portlandite from the pore solution as well 
as leaching of calcium from C–S–H, which resulted in increased porosity of the 
samples (Revertegat et al., 1992).
	 Alkali	resistance	of	alkali-activated	fly	ash	binder	was	assessed	by	immersion	of	
the material in various alkaline and carbonate solutions: 1, 5 and 8 m sodium and 
5 m potassium hydroxide solutions, 2.2 m (saturated) sodium carbonate and 2.5 m 
potassium carbonate solution, as well as in distilled water for 90 days (Sindhunata 
et al., 2008). It was found that 1 m NaOH (pH ~14), carbonate solutions (~11) and 
water showed similar trends in terms of leaching of binder gel elements (Si and/
or Al). The pH of water was not monitored, but it was certain that it had become 
significantly	alkaline	due	to	the	release	of	free	alkali	from	the	binder.	These	solutions	
had	remarkably	little	effect	on	alkali-activated	fly	ash	structure.	On	the	other	hand,	
more	concentrated	hydroxide	solutions	(pH	>14)	led	to	a	more	significant	extent	of	
Si and Al leaching, as well as to the collapse of the pore network. Small quantities of 
zeolites from the initially X-ray amorphous gel were observed in the alkali-activated 
binder after the immersion in 5 and 8 m hydroxide solutions.
 More aggressive testing conditions were applied in a recent alkali corrosion 
resistance study conducted by Temuujin et al.	(2011).	Alkali-activated	fly	ash	samples	
were exposed to 14 m NaOH solution with liquid-to-solid ratio of approximately 
5. After only 5 days in the solution, Si was leached at high levels, while Al leach 
rates	were	lower.	Leaching	caused	weight	reduction	of	the	alkali-activated	fly	ash	
samples (~20% after 5 days of testing). No new crystalline phases were detected in 
the alkali-activated binder structure upon the exposure to the highly concentrated 
hydroxide	solution.	Compressive	strength	of	the	alkali-activated	fly	ash	pastes	after	
the immersion in the 14 m NaOH had high standard deviations and no reliable 
conclusions about the strength changes could be made.
 Recently, Gordon et al.	(2011)	investigated	durability	of	alkali-activated	fly	ash/
granulated blast furnace slag mixtures (2:1) when exposed to concentrated (2.5 m) 
potassium carbonate solution and distilled water. Different binder formulations in 
terms of SiO2/Al2O3, Na2O/SiO2 and H2O/Na2O were investigated. Most of the 
alkali-activated binders examined in this study showed substantial strength loss 
after the immersion in the carbonate solution. Performance of the alkali-activated 
binders in alkaline solutions was found to depend greatly on porosity of the  
binder.
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 As seen from the works of Sindhunata et al. (2008) and Temuujin et al. (2011), 
alkali-activated	fly	ash	binders	would	be	a	suitable	option	for	applications	in	moderately	
alkaline conditions, such as soils with high Na2CO3 content or humid environments. 
Applications in highly alkaline environments (pH >14) are somewhat limited due to 
the leaching of silicon from the binder structure in these conditions. On the other 
hand,	 alkali-activated	 fly	 ash/granulated	 blast	 furnace	 slag	mixtures	 showed	 poor	
resistance to the potassium carbonate solution (Gordon et al., 2011). Clearly, more 
work needs to be done in order to make a positive or negative report on the effects 
of highly alkaline conditions on engineering properties of alkali-activated binders, 
such as compressive strength of mortar or concrete samples.

14.6 Conclusions

A binder material in service can come in contact with a wide range of aggressive 
aqueous solutions, such as solutions with high concentrations of sulphate ions, various 
acidic solutions, or solutions with high concentrations of alkali. Alkali-activated 
binders usually show superior resistance to chemical attack by aggressive aqueous 
solutions, compared to Portland-cement.
 Generally good resistance of high-calcium alkali-activated binders to sulphate attack 
can be attributed to the absence of portlandite and the unavailability of aluminium 
for reaction with sulphates. Low-calcium alkali-activated binders also show good 
resistance to sodium sulphate solutions. However, several studies have shown that 
MgSO4 solution is more aggressive to alkali-activated binder than Na2SO4 solution. 
Generally, more work is required to validate sulphate resistance of alkali-activated 
binders under the conditions met in service.
 In most of the previous acid attack studies, an alkali-activated binder performed 
better than Portland cement specimens subjected to the same acid solution treatment. 
Higher acid resistance of high-calcium alkali-activated binders can be attributed to 
lower content of Ca and lower average Ca/Si ratio of C-S-H in the structure, compared 
to Portland cement. Although acid attack on low-calcium alkali-activated binders 
usually leads to depolymerization and dealumination of aluminosilicate structure, 
these binders also show acid corrosion resistance superior to that of Portland cement. 
Future work on acid attack resistance of alkali-activated binders should focus on 
testing the alkali-activated binders in acidic conditions expected in practice, especially 
in microbiologically induced aggressive environments. Special attention should be 
paid to selecting a proper measure of acid-induced degradation of alkali-activated 
binders.
	 A	study	on	decalcification	resistance	of	alkali-activated	slag	showed	that	this	binder	
represents a promising option for applications where long-term contact with water 
is	expected,	particularly	for	stabilization/solidification	of	hazardous	and	radioactive	
wastes. Further work is required to validate resistance of alkali-activated binders to 
alkali attack.
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15Resistance to alkali-aggregate 
reaction (AAR) of alkali-
activated cement-based binders
M. Cyr, R. Pouhet
Université de Toulouse, Toulouse, France

15.1 Introduction

The alkali-aggregate reaction (AAR) is an endogenous reaction that usually occurs 
in Portland cement concretes. It is generated from the internal components of the 
initial concrete mixture, without the need for exterior aggressive agents. The reaction 
products are expansive compounds, which induce stresses and hence cracking 
in concrete. Many international congresses have been dedicated to this concrete 
pathology (1st to 14th ICAAR, 1974–2012). The two principal types of AAR are 
the alkali-silica reaction (ASR) and the alkali-carbonate reaction (ACR), the former 
being much more frequent than the latter.
	 The	alkali-silica	reaction	(ASR)	was	first	identified	in	the	1940s	(Stanton,	1940)	
and occurs when the amorphous or poorly crystallized silica phase in an aggregate 
(e.g.,	chert,	flint,	chalcedony	or	opaline	sandstone)	is	attacked	and	dissolved	by	the	
alkali hydroxides in the concrete pore solution. The formation of an alkali-silica gel 
leads	to	concrete	swelling	and	cracking.	ASR	will	develop	only	if	there	is	a	sufficient	
amount	of	alkalis	in	the	concrete	pore	solution	and	a	sufficient	moisture	level	in	the	
concrete and reactive aggregate. 
 The alkali-carbonate reaction (ACR) involves the de-dolomitization (decomposition 
of dolomite into brucite and calcite) of carbonate rocks by strongly alkaline solutions, 
which gives expansive products (Swenson, 1957; Swenson and Gillott, 1964; Deng 
and Mingshu, 1993). The expansion often occurs within the aggregate particle, 
causing cracks and thus deleterious expansion of the mass. Some authors report 
that the dissolution of dolomite could expose silicate minerals initially enclosed in 
the limestone and so produce alkali-silica or -silicate gels (Gillott, 1964; Hudec, 
1990). 
 One of the common points concerning both ASR and ACR is that the alkali 
content in the mixture has to be high if abnormal expansion of the concrete is to 
occur. Knowing that alkali-activated materials (AAM) involve large amounts of 
alkalis	to	activate	the	binder	(slag,	fly	ash,	metakaolin,	etc.),	and	that	the	activators	
used (mainly alkali silicate, alkali carbonate or alkali sulfate) lead to highly alkaline 
pore solutions in the hardened mixtures, many concerns can be expressed in regard 
to AAR.
 This chapter reports the mechanisms of AAR and existing data about the vulnerability 
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of AAM to AAR. The alkali-silica reaction is the principal form of AAR treated here 
since very few results are available for ACR in alkali-activated systems.

15.2 Alkali-silica reaction (ASR) in Portland cement 
concrete

15.2.1 Visual and microscopic manifestations of ASR

The alkali-silica reaction in Portland cement concretes can be found in various 
kinds of structures. Figure 15.1 shows a hydraulic dam in which ASR was detected 
(Sellier et al., 2009). The cracking map pattern is a typical indicator of ASR, and the 
network of cracks appears when the pressure exerted by the gel exceeds the tensile 
strength of the concrete, which is generally about 10% of its compressive strength. 
The expansion can also lead to relative displacements of different portions of the 
structure, which could cause serviceability problems. However, because of the slow 
kinetics of ASR deterioration, the risk of catastrophic failure is low since the reaction 
could	 take	 many	 years	 to	 develop.	 Note	 that	 surface	 deposits	 (efflorescence)	 of	
ASR gel or calcium carbonate can be found along cracks in concrete (Figure 15.1). 
Popouts caused by a fragment breaking out of the surface of the concrete can also 
be seen. They leave a hole that is usually 25–50 mm in diameter.
 At macroscopic scale, the observation of ASR-affected concretes reveals traces 
of gel in pores and at the interface between paste and aggregates (circles on Figure 

Figure 15.1 View of an ASR cracking pattern in a dam. 
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15.2). Reaction rims are also seen around reactive aggregates (arrows on Figure 
15.2). At microscopic scale (Figure 15.3(a), (b)), the reaction products of ASR have 
a	typical	morphology	and	composition	that	can	easily	be	identified	using	scanning	
electron microscopy (SEM) and energy dispersive X-ray spectrometry (EDX). Smooth 
textures are usually characteristic of young gels (Figure 15.3(c)), while older gels 
often crystallize as rosette shapes (Figure 15.3(d)).

Rim

Gel

Gel

30 mm

Figure 15.2 Visual observation of dam concrete affected by ASR (same concrete as Sellier 
et al., 2009). Circles show traces of gel in pores and aggregate prints.

(a)
(b)

(c) (d)

Na

Si

Ca

K Ca

Figure 15.3 Typical morphologies and composition of ASR reaction products obtained with 
scanning electron microscopy (SEM) and energy dispersive X-ray spectrometry (EDX). (a, 
b, c) SEM micrographs and EDX spectrum of ASR gel (cracks were provoked by drying in 
the microscope chamber), (d) Rosette-type morphology of crystallized gel.
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 In the laboratory, the main tests to identify reactive aggregates or reactive concrete 
formulations are based on expansion measurements, although other kinds of tests 
can be performed, such as petrographic examination, chemical tests, etc. Due to 
the long time needed for ASR to develop, these tests usually need to be accelerated 
for laboratory use. The main problem is thus to make sure that the accelerated tests 
do not lead to a denaturation of the phenomenon that could result in misleading 
information. This key point was studied and discussed for several years in the case 
of Portland cement concretes, and it must be expected that the same will happen 
for AAM.

15.2.2 Mechanisms of ASR

The presence of alkalis and reactive silica is necessary conditions for ASR to occur. 
In Portland cement concretes, alkalis come mainly from the cement, but aggregates, 
mineral additives and organic admixtures can also contribute some alkali and are 
usually taken into account. Concrete is usually recognized as being free of abnormal 
expansion due to ASR if the alkali content in the mixture does not exceed 3–5 kg of 
Na2Oeq per m3 of concrete (Rogers and Hooton, 1991; Hobbs, 1993; Thomas et al., 
1996; Shehata and Thomas, 2000). It should be noted that, in the case of AAM, the 
alkali content could reach values of more than 40 kg per m3.
 The different forms of SiO2 that have been reported to be alkali-reactive include opal 
or opaline silica, chalcedony, cristobalite, tridymite, microcrystalline, cryptocrystalline 
and	highly-strained	quartz,	and	amorphous	silica	found	in	volcanic	or	artificial	glasses	
(Sims and Nixon, 2003). Many aggregates in the world can be completely or partly 
composed of one or more of these forms of reactive silica. Most of them are listed 
by RILEM TC 191-ARP (Sims and Nixon, 2003), the main ones being: andesite, 
chert, granite, gneiss, greywacke, siliceous limestone, quartzite, rhyolite, sandstone 
and tuff. The silica in aggregates is composed of siloxane bridges (Si-O-Si), and 
surfaces, both external and internal, are covered with silanol groups (Si-OH).
 ASR in concrete is initiated by the dissolution of the different forms of active 
silicates	present	in	the	aggregate.	Dent	Glasser	and	Kataoka	(1981a,	1981b)	identified	
two mechanisms leading to the dissolution of silica in the concrete environment: 
hydroxyl ion attack of siloxane bridges (Eq. 15.1) and reaction of hydroxide ions 
with silanol groups (Eq. 15.2)

  ∫ Si – O – Si ∫ +20H– Æ ∫ Si – O– + –O – Si ∫ + H2O (15.1)

  ∫ Si – OH + OH– Æ ∫ Si – O– + H2O (15.2)

The negatively charged Si–O– species attracts positive charges such as Na+, K+ and 
Ca2+,	which	diffuse	 into	 the	 reaction	product	 in	sufficient	numbers	 to	balance	 the	
charge on the negatively charged groups. The approximate stoichiometry of the 
reaction product, when considering sodium, would be Na0.38SiO2.19 (Dent Glasser 
and Kataoka, 1981a).
	 The	reaction	product	is	usually	identified	as	a	gel-like	structure	that	has	a	higher	
specific	volume	 than	 that	of	 the	 replaced	SiO2. According to Glasser (1992), this 
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creates swelling pressure, expansion and cracking that are characteristic of the 
alkali-silica reaction. The gel could also permeate through part of the connected 
porous	volume	between	aggregate	and	cement	paste	and	fill	a	part	of	the	connected	
porosity	 (Jones,	 1988).	 Since	 this	 gel	 is	 confined	 by	 the	 cement	 paste	 this	 leads	
to a high internal pressure. Several experiments showed the occurrence of 4 MPa 
osmotic pressures (Pacheco-Torgal and Jalali, 2011). Such tensions are higher than 
the tensile strength of concrete thus leading to concrete cracking. 
 Other hypotheses have been put forward to explain the expansion behaviour 
related to the production of the gel: osmotic pressure (Dent-Glasser, 1979; Diamond, 
1989), double layer theory (Prezzi et al., 1998), crystallization pressure theory (Dron 
et al., 1997), and aggregate swelling theory (Garcia-Diaz et al., 2006). The reader 
is	invited	to	see	the	specific	papers	for	more	information	on	each	topic.

15.3 Alkali-aggregate reaction (AAR) in alkali-activated 
binders – general remarks

A few studies exist on the assessment of alkali-aggregate reaction of alkali-activated 
binders. Most of them use tests such as ASTM C1260, in which the reaction is 
accelerated by keeping mortar samples in 1 m NaOH solution at 80°C for 14 days. 
This test is quite rapid, since the results are available in two weeks, but the conditions 
of the tests are relatively harsh and one can wonder if this test is really representative 
of what can be found in real structures.
 To the best of our knowledge, no in situ tests are reported in the literature for AAR 
of alkali-activated binders, except maybe the tests on some long-term constructions 
in Russia and China reported by Shi et al. (2005), where it was not known whether 
the aggregates were potentially reactive or not.
 The following review separates AAM into two categories with respect to 
their vulnerability to AAR: alkali-activated slag and alkali-alumino-silicate. The 
compositions of the raw materials are very different for the two types of AAM; the 
former contain large amounts of calcium while the latter usually have much less 
of	this	element.	The	presence	of	calcium	could	have	a	significant	influence	on	the	
swelling of cement-based materials containing alkali-reactive aggregates (Diamond, 
1989).

15.4 AAR in alkali-activated slag (AAS)

15.4.1 General trends

The existence of alkali-aggregate reaction in alkali-activated slag is quite controversial 
and the literature remains divergent. Ground granulated blast-furnace slags are 
recognized	 to	be	efficient	 in	counteracting	 the	effect	of	ASR	 in	Portland	cement-
based systems (see, for instance, Hogan, 1983; Thomas and Innis, 1998), and it might 
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be expected that their use as the only binder should lead to limited ASR effects. 
However, the reality is more complicated than that, partly due to the presence of a 
large amount of alkalis in AAS.
 In terms of expansion due to ASR, the literature about AAS can be divided into 
three categories: slight expansion lower than or similar to that of ordinard portland 
cement (OPC), expansion that cannot be neglected but remains lower than in OPC, 
and	significant	expansion	that	is	higher	than	in	OPC.	Figure	15.4	summarizes	these	
different states of expansion, for data available in eight papers taken from the literature 
(Bakharev et al., 2001; Gifford and Gillott, 1996; Chen et al., 2002; Metso, 1982; 
Al-Otaibi, 2007; Fernández-Jiménez and Puertas, 2002; Puertas et al., 2009; Wang 
et al.,	 2010).	 This	 figure	 presents	 the	 ratios	 of	 the	 expansion	 of	 a	 given	mixture	
(mortar or concrete) relative to the limit proposed in the standard used for the test. 
A value higher than 1 means that the expansion was higher than the limit suggested 
in the standard for the mixture to be considered as non-reactive regarding ASR. The 
data	below	the	figure	give	the	main	details	of	the	tests	and	mixtures.	The	black	bars	
represent the mixtures made of OPC, while the grey bars are for alkali-activated 
slag (AAS) systems.
 Although it is almost impossible to generalize about the effect of slag in AAS 
regarding ASR from these data, it is nevertheless possible to point out a few general 
trends. 

•	 It	 can	 be	 seen	 from	Figure	 15.4	 that	AAS	 expanded	 less	 than	OPC,	most	 of	 the	 time.	
Only four AAS mixtures showed expansion higher than OPC (in A1, A2 and D3 of Figure 
15.4). 

•	 On	the	other	hand,	 this	does	not	mean	that	AAS	led	to	negligible	expansion.	In	fact,	of	
the 40 AAS considered (from eight different papers), 11 were above or at the permitted 
expansion limit, i.e. around a quarter of the mixtures.

•	 From	the	different	papers	(detailed	in	the	next	section),	it	can	be	affirmed	that	waterglass	
is usually connected with more expansion than other activators, that the increase of the 
alkali content usually leads to higher expansion, and that the expansion remains under the 
acceptable limit when non-reactive aggregates are used.

However,	it	remains	difficult	to	highlight	the	causes	of	such	results,	because	of	the	
large differences in the experimental parameters (e.g. differences in type of mixtures 
used, tests carried out, etc.). Moreover, several characteristics that would have been 
necessary for the data to be analysed correctly and completely were missing.

15.4.2 Slight expansion, lower than or similar to that of OPC

Al-Otaibi (2007) conducted a study on the durability of alkali-activated slag with 
ground granulated blast-furnace slag. In this study, the author presented several aspects 
of durability including a study of the alkali-silica reaction (ASR). The study lasted 
for up to one year and reported the dimensional changes of eight different concretes 
(specimen size: 7.5 ¥ 7.5 ¥ 28 cm) exposed to a relative humidity of 100% and a 
temperature of 60°C (test in compliance with BSI DD218 Draft:1995, now replaced 
by	BS	812-123:1999).	The	aggregate	was	from	the	Thames	Valley	and	was	identified	
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Figure 15.4 Ratios of the expansion relative to the limit proposed in the standard used for the ASR test, for Portland cement and alkali-activated 
slag systems.

Reference Test Temperature Age of test Std Limit Explanation of the different AAS mixtures
A1, A2 Bakharev et al. (2001) ASTM C 1293 38°C 1 year 0.04% A1: non-reactive aggregate

A2: reactive aggregate
B1 to B5 Gifford and Gillott 

(1996)
CSA A23.2-14A-94 38°C 1 year 0.04% B1: non-reactive aggregate

B2: reactive (ASR) aggregate S1
B3: reactive (ASR) aggregate S2
B4: reactive (ASR) aggregate V
B5: reactive (ASR) aggregate B
AAS activated with Na2CO3 or Na2SiO3

C1 to C3 Chen et al. (2002) based on ASTM C227 38°C 180 days 0.1% C1, C2 and C3: 2, 3.5 and 5% alkalis, respectively
AAS activated with waterglass, NaOH, Na2CO3 or Na2SO4

D1 to D3 Metso (1982) based on ASTM C227 40°C 70 days 0.1% D1, D2 and D3: 3, 8 and 15% of opal, respectively
Two types of slag, activated with 1.5 or 2.4% Na

E Al-Otaibi (2007) BSI Draft DD218 (1995) 60°C 1 year 0.04% AAS activated with sodium silicate or sodium metasilicate, 
with Na2O content of 4 or 6%
Two OPC references: doped and non-doped with alkalis

F Fernández-Jiménez 
and Puertas (2002)

ASTM C1260-94 80°C 16 days 0.1%

G Puertas et al. (2009) ASTM C1260-94 80°C 14 days 0.1%
H Wang et al. (2010) ASTM C1260-94 80°C 14 days 0.1%
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as greywacke, which was recognized to present deleterious expansion attributed to 
ASR. Of these eight mixtures, four were used as references with Portland cement 
(OPC class 42.5 N, w/c = 0.48): 100% OPC, and 60% slag–40% OPC, each being 
cast with and without addition of extra alkalis. AAS concretes were composed of 
slag activated by either sodium silicate (SS) or sodium metasilicate (MET), having 
silicate moduli (Ms) of 1.65 and 1, respectively. Both activators were used to reach 
Na2O contents of 4% (SS4 and MET4) and 6% (SS6 and MET6).
 After a year of measurement, the author concluded (Figure 15.5(a)) that swelling 
was less for AAS and plain references (i.e., without added alkalis) than for the 
alkali-doped concretes (100% OPC and 40% OPC–60% slag). The expansion of 
AAS concretes reached the same order of magnitude as OPC concretes, without 
added alkalis (Figure 15.5(b)). These concretes presented lower expansion than the 
limit	 fixed	 by	 the	 test	 at	 1	 year	 (0.04%),	 although	AAS	 contained	 large	 amounts	
of alkalis. The general trend was that an increase in alkali content, for a given 
activator, led to higher expansions: 0.008% for SS4 as against 0.020% for SS6, and 
0.014% for MET4 as against 0.027% for MET6. In these tests, metasilicate gave 
higher expansions than sodium silicate. The author explained these results on the 
basis of the literature (Talling and Brandstetr, 1989) saying that, in AAS, 80% of 
the alkalis could be combined in the different hydration products and were therefore 
less likely to be involved in an alkali-silica reaction. However, it should be noted 
that the kinetics of expansion was still high after 1 year, especially for higher Na 
contents. This means that the expansion was probably not over and that ASR could 
continue at later ages.
 Wang et al. (2010) carried out a parametric study on the ASR of AAS. They 
activated slag/metakaolin mixtures (mass ratio of 7/3) with solutions of waterglass 
mixed with NaOH. The sand used was a mixture of quartz glass (as active aggregate) 
and standard sand (as non-active aggregate). An accelerated test based on the ASTM 
C1260-94 standard was used for 28 days on the specimen kept in 1 m NaOH at 
80°C.
	 The	study	on	aggregates	showed	a	significant	expansion	of	OPC	for	 the	quartz	
glass and negligible expansion for standard sand after 14 days in 1 m NaOH. The 
expansion results on slag-based geopolymer allowed various observations to be 
made:

•	 All	AAS	mixtures	presented	expansion	lower	than	the	standard	limit	of	0.1%.
•	 A	pessimum	effect	was	highlighted	for	quartz	glass	when	used	at	15%	in	AAS	activated	

with 4% Na2O.
•	 The	increase	in	waterglass	content	(by	Na2O%) from 3 to 5% involved a decrease in the 

expansion,	probably	due	to	a	significant	gain	in	the	compressive	strength	of	the	mortars	
when the Na2O concentration was raised.

•	 At	a	given	Na2O content (5%), the lowest modulus of waterglass (SiO2/Na2O = 1.2) led 
to the lowest expansion.

•	 The	 comparison	 of	 OPC	 and	 AAS	 (5%	Na2O) showed that the former expanded nine 
times more than the latter. According to the authors, the silica of both slag and reactive 
aggregates was dissolved by the activator and reacted rapidly with the alkalis participating 
in the chemical reaction, meaning that alkalis were no longer available for ASR.
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15.4.3 Non-negligible expansion but lower than that of OPC

Metso	(1982)	was	one	of	the	first	to	study	alkali-aggregate	reaction	in	alkali-activated	
slag mixtures. Two kinds of granulated blast furnace slag were used (RRGR and 
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Figure 15.5 (a, b) ASR expansion of concrete mixtures cured at 60°C for 1 year. Mixtures 
were composed of Portland cement (OPC) and 40% cement + 60% slag (OPC40-slag60), 
both with and without added alkalis, and slag activated by sodium silicate (SS) and sodium 
metasilicate (MET) at Na2O contents of 4% (SS4 and MET4) and 6% (SS6 and MET6). Data 
from Al-Otaibi (2007).
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OVGR), differing mainly by their composition: 35.1% SiO2 and 1.89% Na2Oeq for 
RRGR, vs. 40.4% SiO2 and 1.12% Na2Oeq for OVGR. The slags were activated 
using F-admixture at three concentrations of sodium: 1.6%, 2.4% and 3.9% of pure 
Na calculated from the weight of slag. The expansion was compared for mixtures 
composed of a low-alkali Portland cement and an ordinary Portland cement (water/
cement ratio of 0.485). Opal was used in the aggregate, at different rates: 3%, 8% 
and 15% per mass of aggregates. Tests were carried out according to ASTM C277-
71, i.e. curing at 40°C, but also at 20°C and 80°C.
 The main result is summarized in Figure 15.6. A pessimum effect of opal was 
highlighted for OPC and some AAS mixtures. The general trend was that AAS 
expanded less than OPC, especially for low opal content (3%). At 8% opal, only 
slag RRGR at 2.4% Na came close to the reference, otherwise the expansions were 
much lower (although RRGR 1.5% Na was higher than the limit of 0.1%). At 15% 
opal, RRGR at 2.4% Na presented a very high expansion compared to the other 
mixtures, showing that AAS can be highly alkali-reactive. The author concluded 
that different slags may have different behaviour regarding ASR, even if they are 
activated with the same concentration of sodium. He also stated that the increase in 
the amount of Na strengthened the ASR susceptibility.
 Shi (1988) made a study of alkali-activated Portland phosphorus slag cement using 
a rapid autoclave method (from Tang et al., 1989) and found that the expansion of 
a low-alkali-activated slag tested with opal did not exceed the limit value of 0.1%. 
In a later work (Shi, 2003), he stated that alkalis in AAS paste could exist in three 
forms, as for OPC: (1) incorporated into C-S-H, (2) physically adsorbed on the 
surface of hydration products, and (3) free in pore solution. However, unlike OPC, 
the C-S-H from AAS had a very low Ca/Si ratio, and thus a much higher capacity 
to	fix	alkalis.	As	alkalis	were	more	concentrated	in	C-S-H,	it	was	expected	that	less	
free alkali would be available for ASR than originally assumed. A series of studies 
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Figure 15.6 Expansion at 70 days of mortars made with 3, 8 and 15% opal. Comparison 
of OPC with AAS from two different slags activated at 1.5 and 2.4% Na. Data from Metso 
(1982).
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involving Pu and Yang (Pu and Chen, 1991; Pu and Yang, 1994; Yang, 1997; Yang 
et al., 1999) were carried out in the 1990s on the alkali-aggregate reaction in alkali-
activated slag cements. Pu and Chen (1991) and Yang (1997) noted that the addition 
of silica fume could eliminate expansion caused by AAR in AAS. Moreover, the use 
of	30–50%	of	low-calcium	fly	ash	was	found	to	reduce	the	expansion	of	AAS	cement	
below the accepted limit (Yang, 1997). Pu and Yang (1994) made a study using a 
rapid autoclave method (from Tang et al., 1989) and arrived at the conclusion that 
AAR took place in AAS matrices, the expansion due to this reaction depending on 
the activator used and the reactive aggregate content. Thus in NaOH-based slags, 
non-destructive expansion was found with up to 15% of reactive aggregate, whereas 
in carbonate or sodium silicate-based systems, the reactive aggregate content could 
be much higher, i.e. up to 50%. Yang (1997) and Yang et al. (1999) investigated 
several factors affecting the alkali-aggregate reaction, such as the basicity of slags 
or the concentration of activator. The main conclusions were as follows:

•	 The	 expansion	 developed	 mainly	 during	 the	 first	 30–60	 days	 and	 reached	 a	 plateau	
thereafter, whatever activator used. Furthermore, this expansion increased with the alkali 
concentration or the basicity of slags, or the reactive aggregate content (up to 30%).

•	 For	an	equal	NaOH	content,	 it	was	found	that	the	sodium	silicate-activated	slag	cement	
showed the highest expansion (up to 0.25% with 30% of silica glass) and the NaOH-
activated slag cement the lowest expansion (up to 0.05% with 30% of silica glass).

•	 When	reactive	aggregate	content	was	less	than	5%,	the	expansion	of	alkali-activated	cement	
systems was within the expansion limit, regardless of the alkali dosage and the nature of 
activators.

In 1996, a study conducted by Gifford and Gillott (1996) addressed the alkali-silica 
reaction (ASR) and alkali-carbonate reaction (ACR) in alkali-activated slag (AAS) 
concretes. AAS was made of a slag (containing SiO2 = 33.5%, Al2O3 = 12.5%, CaO 
= 39.3%, MgO = 11.7%, Na2Oeq	=	0.8%	by	mass,	Blaine	fineness	=	340	m²/kg)	and	
an activator composed of either sodium silicate or sodium carbonate dissolved in 
mixing water to reach 6% of Na2Oeq per mass of slag. The comparison was made 
with concretes formulated with Portland cement (CSA Type 10), w/c ratio of 0.43, 
and an alkali content boosted with a NaOH solution to obtain an Na2Oeq of 1.25% 
(by mass of cement). Six sources of Canadian aggregate were used: one non-reactive 
aggregate, four siliceous aggregates (potentially reactive to ASR) and one dolomitic 
limestone (potentially reactive to ACR). The study was conducted according to 
CSA A23.2-14A-94, on 7.5 ¥ 7.5 ¥ 30.5 cm prisms cured at 38°C and 100% RH 
over a period of one year. The expansion limit for the concrete to be considered as 
non-reactive was 0.04%.
 The expansion measurements on specimens at 1 year (Figure 15.7) showed that 
all OPC concretes with reactive aggregates led to abnormal expansions, exceeding 
the 0.04% limit of the standard. Concerning AAS, concretes exhibited expansions 
significantly	 lower	 than	 those	displayed	by	 the	OPC	concretes.	However,	 as	 seen	
in Figure 15.7, two of the reactive aggregates (S2 and B) led to expansions higher 
than the standard limit, for both types of activator (without being able to conclude 
which was the worse activator regarding ASR). 
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Figure 15.7 Expansion at 1 year of OPC and AAS concretes cured at 38°C and containing 
one non-reactive and four ASR-reactive aggregates. Data from Gifford and Gillott (1996).

 The available data did not allow the reasons for such results to be fully understood. 
However, the high alkalinity of AAS was thought to lead to a rapid dissolution of 
reactive silica in the aggregates during the early period of hardening. Moreover, it 
was supposed that the viscous alkali-silica gel could be more easily accommodated 
in the porosity of AAS systems than in OPC concrete.
 It should be noted that this study also evaluated one aggregate (dolomitic 
limestone)	regarding	alkali-carbonate	reaction.	The	results	showed	very	significant	
damage on the OPC and even more visible damage was observed on AAS with 
the same aggregates, with an expansion twice that of the cement (OPC = 0.305%, 
Na2CO3-activated AAS = 0.720% and Na2O.SiO2-activated AAS = 0.617%). The 
authors concluded that ACR was due to the increased alkalinity of AAS systems, 
which could involve dedolomitization and subsequent swelling of dry clay minerals 
when they were exposed to water.
 Fernández-Jiménez and Puertas (2002) made AAS using Spanish granulated blast 
furnace	 slag,	with	 a	 specific	 surface	 area	of	460	m2/kg, mixed with a solution of 
NaOH (4% Na2O per mass of slag). The solution/slag ratio was 0.57. The aggregate 
used was opal with a reactive silica content of 21%. The comparison was made with 
CEM I 42.5. The authors used standardized test ASTM C1260-94, with specimens 
(2.5 ¥ 2.5 ¥ 23 cm) stored at 80°C in containers with deionized water or 1 m NaOH 
solution.
 They found that, for the same storage conditions, cement showed higher expansion 
than AAS, while for the same matrix, conservation in 1 m of NaOH solution was 
more likely to trigger swelling. At 16 days, OPC in the NaOH solution had almost 
reached the expansion limit of 0.1%, while AAS in similar conditions was still in a 
shrinkage phase (Figure 15.8). It took close to 80 days for AAS to achieve 0.1% of 
expansion, but the mortar continued to swell until the end of the test, at 140 days. 

NR: Control–crushed dolostone (innocuous)
S1: Partly crushed gravel (–75% reactive quartz-bearing particles)
S2: Crushed siliceous limestone (small amount of microscopic chalcedony, black chert)
V: Crushed gravel (small amount of chert particles)
B: Crushed gravel (small amount of chert particles)
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The expansion of OPC and AAS in water (80°C) was not critical up to 140 days. 
The SEM analysis of AAS showed a good paste-aggregate interface with some 
microcracks, most numerous in the case of NaOH immersion. The main reaction 
product of AAS in the two curing conditions was calcium silicate hydrate but, in the 
case of AAS-NaOH, some rosette crystals typical of ASR were found. 
 It was deduced from these tests that, without external alkali supply, AAS does 
not swell. In contrast, an external alkali supply (e.g. 1 m NaOH solution) leads to 
the formation of a reaction product typical of ASR and probably contributing to the 
expansion of the specimen. The fact that the swelling produced in AAS was slower 
than for OPC was attributed to the competition for alkalis between the slag and the 
reactive aggregate. The authors concluded that the accelerated test used (80°C in 
1 m NaOH) was probably unsuitable for the study of ASR in AASs, due to their 
slower	rate	of	expansion	in	the	first	days	of	the	test.
 Chen et al. (2002) studied the behaviour of different alkali-activated slag cements 
(AAS) in the presence of ASR-reactive aggregates. They used three different blast 
furnace slags, named S1 (basic slag), S2 (neutral slag) and S3 (acid slag), and 
comparison was made with an ordinary Portland cement. Alkaline activation of the 
slag was achieved using four different solutions: Na2CO3, NaOH, Na2SO4 and an 
industrial waterglass solution (modulus 3.29). The reactive aggregates used in this 
study were quartz glass, previously crushed and sieved, and non-reactive aggregates 
were standard Chinese sand. Six samples of each mixture were prepared (dimensions 
10 ¥ 10 ¥ 60 mm), with a cement/aggregate ratio of 1:2.25 and w/c of 0.4. They 
were	kept	at	20°C	and	RH	of	95%	for	the	first	24	h.	After	the	initial	measurements,	
the samples were placed in a sealed container at 38°C and 95% RH.
 The main results and conclusions were as follows:
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Figure 15.8 Expansion of OPC and AAS mortars kept in 1 m NaOH at 80°C. Data from 
Fernández-Jiménez and Puertas (2002).
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•	 Whatever	the	amount	of	alkali,	the	type	of	reactive	aggregates,	or	the	aggregate	size,	the	
maximum expansion was always reached for the system with waterglass, while the lowest 
expansion was always measured for the NaOH system. 

•	 The	expansion	increased	with	the	quantity	of	alkalis	used	in	the	mixtures.	For	 instance,	
the expansion of the AAS–waterglass mortar increased from 0.04% to 0.16% when the 
amount of alkali changed from 2% to 6.5%. However, it was pointed out that no expansion 
measured for an alkali content equal to or less than 5% exceeded 0.1%, and such expansions 
were therefore probably not destructive.

•	 The	basic	slag	(S1)	resulted	in	the	greatest	expansion	(0.08%	at	180	days),	while	the	use	of	
acid	slag	(S3)	significantly	reduced	the	expansion	(0.03%	at	180	days),	neutral	slag	giving	
an intermediate value of 0.5% after the same time. The authors therefore concluded that 
the use of acid slag should be recommended to reduce the impact of the AAR, knowing 
that it might decrease the activity of the AAS.

•	 The	expansion	of	AAS	mixtures	was	systematically	lower	than	that	of	OPC.	The	authors	
explained	 this	 difference	 in	 behaviour	 by	 means	 of	 three	 reasons/mechanisms:	 firstly,	
since slags are inhibitors of AAR, and as they are the main component of AAS, it would 
make sense that the expansion should be smaller than in OPC; second, the alkali of AAS 
participated in an independent reaction leading to the formation of alkaline hydrate and 
thereby reduced the amount of free alkali; and third, the gel formed in the AAS absorbed 
alkalis	very	strongly,	which	significantly	reduced	the	free	alkali	activity.

Puertas et al. (2009) studied the effect of aggregate type on the AAR behaviour of 
alkali-activated slag (AAS) compared to OPC mortars. The slag (vitreous content of 
99%) was activated by a waterglass solution containing 4% Na2O by slag mass and a 
SiO2/Na2O ratio of 1.08. Three types of aggregates were used: two calcareous sands 
(reactive and non-reactive) and one siliceous sand. AAR tests were run according to 
the ASTM C1260-94 standard (2.5 ¥ 2.5 ¥ 28.7 cm specimens) at 80°C in 1 m solution 
of NaOH. Volume stability, compressive strength, microstructural and mineralogical 
characterization were monitored for up to 4 months on OPC and AAS samples.
 The results showed the following:

•	 At	 14	 days,	 the	 expansion	 of	 OPC	mortar	 with	 siliceous	 aggregate	 was	 3.6	 times	 the	
accepted	limit	fixed	by	the	standard	(0.36%	vs.	0.10%).	For	the	same	age	and	aggregate,	
the AAS mortar was at the limit of 0.10%. So even though the expansion of AAS was 
much lower than that of OPC, it cannot be considered negligible. The expansion of these 
two mortars continued up to 4 months and was still in progress at the end of the test. The 
compressive strength of OPC and AAS siliceous mortars decreased between 14 days and 
4	months.	SEM	observations	confirmed	that	the	aggregate	was	attacked	for	OPC	and	AAS	
in accelerated conditions. The ASR gels in AAS mortars looked like rosettes, with a lower 
concentration of calcium than OPC ASR gels.

•	 The	expansions	at	14	days	and	4	months	for	calcareous	aggregate	mortars	were	very	low,	
for both OPC and AAS mixtures. SEM study showed that the surface of the non-reactive 
calcareous aggregate was attacked, which resulted in the formation, at the paste/aggregate 
interface, of a whiteish gel having a high calcium content. This gel improved cohesion 
between paste and aggregate and explained, according to the authors, the low porosity 
and high strength of AAS mortar. Finally, although no adverse effects were observed on 
the strength with the reactive calcareous sand, the SEM observations showed that alkali-
calcareous aggregate reactions did take place after 14 days.
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Krivenko et al. (2013) studied the mechanisms of AAR prevention in slag-based 
systems. Five different aggregates (olivine, basalt, andesite, perlite and quartz) 
were used for the tests. The alkaline activation of the mixtures was achieved by 
using sodium carbonate and sodium metasilicate pentahydrate. The expansion 
tests, carried out on mortar specimens (2.5 ¥ 2.5 ¥ 28.5 cm) at 100% RH and two 
temperatures (38°C and 70°C), showed that the alkali-activated slag cement (2.5% 
Na2Oeq) presented:

•	 expansions	 much	 lower	 than	 the	 critical	 expansion	 limit	 for	 both	 tests,	 the	 maximum	
expansion obtained (for andesite aggregate) being less than 25% of the acceptable limit; 
the use of 15% of metakaolin in the mixtures led to zero-expansion or even to a slight 
shrinkage for all aggregates;

•	 higher	expansion	than	low-alkali	Portland	cement	(0.22%	Na2Oeq), but this expansion was 
still considered as admissible since it was well below the critical expansion limit;

•	 much	lower	expansion	than	high-alkali	Portland	cement	(1.3%	Na2Oeq) and alkali-activated 
slag Portland cement (60% of slag by mass and 2.5% of Na2Oeq), especially for highly 
reactive aggregates (andesite).

Low expansion in alkali-activated slag mortars was attributed to the active Al2O3 
contained in the slag glass (and probably in metakaolin when this additive was 
used). SEM observations of the ITZ showed the formation of alkaline aluminosilicate 
zeolite-like hydrates (Na2O	•	Al2O3	•	mSiO2	•	nH2O), favoured by the high alkali 
content and the presence of aluminium oxide. This dense, sound, impermeable hydrate 
formed a shell around the aggregate grains, which could stop further development 
of the destructive reaction. Therefore the free aluminium was believed to play a 
very	 important	 role	 in	 these	 systems	 because	 it	 would	 significantly	 control	 the	
structure of the gels formed, and thus determine whether the gels were destructive 
or	beneficial.

15.4.4 Significant expansion higher than OPC

Hakkinen (1986) studied the properties of alkali-activated slag concrete and found that 
the expansion of AAS increased as the alkali content increased from 2.2% to 5.3% 
for an opal content of 8%. But when the amount of alkali was about 2% by mass of 
slag (typical alkali content for this kind of concrete), the measured expansion was 
not higher than in OPC. This study also showed that the expansion increased when 
the opal content increased (from 3 to 15%) for a given alkali content of 2.4%. So 
the conclusion was that the expansion was associated with the pessimum SiO2/Na2O 
ratio of alkali-silica reaction gel. This was in agreement with the result obtained 
by Hobbs (1988) who noted that the pessimum ratio varied with the aggregate-to-
cement ratio, and Zhang and Groves (1990) who found that the pessimum SiO2/
Na2O ratio was around 12–13.
 Bakharev et al. (2000) used the ASTM C 1293 standard for a 22-month study 
of concrete prisms (7.5 ¥ 7.5 ¥ 28.5 cm) cured in moist conditions at 38°C. All 
concretes were designed to reach 40 MPa at 28 days. They were made of either 
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reactive coarse aggregates from Queensland (Australia) or non-reactive aggregates. 
The	blast	furnace	slag,	supplied	with	2%	blended	gypsum,	had	a	basicity	coefficient	
(CaO + MgO/SiO2 + Al2O3)	of	0.93	and	was	ground	 to	 a	fineness	of	460	m

2/kg. 
It was activated by a solution of sodium silicate and sodium hydroxide having a 
modulus (mass ratio of SiO2 to Na2O) of 0.75. The prepared AAS concrete contained 
4% Na by mass in proportion to slag. The reference concrete (w/c = 0.5) was made 
with Portland cement.
 The main conclusion of these tests was that AAS concrete was more likely to 
be deteriorated by ASR than OPC. The results of the dimensional change over time 
showed	 a	 significant,	 fast	 expansion	 of	 AAS	made	 with	 reactive	 aggregates,	 the	
limit of 0.04% indicated by the standard being reached in less than 2 months. In 
contrast, expansion of OPC did not exceed 0.025% at 12 months and specimens did 
not present any visual damage at 22 months, whereas surface cracks were visible 
for AAS. Although the 0.04% limit was not reached for AAS in the case of non-
reactive aggregates, the expansion could not be neglected (0.025% at 22 months), 
as it was higher than that of the OPC reference. Evidence of ASR reaction products 
in	 the	 matrix	 was	 confirmed	 by	 SEM-EDX,	 showing	 the	 presence	 of	 an	 alkali	
silica gel (containing Si, O, Ca, Na, K) which was found at the interface with the 
aggregates. According to the authors, the greater expansion of AAS compared to 
OPC was explained by the very high concentration of alkalis in the pore solution. 
However, they claimed that expansion in slag concretes could be mitigated by their 
rapid strength development.

15.5 AAR in alkali-activated fly ash and metakaolin

In	 contrast	 to	 the	 findings	 for	 alkali-activated	 slag,	 almost	 all	 the	 papers	 in	 the	
literature agree that the use of alumino-silicate as a raw material usually involves 
less abnormal swelling due to AAR, even with very reactive aggregates.
 Between 1994 and 2005, Davidovits reported a series of experiments comparing 
the AAR behaviours of OPC and geopolymer. In 1994, he pointed out that, according 
to the ASTM C227 standard, no deterioration due to expansion should appear in 
geopolymers, although they contain more than 9.2% alkali (Davidovits, 1994). In the 
author’s opinion, the explanation was provided by 29Si and 27Al NMR tests, which 
showed that the geopolymers were the synthetic analogues of natural pozzolan, well 
known for effectively suppressing the effects of alkali-aggregate reaction. A few 
years later, Davidovits et al. (1999) used an accelerated expansion test in a saturated 
NaCl	bath	to	show	that	a	geopolymer	with	10%	alkali	content	reached	only	a	fifth	
of the expansion experienced by mortar made with a CEM I 42.5R cement (0.05% 
vs.	0.25%	at	14	days).	Davidovits	(1999,	2005)	again	confirmed	the	conclusion	of	
his previous work, by presenting a curve where zero expansion was found for a 
potassium based geopolymer (9.2% alkali content) subjected to the ASTM C227 
accelerated test.
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15.5.1 Alkali-activated fly ash systems

Two	studies	partly	or	totally	dedicated	to	ASR	of	activated	fly	ash	(AAFA)	systems	
were carried out by Fernández-Jiménez et al. (2007) and García-Lodeiro et al. 
(2007). The authors used a standardized test (ASTM C1260) to evaluate the ASR 
of AAFA systems compared to one containing Portland cement, by measuring the 
dimensional variation of 2.5 ¥ 2.5 ¥ 28.5 cm samples immersed in a 1 m solution 
of	sodium	hydroxide	at	85°C	(instead	of	80°C	as	specified	in	the	standard).	In	OPC	
systems, the expansion must be below 0.1% after 16 days of immersion to indicate 
innocuous behaviour in most cases.
 In the work of Fernández-Jiménez et al. (2007), the expansion tests were carried 
out with a siliceous sand composed of quartz and calcite, commonly used to make 
concrete in Spain and regarded as non-reactive. García-Lodeiro et al. (2007) studied 
the behaviour of three different types of mortar for OPC and AAFA systems: one 
containing	the	non-reactive	siliceous	sand,	one	made	of	opal	sand,	and	finally	one	
that was a mixture of 90% non-reactive sand and 10% opal sand.
 The binder in the Portland cement references was a CEM I with low alkali content 
(Na2Oeq	of	0.46%).	AAFA	mortars	were	made	with	two	similar	Spanish	Type	F	fly	
ashes, with low calcium content (CaO = 3.21% and 2.44%) and a SiO2/Al2O3 ratio 
around 2.1. The activating solution was composed of an 8 m NaOH solution or a 
mixture of 85% 12.5 m NaOH + 15% sodium silicate (SiO2/Na2O = 0.16). The sand/
binder mass ratio of the mortars was 2.25 and the liquid/solid ratio was 0.47. The 
mortars were initially cured for 20 h at 85°C and a RH of 99%. The details of the 
mortar mixtures are given in Table 15.1.

Table 15.1 Mixture details for ASR expansion tests (ASTM C1260: 
85°C in 1 m NaOH) carried out by Fernández-Jiménez et al. 
(2007) and García-Lodeiro et al. (2007) on Portland cement and 
alkali-activated fly ash systems

Ref Mixture Sand Binder Activator Sand/
binder

Liquid/
solid

A
Fernández-
Jiménez et al. 
(2007) 

OPC NRa CEM I – 2.25 0.47

AAFAN Fly ash A 8m NaOH

AAFAW 85% 12.5m NaOH
15% sodium 
silicateb

B
García-
Lodeiro et al. 
(2007)

OPC1 NR CEM I –

AAFA1 Fly ash B 8m NaOH

OPC3 90% NR
10% opal

CEM I –

AAFA3 Fly ash B 8m NaOH

a NR: non-reactive siliceous sand.
b SiO2/Na2O = 0.16.
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 The expansion results for immersion of up to 16 days are given in Figure 15.9(a). 
The tests were prolonged to 90 days (García-Lodeiro et al.,	2007	–	B	in	the	figures)	
and 180 days (Fernández-Jiménez et al.,	2007	–	A	in	the	figures),	as	shown	in	Figure	
15.9(b).
 It was seen that all reference mortars with Portland cement showed very high 
expansions, the value of 0.1% being exceeded before the ninth day. The expansions 
of more than 0.20% at 16 days after casting were indicative of potentially deleterious 
expansion, according to ASTM C1260. The maximum expansion was obtained for 
OPC3, which contained 10% of opal (pessimum effect of this aggregate; Hobbs, 
1988). It is noteworthy that the siliceous sand, considered by the authors as non-
reactive, presented much higher expansion values than the limit imposed by the test. 
This could be due to the presence of cryptocrystalline quartz in its structure.
	 Generally	 speaking,	 the	 alkali-activated	 fly	 ash	mortars	 presented	much	 lower	
expansions than their OPC replicate. However, it cannot be stated that AAFA systems 
are completely safe regarding ASR swelling. On the one hand, some results were 
indicative of innocuous behaviour (expansion < 0.1% at 16 days), for instance AAFA 
mixtures with siliceous sand as the sole aggregate and NaOH as the sole activator. 
On the other hand, a few AAFA mortars showed disturbing behaviour:

•	 AAFAW,	containing	 a	 siliceous	 sand	 and	 an	 activator	made	of	15%	of	 sodium	silicate	
and 85% of 12.5 m	NaOH,	showed	significant	expansion	in	the	first	days	of	the	test,	and	
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Figure 15.9	Expansion	of	mortars	made	of	Portland	cement	(OPC)	or	activated	fly	ash	(AAFA)	
up to 16 days (a) and 180 days (b), according to ASTM C1260 (85°C in 1 m NaOH). Data 
from Fernández-Jiménez et al. (2007) (A) and García-Lodeiro et al. (2007) (B).
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followed a trend similar to that of OPC. However, no surface cracking was seen after 16 
days. According to the authors, the conditions of the accelerated test may have caused the 
formation of ASR-expansive products and/or zeolites that were believed to be the cause 
of a certain amount of stress, which would contribute to the expansion detected.

•	 AFAN,	composed	of	a	siliceous	sand	and	activated	by	a	8	m NaOH solution, presented 
an increase in its kinetics of expansion after 100 days, raising the question of whether the 
ASR was only delayed. However, it should be said that 100 days at 85°C in 1 m NaOH 
solution could represent a very long period of in situ conservation.

•	 AAFA3,	made	of	10%	opal	sand,	had	an	expansion	slightly	higher	than	the	limit	of	0.1%	
at 16 days.

•	 The	expansion	results	of	AAFA2,	containing	100%	opal	sand	and	activated	by	an	8	m NaOH 
solution, were not presented in the paper due to the early deterioration of the specimens. 
This was probably caused by an almost immediate dissolution of highly reactive silica from 
the opal, as proved by the disappearance of the characteristic XRD peak of this mineral 
(see Figure 15.9 – B, from García-Lodeiro et al., 2007).

In both papers, studies were also made with SEM/EDX and XRD to better understand 
the mechanisms of ASR in OPC and AAFA matrices. OPC systems (García-Lodeiro 
et al., 2007) showed the presence of gel with high sodium concentration at 16 days 
and gel morphology such as ‘rosette’, ‘pseudo-rosette’ or ‘rod’ at 90 days. A decrease 
in the portlandite content, characterized by a decrease of XRD-peak intensities, was 
found between 16 and 90 days. This was interpreted as an incorporation of calcium 
in the ASR gels. 
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 In AAFAN, SEM observations at 16 days did not reveal the formation of 
the gel structure typical of ASR, but crystalline phases of zeolites were found: 
hydroxysodalite, herschelite and zeolite P (Fernández-Jiménez et al., 2007). The 
presence of zeolite P was explained by the very aggressive conditions to which the 
specimens were subjected. At 180 days, SEM observation showed small amounts of 
alkali-silicate gel containing calcium (Ca/Si = 0.15 and Na/Si = 0.72) with pseudo-
rosette morphology, and a supplementary zeolite phase: analcime (Si/Al = 2.40 and 
Na/Al = 1.26) (Fernández-Jiménez et al., 2007). This might explain the increase in 
the kinetics of expansion of this mortar after 100 days.
 For AAFA1, García-Lodeiro et al. (2007) mainly found an amorphous phase 
without calcium at 90 days and the presence of zeolites P, but also very few alkali-
aggregate reaction products with pseudo-rosette morphology. The same observations 
were made for AAFA3, with a greater amount of zeolite, probably due to the 10% 
of highly reactive silica introduced by the opal.
 Although some evidence of an attack of the aggregates was found in the case of 
AAFA, expansions were lower than in OPC systems. According to the authors of 
these papers, this could be for a variety of factors:

•	 A	deficiency	in	calcium,	which	plays	an	essential	role	in	ASR,	as	already	stated	in	various	
studies (Dent Glasser and Kataoka, 1982; Chatterji, 1979; Thomas, 1998). Several authors 
(Bleszynski and Thomas, 1998; Shehata and Thomas, 2000) proved that the addition of 
Ca(OH)2 promoted ASR-induced expansion and others (Hou et al., 2004) revealed a direct 
relationship between portlandite uptake and the formation of ASR gels.

•	 Alkali-silicate	 gel	 with	 pseudo-rosette	 morphology	 would	 be	 sufficiently	 fluid	 to	 seep	
through	cracks	and	partially	or	completely	fill	the	gaps	in	the	matrix,	thereby	attenuating	
expansion.

•	 The	increased	zeolite	concentration	due	to	the	ASR	would	not	be	harmful	because	zeolites	
normally form as a precipitate in the pre-existing pores in the matrix, so their growth would 
not cause stress that could lead to the formation of cracks. 

However, it must be kept in mind that more realistic conditions of conservation 
(than 85°C in 1 m	NaOH	solution)	 still	 need	 to	be	 tested	 to	 confirm	 the	possibly	
innocuous	behaviour	of	alkali-activated	fly	ash	systems.

15.5.2 Alkali-activated metakaolin systems

Results for metakaolin-based geopolymers are scarce. Li et al. (2005, 2006) compared 
the	ASR	behaviour	of	cement-based	binders	(Portland	cement	and	slag,	fly	ash	and	
silica	fume)	to	that	of	one	geopolymer	composed	of	metakaolin,	fly	ash,	silica	fume	
and alkali-activator. The alkali content in the geopolymer reached 12.1%. The reactive 
aggregate was a crushed quartz glass with an amorphous silica content of more than 
90%. The ASR test was based on ASTM C441, itself based on ASTM C227 (38°C). 
The results showed that the higher expansions were obtained for mortars containing 
Portland cement only, followed by mixtures with pozzolans (65–82% reduction of 
expansion). The geopolymer mortar, which contained a much higher alkali content 
than OPC-based mortars (12.1% vs. less than 1%), led to negligible length variations 
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(0.01% at 14 days and –0.03% at 90 days). According to the authors, ‘geopolymer 
does not generate any dangerous alkali-silica reaction’ since there would not be 
enough free alkalis to react with the reactive aggregate and thus produce alkali-silica 
gel, because Na+ and K+	are	fixed	 in	 the	framework	cavities	of	SiO4 and AlO4 to 
balance the negative charge of Al3+.
 Experiments have recently been performed in our laboratory on the ASR reactivity 
of	 geopolymer	 made	 of	 flash-calcined	 metakaolin	 in	 the	 presence	 of	 aggregates	
with different reactive silica contents in comparison with OPC. The raw material 
used	 in	 this	 study	was	 a	metakaolin	made	with	 a	 ‘flash’	 calcination	 (temperature	
around 700°C for a few tenths of a second) and the activation was achieved with a 
commercial waterglass solution (Na2O	•	nSiO2	•	mH2O) having a SiO2/Na2O ratio 
of 1.68. The OPC mortar was composed of CEM I 52.5 N having a w/c ratio of 0.5. 
The alkali concentration was boosted to 8 kg/m3 by adding pure KOH during the 
preparation to ensure the reactivity of the aggregates. To make the study exhaustive, 
five	aggregates	of	different	natures	and	compositions	were	chosen:	one	was	selected	
for its low reactivity regarding ASR (quartz), while the other four were aggregates 
recognized to be alkali-reactive (quartzite, siliceous limestone, crushed glass and 
alluvial sand with opal). An accelerated test was carried out on each specimen, in 
which the size, mass and dynamic Young’s modulus were monitored over time for 
up to 250 days, with a cure at 60°C in a humid environment. Figure 15.10 presents 
the evolution of the expansions measured over time for each sand and binder used. 
The results clearly show a large difference in behaviour between the two binders 
from the beginning of the test. The expansions measured for the geopolymers varied 
between –0.02% and 0.03%, while the variations found for OPC were between 
0.04% for the least reactive aggregate and almost 0.3% for sand containing opal. 
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Figure 15.10 Expansion at 60°C of mortars composed of Portland cement or alkali-activated 
metakaolin (geopolymer), and containing different kinds of alkali-reactive aggregates.
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Further analysis by SEM showed the presence of amorphous alkali-silicate gel at the 
interface between the geopolymer and the crushed glass aggregates (Figure 15.11). 
These	results	indicate	that	flash-metakaolin-based	geopolymer	seemed	to	resist	ASR	
better than Portland cement mortars did. A gel formation at the interface between 
the geopolymer paste and the alkali-reactive aggregates seems probable but, unlike 
in OPC, would not be expansive.

Glass aggregate

Gel

Geopolymer
paste

Figure 15.11 SEM micrograph of an amorphous alkali-silicate gel at the interface between 
MK-geopolymer and crushed glass aggregates. Mortar kept at 60°C for 250 days.

15.6 Future trends

Many important topics require further research:

•	 Since	 the	 interest	 in	AAM	 is	 continuing	 to	 increase,	 these	materials	 need	 to	 be	 further	
characterized regarding durability aspects such as AAR, in order to arrive at standards 
that will help their use in concrete. There are currently not enough experimental results 
(in situ and at a laboratory scale) for general conclusions to be drawn on the behaviour 
of AAM with respect to alkali-aggregate reaction.

•	 The	results	of	accelerated	tests	need	to	be	compared	with	the	in-situ behaviour of concrete in 
real structures. It has been pointed out that accelerated tests are sometimes far from reality, 
so	feedback	from	experience	is	still	necessary	to	confirm	the	laboratory	conclusions.

•	 Mechanisms	 explaining	 why	 AAM	 are	 sometimes	 affected	 (or	 not)	 by	 AAR	 need	 to	
be	 assessed.	Some	hypotheses	have	been	put	 forward	but	most	 of	 them	 lack	 sufficient,	
convincing proof.

•	 Since	calcium	is	crucial	in	ASR,	calcium-based	alkali-activated	materials	deserve	a	special	
attention concerning ASR mitigation measures.
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•	 Mathematical	 models	 for	 AAR	 should	 complement	 the	 models	 already	 developed	 for	
Portland cement-based materials. These models could help in understanding and predicting 
the behaviour of AAM regarding the durability of concrete. 

15.7 Sources of further information

This chapter has presented an overview of the susceptibility of alkali-activated 
binders to AAR, based on the knowledge currently available in the literature. Further 
information on this subject may be found in books devoted to AAM, such as those 
by Shi et al. (2005) and Provis and van Deventer (2009).
 AAR is also being considered by the 5-year RILEM Technical Committee 247-DTA 
(Durability testing of alkali-activated materials), chaired by Professor John L. Provis 
and initiated in 2012. It is anticipated that the working groups will deliver a set of 
recommendations based on round-robin tests of standardized alkali-activated material 
mix	designs	according	to	specific	AAR	testing	protocols.	The	recommendations	will	
focus on answering the following questions:

•	 What	is	the	best	method	for	testing,	in	a	laboratory	environment,	the	likely	AAR	durability	
of	an	alkali-activated	binder	or	concrete	according	to	specific	modes	of	degradation?

•	 Which	parameters	of	mix	design	and/or	sample	conditioning	show	the	greatest	impact	on	
the	test	outcomes,	and	how	do	these	correspond	to	likely	in-service	performance?

•	 What	 recommendations	can	be	made	 for	 the	 formulation	of	an	alkali-activated	material	
that	is	as	resistant	as	possible	to	AAR?
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16The fire resistance of alkali-
activated cement-based 
concrete binders
D. Panias, E. Balomenos, K. Sakkas
National Technical University of Athens, Athens, Greece

16.1 Introduction

Fire played and still plays an important role for all cultures and religions. It has 
several symbolic meanings, from inspiration to hell, and has been regarded as the 
means that can warm and illuminate but at the same time can cause pain and death to 
human beings. Therefore, the fear of uncontrolled fires and the attempt to avoid their 
consequences were and still remain an important objective for human civilization. 

16.1.1 Fire and consequences 

The consequences from uncontrolled fire incidents are enormous for human life as 
well as human assets. The US National Fire Protection Association reported (Domich, 
2004) that in 2002 almost 1.7 million fires took place in the United States, causing 
3380 deaths, over 18,000 injuries and US$10.3 billion economic losses. In addition, 
fires in underground constructions cause tremendous disaster putting at risk the lives 
of many people and having enormous economic consequences (Beard and Carvel, 
2005; Sakkas et al., 2013a) as can be seen in Table 16.1, where a number of serious 
accidents recorded internationally since 1996 is reported.
 Besides the impacts on human lives and assets, fires can cause significant damage 
to physical structures (Khoury, 2000; Phan, 2008; Peng et al., 2006; Sakkas et al., 
2013b). The two most sensitive components of every construction are the structural 
concrete and steel. Although concrete is an incombustible material, it suffers serious 
damage during a fire incident (concrete spalling and mechanical properties degradation) 
that is caused by the spontaneous release of great amounts of heat and aggressive 
fire gasses. Concrete spalling phenomena and substantial reduction of concrete 
mechanical strengths can normally be observed at temperatures higher than 300°C 
(Sakkas et al., 2013b). Structural steel (A36 and A992) and high strength alloy steels 
lose approximately 10% of their strength upon heating to 315°C, undergo significant 
deformations upon heating at temperatures higher than 430°C and generally are 
considered to have undergone structural disintegration at temperatures between 550 
and 600°C (Sakkas et al., 2013b; Edwards and Gamble, 1986; FPPR, 1994). 
 The avoidance of the harmful and destructive effects of fire within a construction 
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is the subject of fire engineering that applies science and engineering principles to 
improve the fire resistance of constructions and to eliminate simultaneously the 
severity of fire incidents. One of the disciplines of fire engineering is the passive 
and active fire protection of constructions.

16.1.2 Passive and active fire protection

The protection of constructions against fires necessitates a holistic approach 
combining the application of active and passive fire protection methods as well as 
management systems (such as evacuation procedures, communication procedures, 
compartmentalization, smoke extraction, etc.). The active fire protection measures 
operate only in the event of a fire. By definition, active systems require to be switched 
on, either by manual or automatic means, to be effective. The most common forms 
of active fire protection used in constructions are fire suppression systems (fire 
extinguishers and water sprinklers), fire detection systems and hypoxic air as well 
as ventilation systems (Beard and Carvel, 2005; Brinson, 2010; Mawhinney and 
Trelles, 2010; Chiti, 2011). On the other hand, passive fire protection measures 
are those related to the features of the construction itself. They are an integral part 
of the construction, present throughout its lifetime and serving as a fire spreading 
barrier as well as a thermal energy barrier preventing the failure of construction 
elements. The passive fire protection systems (Davidson et al., 2013; Zellei, 2013; 
ASFP, 2013) involve application of special mortars and boards as well as radiation 
shielding (Domich, 2004). The cementitious mortars used for the protection are 
sprayed on the construction element surface. They not only prevent the mechanical 
deterioration of concrete structures exposed to fires above 300°C, but also deter 
explosive spalling of concrete. The boards used for the passive fire protection are 
incombustible, made of endothermic materials such as gypsum or calcium silicate 

Table 16.1 Significant tunnel fire events recorded since 1996

Year Tunnel Human 
casualties

Repair cost 
[M€]

Loss of revenue
[M€]

1996
1999
1999
2001
2005
2006
2007
2007
2009
2010
2011
2012
2013

Eurotunnel
Mont Blanc
Tauern
St. Gothard
Frejus
Viamala
Burnley
Santa Clarita
Eiksund
Wuxi Lihu
Fjord
Wallasey
Brattli

2 injured
41 deaths
12 deaths
11 deaths
2 deaths
9 deaths
3 deaths
3 deaths
5 deaths
24 deaths
–
–
–

49
189
8.5
Not available
2
Not available
Not available
Not available
Not available
Not available
Not available
Not available
Not available

203
203
20
Not available
3
Not available
Not available
Not available
Not available
Not available
Not available
Not available
Not available
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reinforced by inert fibers to avoid their disintegration. They are not effective for 
high temperature and long-duration fires. Finally, radiation shielding has, as a target, 
to limit the amount of radiation produced by a fire that reaches a structural element 
(e.g., polished sheet metal reflector). It cannot be applied for the protection of an 
entire structural system but for the protection of a specific structural element from 
local thermal radiation exposure. The materials used for passive fire protection are 
tested through standard tests issued by several authorities worldwide to determine 
their fire resistance performance.

16.1.3 Fire resistance

Fire resistance is the property of materials or their assemblies that prevents or retards 
the passage of excessive heat, hot gasses or flames under conditions of use (NYCBC, 
2008). Fire resistance of materials is quantified by means of fire resistance rating. 
Fire resistance rating is typically determined by measuring the ability of a passive 
fire protection material or assembly to withstand a standard fire resistance test. This 
is quantified either as a measure of period of time for which a material or assembly 
withstands a specific fire resistance test, or by evaluating through quantifiable criteria 
set by a specific fire resistance test, the ability of a material or assembly to perform 
a specific structural functionality.
 The development of standard fire resistance tests for rating the resistance of passive 
fire protection materials or assemblies for specific applications made necessary the 
development of standard international time–temperature curves that simulate specific 
types of fires.

16.1.4 Standard fire scenarios

Several types of fire incidents have been observed in constructions and therefore, 
several fire scenarios have been developed in order to simulate those that occur 
most frequently. The developed standard fire scenarios used in testing, analysis and 
design of fire resistance rating of fire protection systems and materials are given in 
Figure 16.1. There are basically three families of developed standard fire scenarios 
(Khoury, 2000): (a) for buildings, (b) for offshore and petrochemical industries, 
and (c) for tunnels.

16.1.4.1 (a) Fire scenarios for buildings (Collette, 2007; EFNARC, 2006)

The international standard ISO 834 time–temperature curve simulates cellulosic 
fires. This curve is the best one to test the fire resistance of materials subjected to a 
fire hazard based on the burning rate of general combustible building materials and 
building contents such as timber, paper, fabric, etc. Therefore, it is appropriate for 
the fire resistance assessment of fire protection systems in ordinary buildings but may 
also be used for fire testing of tunnel linings. The standard ISO 834 time–temperature 
curve represents the least severe fire scenario.
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16.1.4.2 (b) Fire scenarios for offshore and petrochemical industries 
(Collette, 2007; EFNARC, 2006)

The hydrocarbon curve (HC) simulates the burning rates for certain materials such 
as petrol gas, chemicals, etc., which are in excess of the burning rate of cellulosic 
materials. Therefore, the HC time–temperature curve is used within offshore and 
petrochemical industries where the fires are often less contained and generally where 
small hydrocarbon fires might occur.
 This fire scenario is more severe than the ISO 834 one, especially during the initial 
fire growth stage where the temperature exceeds 1000°C within the first 10 min. The 
HC curve has also been used for the fire resistance rating of tunnel linings. 

16.1.4.3 (c) Fire scenarios for tunnels (Maevski, 2011; EFNARC, 2006)

Fires in tunnels are more severe than the ones in offshore and petrochemical industries 
as well as in buildings. Therefore, more severe fire scenarios have been developed 
simulating higher burning rates and higher maximum temperatures. 
 The RATB-ZTV time–temperature curves were developed in Germany to set 
requirements for tunnel fires. The RATB-ZTV curves are based on hydrocarbon fires 
and are characterized by a high temperature rise in the initial fire growth stage where 
the temperature reaches 1200°C within 5 min. The duration of the fully developed 
fire stage is shorter than the other fire scenarios describing better simple truck fire 
incidents in tunnels. 
 The hydrocarbon modified (HCM) time–temperature curve was developed to 
simulate a hydrocarbon-based fire with very high temperature gradient during the 
initial fire growth stage, very high maximum temperature (1300°C) during the fully 
developed fire stage and longer duration at high temperatures of the fully developed 
fire stage.
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Figure 16.1 Standard fire scenarios (ISO: International standard organization; HC: Hydrocarbon 
curve; HCM: Hydrocarbon modified curve; RWS: Rijkswaterstaat).
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 Finally, the RWS (Rijkswaterstaat) time–temperature curve is the most severe 
fire scenario, simulating a 50m3 fuel (oil or petrol) tanker fire with a fire load of 300 
MW lasting up to 120 minutes. RWS fire scenario is characterized by a very high 
temperature rise during the initial fire growth stage, reaching a maximum temperature 
of 1350°C within 1 h. RWS is the adopted standard curve in many countries all 
over the world for the fire resistance rating assessment of fire protection materials 
for concrete tunnel linings. 

16.1.5 Fire resistance and alkali-activated binders 

Alkali-activated binders share the following physicochemical characteristics 
(Davidovits, 2011):

• They are totally inorganic polymeric materials and therefore are incombustible.
• They have ceramic-like properties that render them resistant upon heating at high 

temperatures due to formation of several crystalline aluminosilicate phases with potentially 
high melting points (>1100°C). Therefore, they retain their structural integrity at elevated 
temperatures.

• They are endothermic materials due to the contained geopolymeric water (physically and 
chemically bound water) and therefore have high potential to absorb heat due to high 
heat capacity of water. The endothermicity of materials is a well-established and proven 
property in fire engineering applications. 

• They have thermal conductivity values in the region of 0.1–0.3 W/m.K, which is relatively 
low in comparison to the other commonly used structural building materials and almost 
identical or comparable to the marketable fire resistant materials (Sakkas et al., 2013c). 
Therefore, alkali-activated binders have the ability to operate as an efficient heat flux 
barrier (Giannopoulou and Panias, 2008).

The above features render alkali-activated binders suitable candidates for passive 
fire protection applications under intermediate exposure temperatures (< 900°C). 
By controlling the chemical composition of alkali-activated binders, materials with 
very high fire resistance ratings can be produced that are capable of withstanding 
exposure temperatures as high as 1350°C (Sakkas et al., 2013c).

16.2 Theoretical analysis of the fire performance of pure 
alkali-activated systems (Na2O/K2O)-SiO2-Al2O3

The basic function of a fire resistant material is to set a barrier that prevents or 
retards the transfer of excessive heat and the spreading of hot gasses and flames 
for a time period during a fire incident. The transfer of excessive heat is related to 
the thermal conductivity and endothermicity of materials. The spreading of fire, 
hot gasses and flames is related to the incombustibility and structural integrity of 
materials that permit them to act as an effective barrier. The structural integrity 
can be theoretically predicted through the calculation of ternary phase diagrams 
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and equilibrium compositions in pure alkali-activated binding systems under the 
high temperatures occurring in fire incidents. The FactSage 6.4 software with its 
thermodynamic models and databases was used for the calculation of ternary phase 
diagrams that describe the most important alkali-activated binding systems. The 
calculated liquidus temperature surfaces in ternary Na2O-SiO2-Al2O3 phase diagram 
are shown in Figure 16.2. 
 In the binary Na2O-SiO2 system three phases are formed upon heating as is shown 
in Figure 16.2: sodium orthosilicate (2Na2O.SiO2), sodium silicate (Na2O.SiO2) and 
sodium disilicate (Na2O.2SiO2). The melting temperatures of these phases are 1078°C 
for sodium orthosilicate, 1089°C for sodium silicate and 874°C for sodium disilicate 
(Verein Deutscher Eisenhüttenleute, 2008), which are lower than the temperatures 
developed (1100°C) during the cellulosic (ISO 834) and the small hydrocarbon (HC) 
fires. Therefore the pure sodium silicate systems cannot be used for production of 
fire resistant binders. The doping of pure sodium silicate systems with aluminum 
has a beneficial effect on the fire resistant performance of sodium aluminosilicate 
binders as is seen in Figure 16.2. The presence of aluminum results in the formation 
of three new sodium aluminosilicate phases: albite (Na2O.Al2O3.6 SiO2), a low 
alumina phase with melting point 1118°C (Verein Deutscher Eisenhüttenleute, 2008; 
Greig and Barth, 1938), and the two high alumina allotropic phases nepheline and 
carnegieite (Na2O.Al2O3.2SiO2). Nepheline is stable at temperatures lower than 

Mole fraction
Al2O3

SiO2

Al2O3 – SiO2 – Na2O
Projection (A slag-liq), 1 atm

Na2O

Figure 16.2 Calculated liquidus temperature surfaces in Na2O-SiO2-Al2O3 system.
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1256°C while carnegieite melts at 1526°C. Geopolymeric compositions located in 
the stability area of albite have liquidus temperatures between 730 and 1100°C and 
therefore cannot resist the less intense cellulosic (ISO 834) and small hydrocarbon 
(HC) fire scenarios. Shifting the geopolymeric compositions towards the stability area 
of nepheline, a region can be defined where the liquidus temperatures are between 
1100 and 1256°C. Sodium-activated binders located in this area have the potential 
to withstand the temperatures observed during the less intense cellulosic (ISO 
834) and small hydrocarbon (HC) fire scenarios. Furthermore, in a smaller portion 
of this region the liquidus temperatures are between 1200 and 1256°C showing 
geopolymeric compositions with potential to resist more intense fire scenarios like 
the ones described by the RATB-ZTV time–temperature curves. 
 In order to prove theoretically the good prospects for fire resistant materials in 
the nepheline region, the solidus temperatures of some geopolymeric compositions 
as well as the percentage of material melted between the solidus and liquidus 
temperatures were calculated utilizing the FactSage 6.4 thermochemical software. 
The results are shown in Figure 16.3 and the positions of all studied compositions 
in the nepheline region (1–7) are also given in Figure 16.4. Although the materials 
have liquidus temperatures in the range 1100–1250°C, they also have substantially 
lower solidus temperatures in the range 700–1000°C and the partially melted material 
at 1100°C is higher than 60% of the mass of totally dehydrated geopolymeric 
compositions. Therefore, the sodium-activated binders at high temperatures (≥1100°C) 
are transformed into very viscous materials that can creep under the influence of 
gravity thus losing their structural integrity and consequently their fire resistance 
performance. Therefore, the geopolymeric compositions in the nepheline region are 
not capable of withstanding the temperatures observed even during the less intense 
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Figure 16.3 Percentage portion of totally dehydrated geopolymeric compositions melted 
between solidus and liquidus temperatures (nepheline region in Na2O-SiO2-Al2O3). 



Handbook of Alkali-activated Cements, Mortars and Concretes430

standard cellulosic (ISO 834) and small hydrocarbon (HC) fire scenarios and for 
this reason their fire resistance performance is unsuitable. All the compositions are 
suitable for fires with a highest temperature not exceeding 700°C. Compositions 1 
and 7 are fire resistant for temperatures lower than 900°C while composition 5 is 
suitable for temperatures lower than 1050°C. 
 In the stability area of carnegieite the liquidus temperatures vary from 1256°C 
to almost 1550°C, designating a region of geopolymeric compositions with very 
promising fire resistant properties. Na-activated binders within this area have the 
potential to withstand the most severe standard fire scenarios like the RWS and HCM 
ones. The calculated solidus temperatures of some geopolymeric compositions in the 
carnegieite region (8–15 as shown in Figure 16.4) as well as the percentage of material 
melted between the solidus and liquidus temperatures are shown in Figure 16.5. All 
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compositions have very high liquidus temperatures (1300–1525°C) but a big gap 
exists between their solidus and liquidus temperatures. The only exception is related 
to composition 14 which has the stoichiometry of carnegieite (Na2O.Al2O3.2SiO2) 
and therefore there is no difference between the solidus and liquidus temperatures. 
This sodium-activated binder exhibits excellent fire resistance performance, having 
the ability to withstand the most severe standard fire scenarios like the RWS and 
HCM ones without losing its structural integrity, and therefore can be applied to the 
most demanding passive fire protection applications. The geopolymeric compositions 
(12, 13 and 15) in the direct vicinity of composition 14 have inferior fire resistance 
performance. Composition 15 has a small gap between the solidus and liquidus 
temperatures (Figure 16.5) and therefore can resist the most severe standard fire 
scenarios like the RWS and HCM. Compositions 9, 12 and 13 have potential to 
withstand the less intense standard cellulosic (ISO 834) and small hydrocarbon (HC) 
fire scenarios, although an amount of 0–22% of materials is melted at 1100°C. The 
other compositions (8, 10 and 11) do not have acceptable fire resistant properties in 
relation to the standard fire scenarios used for their evaluation. 
 Finally, in the Na2O-SiO2-Al2O3 system there are the stability areas of mullite, 
alumina and sodium aluminate where the highest liquidus temperatures of this system 
are located (Figure 16.2). The calculated solidus temperatures and the percentage of 
melted material of some geopolymeric compositions (15–20 as shown in Figure 16.4) 
are shown in Figure 16.6. All compositions have very high liquidus temperatures 
(>1500°C) but there is a big gap between solidus and liquidus temperatures making 
them inappropriate to resist the most severe fire scenarios (RWS and HCM). 
Composition 16 has a solidus temperature at 1200°C and therefore can resist the 
RATB-ZTV fire scenario. Composition 19 has a low solidus temperature (900°C) 
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but an only 22% of material is melted at 1100°C making it a good fire resistant 
material for cellulosic fires. All the remaining compositions (16, 18 and 20) are 
inappropriate for fire resistance applications even for the less intense cellulosic fire 
scenarios because more than 50% of materials is melted at 1100°C. 
 The main conclusion for the pure Na2O-SiO2-Al2O3 system is that there is a 
very small region around the mineral composition of carnegieite (14) where a very 
restricted number of geopolymeric formulations (9, 12, 13, 15, 16 and 19) with very 
good to excellent fire resistance properties are located. 
 The ternary K2O-SiO2-Al2O3 system (Verein Deutscher Eisenhüttenleute, 2008; 
Mrazova and Klouzkova, 2009; Hong, 2005; Morey, 1964) is shown in Figure 16.7. 
Three compounds are present in the binary K2O-SiO2 system: potassium silicate 
(K2O.SiO2, with melting point at 976°C), potassium disilicate (K2O.2SiO2, with 
melting point at 1045°C) and potassium tetrasilicate (K2O.4SiO2, with melting point 
at 770°C). The melting temperatures are substantially lower than the temperatures 
developed during the less intense fire scenarios, and therefore the pure potassium 
silicate system, like the sodium silicate one, cannot be used for production of fire 
resistant binders. 
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 The fire resistance behavior of the potassium silicate system changes dramatically 
with the addition of alumina. Four potassium aluminosilicate compounds are formed. 
The potash feldspar (K2O.Al2O3.6SiO2) that melts incongruently at 1150°C is the less 
refractory phase. Potash feldspar melts at about the same temperature as its analogue 
soda feldspar (albite) but its melting leads to the formation of solid leucite (K2O.
Al2O3.4SiO2) and a more siliceous melt which is so viscous that flows very slowly 
causing a more refractory effect in relation to its analogue soda feldspar (Morey, 
1964). Leucite is a refractory compound with melting temperature at 1693°C. Its 
field occupies a large area at the center of the K2O-SiO2-Al2O3 system in which 
the liquidus temperatures vary between 810°C, at the edge very close to the binary 
of the K2O-SiO2 system, and 1693°C, the congruent melting point of leucite. 
Therefore, there is a broad region of geopolymeric compositions in the leucite field 
with liquidus temperatures higher than 1350°C that renders the K-activated binders 
located in this region very promising fire resistant candidates. In addition to leucite, 
the compound K2O.Al2O3.2SiO2, which is an analogue of nepheline/carnegieite, is 
formed in the ternary K2O-SiO2-Al2O3 system as shown in Figure 16.7. Several 
polymorphs of this compound exist: the hexagonal one with the two isomorphs, 
kalsilite and kaliophilite, and the orthorhombic one (Morey, 1964; Cook et al., 
1977). The transition from the hexagonal to the orthorhombic form takes place at 
about 1540°C. The compound K2O.Al2O3.2SiO2 melts congruently near or above 
1750°C. Finally, the compound K2O.Al2O3.SiO2 with a melting point well above 
1700°C exists in the ternary K2O-SiO2-Al2O3 system designating together with the 
orthorhombic compound K2O.Al2O3.2SiO2 a field below the leucite one with extremely 
high liquidus temperatures (> 1540°C) and therefore very promising fire resistant  
properties. 
 The K2O-SiO2-Al2O3 system has higher refractoriness in relation to the Na2O-
SiO2-Al2O3 one. This is attributed to the existence of three potassium aluminosilicate 
compounds (K2O.Al2O3.4SiO2, K2O.Al2O3.2SiO2 and K2O.Al2O3.SiO2) with 
congruent melting points higher than 1693°C in relation to the existence of only 
one compound (carnegieite, Na2O.Al2O3.2SiO2) in the Na2O-SiO2-Al2O3 system 
with substantially lower congruent melting point at 1526°C. In addition, although 
albite (Na2O.Al2O3.6SiO2) and potash feldspar (K2O.Al2O3.6SiO2) melt at almost 
identical temperatures, the potash feldspar melt has substantially higher viscosity, 
rendering its flowing an insignificant phenomenon and giving it a more refractory 
effect. Therefore the K2O-SiO2-Al2O3 system is without any doubt more advantageous 
than the Na2O-SiO2-Al2O3 one for fire resistance applications.

16.3 Theoretical analysis of the fire performance of 
calcium containing alkali-activated systems  
CaO-(Na2O/K2O)-SiO2-Al2O3

The quaternary CaO-Na2O-SiO2-Al2O3 system is divided in the ternary systems Na2O-
SiO2-Al2O3, CaO-Na2O-SiO2, CaO-SiO2-Al2O3 and CaO-Na2O-Al2O3. The system 
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Na2O-SiO2-Al2O3 has been analyzed and presented in Figure 16.2. The addition of 
CaO in the binary Na2O-SiO2 system results in the formation of new binary as well 
as ternary compounds. The new binary compounds belong to the system CaO-SiO2 
(Morey, 1964). Tricalcium silicate (3CaO.SiO2) is melted incongruently, forming 
CaO and a silicate melt at 2070°C. Dicalcium silicate (2CaO.SiO2) and calcium 
silicate (CaO.SiO2) melt congruently at 2130°C and 1544°C, respectively. Finally, 
tricalcium disilicate (3CaO.2SiO2) melts incongruently at 1464°C, forming 2CaO.
SiO2 and a silicate melt. Five new ternary compounds form in the system, CaO-
Na2O-SiO2 (Morey, 1964). Two compounds (Na2O.2CaO.3SiO2, Na2O.2CaO.2SiO2) 
have congruent melting at 1284°C and 1450°C, respectively, while three compounds 
(Na2O.3CaO.6SiO2, 2Na2O.CaO.3SiO2, 4Na2O.3CaO.5SiO2) melt incongruently at 
1060°C, 1141°C and 1130°C, respectively. As a general conclusion, the addition of 
CaO in the Na2O-SiO2 system increases its refractoriness due to formation of several 
compounds that melt at substantially higher temperatures in relation to the sodium 
silicate ones. This is clearly seen by comparing the changes in the neighborhood of 
the side Na2O-SiO2 of the triangular diagrams shown in Figures 16.8–16.10 where 
the effect of CaO addition on the liquidus curves of the Na2O-SiO2-Al2O3 system 
has been theoretically calculated. 
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Figure 16.8 Effect of CaO addition (7.31% w/w) on the liquidus curves of the Na2O-SiO2-
Al2O3 system.
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 The CaO addition to the binary highly refractory SiO2-Al2O3 system forms new 
binary calcium aluminate as well as ternary calcium aluminosilicate compounds 
(Morey, 1964). The 12CaO.7Al2O3, CaO.Al2O3 and CaO.2Al2O3 melt congruently 
at 1458°C, 1600°C and 1750°C, respectively, while 3CaO.Al2O3 and CaO.6Al2O3 
have incongruent melting at 1535°C and 1850°C, respectively. Two ternary calcium 
aluminosilicate compounds are formed: the anorthite (CaO. Al2O3.2SiO2) and the 
gehlenite (2CaO. Al2O3.SiO2), which melt congruently at 1555°C and 1590°C, 
respectively. All the new compounds mentioned above are melted at temperatures 
lower than the melting point of mullite (3Al2O3.2SiO2, 1850°C) and therefore the 
CaO addition decreases the refractoriness of the binary Al2O3–SiO2 system. This is 
seen in Figures 16.8–16.10 by comparing the changes in the liquidus curves in the 
area beside the axis Al2O3–SiO2 of the triangular Na2O-SiO2-Al2O3 diagram.
 No reliable data exist for the system Na2O-Al2O3 which is dominated by the 
compound Na2O.Al2O3 which melts at a temperature higher than 1850°C (Figure 16.2). 
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Figure 16.10 Effect of CaO addition (19.13% w/w) on the liquidus curves of the Na2O-
SiO2-Al2O3 system.

The CaO addition induces the formation of the above-mentioned calcium aluminate 
compounds as well as of two ternary sodium calcium aluminate compounds: the 
Na2O.8CaO.3Al2O3 which melts incongruently at 1508°C and the 2Na2O.3CaO.5Al2O3 
which does not dissociate or melt up to 1630°C (Morey, 1964). The CaO addition 
improves the refractoriness of the Na2O-Al2O3 system in the area of very rich Na2O 
compositions as is shown in Figures 16.8–16.10, while diminishing the refractoriness 
in the area of medium and rich Al2O3 compositions. 
 The total effect of CaO addition on the Na2O-SiO2-Al2O3 system is summarized 
by the shift of the liquidus curves towards the Al2O3 sector and Na2O-Al2O3 axis. 
This has a detrimental effect on the fire resistance performance of compositions that 
had excellent thermal behavior in the absence of CaO (stoichiometric carnegieite 
composition) as shown in Figure 16.11. The addition of CaO changes the system’s 
stoichiometry forming less refractory compounds that decrease the liquidus temperature 
and causing a big gap between the liquidus and the solidus temperatures destroying 
the fire performance of materials. 
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 The heat behavior of five compositions in the high alumina area of the CaO-doped 
(19.13% w/w) Na2O-SiO2-Al2O3 system (depicted in Figure 16.10) is shown in 
Figure 16.12. All compositions can resist the cellulosic and the hydrocarbon standard 
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Figure 16.11 Percentage portion of totally dehydrated geopolymeric compositions melted 
between solidus and liquidus temperatures as a function of CaO addition (stoichiometric 
carnegieite composition in the Na2O-SiO2-Al2O3 system). 
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Figure 16.12 Percentage portion of totally dehydrated geopolymeric compositions melted 
between solidus and liquidus temperatures in the Al2O3 domain of the CaO-doped (19.13% 
w/w) Na2O-SiO2-Al2O3 system (Figure 16.10). 
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fire curves. Compositions 1, 3, 4 and 5 can resist additionally the RABT-ZTV fire 
curves. Finally, no composition can resist the most severe fire scenarios RWS and 
HCM.
 In general, the effect of CaO addition in the K2O-SiO2-Al2O3 system is almost 
identical to the one in the Na2O-SiO2-Al2O3 system. In the system K2O-SiO2-CaO 
several ternary potassium calcium silicate compounds are formed that together with 
the binary calcium silicate ones improve the heat behavior of the pure K2O-SiO2 
system. The CaO addition decreases the refractoriness of the binary Al2O3-SiO2 
system as well as the refractoriness in the poor K2O domain of the binary K2O-
Al2O3 system due to formation of eutectic mixtures (Morey, 1964; Verein Deutscher 
Eisenhüttenleute, 2008). Therefore, there is a shift of the liquidus curves toward 
the Al2O3 domain of the K2O-SiO2-Al2O3 system which has a detrimental effect 
on the fire resistance performance of this system. This can be seen in Figure 16.13, 
where the plane K2O.Al2O3.4SiO2–CaO.Al2O3.2SiO2–SiO2 of the quaternary CaO-
K2O-Al2O3-SiO2 system is depicted (Morey, 1964). The addition of CaO on leucite 
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composition (axis K2O.Al2O3.4SiO2–CaO.Al2O3.2SiO2) diminishes the liquidus 
temperatures of the system and therefore affects negatively the fire performance of 
the potassium-activated binders. Finally, it has to be noticed once more that the K2O 
siliceous melts are significantly more viscous than the Na2O siliceous ones (Morey, 
1964), giving the potassium-activated binders more refractoriness than their sodium 
analogues. 

16.4 Theoretical analysis of the fire performance of iron 
containing alkali-activated systems FeO-(Na2O/K2O)-
SiO2-Al2O3

The FeO addition in the binary Na2O-SiO2 system creates two main phases in 
addition to the sodium silicate ones (Figure 16.14): the compound fayalite (2FeO.
SiO2) with melting point at 1205°C and the compound Na2O.FeO.SiO2 which melts 
incongruently at 976°C. The FeO addition shifts the compositions toward the fayalite 
field, which is characterized by low liquidus temperature curves, and therefore does 
not improve the fire performance of the Na2O-SiO2 system. 
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 The FeO addition in the Al2O3-SiO2 system (Figure 16.15) creates two new 
compounds: the iron cordierite (2FeO.2Al2O3.5SiO2), which has a very small narrow 
field almost in the middle of the triangular phase diagram FeO-Al2O3-SiO2 and melts 
incongruently at 1210°C, and the refractory binary compound FeO.Al2O3 (hercynite) 
with melting point at 1780°C. In the FeO-Al2O3-SiO2 system the fields of mullite, 
corundum and hercynite designate a region rich in alumina and poor in silica with 
very high refractoriness. 
 The effect of FeO addition on the liquidus curves of the ternary Na2O-SiO2-Al2O3 
system is shown in Figures 16.16–16.18. The addition of FeO moves the liquidus 
curves toward the Al2O3 vertex of the triangular diagrams, destroying thus the fire 
resistance of the best composition (carnegieite stoichiometry) in the pure Na2O-
SiO2-Al2O3 system as shown in Figure 16.19.
 Indeed, the addition of FeO (0–23.29 %w/w) on the one hand decreases the liquidus 
temperature from 1550°C to 1330°C, and on the other hand increases the gap between 
liquidus and solidus temperatures. Although the pure stoichiometric carnegieite 
composition is thermally stable at temperatures as high as 1500°C (resisting the most 
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severe RWS fire curve), all the FeO-doped carnegieite compositions are thermally 
stable up to 1150°C (resisting only the less severe cellulosic and HC fire curves) 
having undergone significant degradation of their fire resistance performance. As in 
the case of CaO doping, the shift of the liquidus curves toward the Al2O3 corner of 
the Na2O-SiO2-Al2O3 system due to FeO doping renders this rich alumina domain 
a promising area for fire resistant alkali-activated binders.
 The effect of FeO addition in the pure K2O-SiO2-Al2O3 system is expected to 
be identical to the one in the Na2O-SiO2-Al2O3 system. The new compounds added 
in the system are the K2O.FeO.3SiO2 (congruent melting point at 900°C), K2O.
FeO.5SiO2 (congruent melting point around 900°C), fayalite, iron cordierite and the 
refractory hercynite. As can be seen in Figure 16.20, the FeO addition to the K2O-
SiO2 system moves the compositions toward the K2O.FeO.3SiO2, K2O.FeO.5SiO2 
and mainly 2FeO.SiO2 domains which are characterized by low liquidus temperature 
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Figure 16.16 Effect of FeO addition (9.19% w/w) on the liquidus curves of the Na2O-SiO2-
Al2O3 system.
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Figure 16.17 Effect of FeO addition (16.83% w/w) on the liquidus curves of the Na2O-SiO2-
Al2O3 system.

curves and therefore are not interesting compositions from a fire resistance point 
of view. 
 The fire resistance performance of the FeO-doped K2O-SiO2-Al2O3 system is 
determined by the presence of alumina which adds to the system the refractory 
compounds of mullite and hercynite (Figure 16.15) as well as leucite and kaliophilite 
(Figure 16.7). Therefore, the rich-in-alumina domain of the FeO-doped K2O-SiO2-
Al2O3 system far from the fayalite and silica fields and close to the leucite as well 
as hercynite fields has the highest potential for geopolymeric compositions with very 
good fire resistance performance as shown in Figure 16.21.
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16.5 Fire resistant alkali-activated composites

Fire resistant alkali-activated binders have been developed since 1970, when J. 
Davidovits carried out research into new heat resistant materials as an aftermath of 
various catastrophic fires in France. Since then, a lot of research has taken place 
in order to develop fire resistant geopolymers as well as geopolymer concretes and 
composites (www.geopolymer.org).
 A high temperature composite called GPMC was developed by Géopolymère 
SA and used as a filter frame for air filtration in sterilization tunnels (Buchler, 
1999). The composite included a silica fibre fabric that was impregnated with a 
fluoro-poly (sialate-disiloxo) geopolymeric resin. The composite had a flexural 
strength of 25MPa, was incombustible, did not release smoke upon high temperature 
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Figure 16.18 Effect of FeO addition (23.29% w/w) on the liquidus curves of the Na2O-SiO2-
Al2O3 system.
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Figure 16.19 Percentage portion of totally dehydrated geopolymeric compositions melted 
between solidus and liquidus temperatures as a function of FeO addition (stoichiometric 
carnegieite composition in the Na2O-SiO2-Al2O3 system). 

Figure 16.20 FeO-K2O-SiO2 system (Copyright 1964 6th Edition, Data of Geochemistry, 
United States Government Printing Office, Washington, With kind permission from U.S. 
Geological Survey).
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exposure, and was fire resistant at temperatures up to 600°C. A geopolymer carbon 
composite heat shield for racing car manufacture was developed by Géopolymère 
SA in 1994. This composite was able to withstand the heat stress of 600°C for 2–3 
h (Davidovits, 2011). Later, in 1999, a more sophisticated fire and heat resistant 
geopolymer-carbon laminate was introduced on an American All Racers CART that 
could be used during the entire season (10 races) without being damaged (Davidovits,  
2011).  
 In 1996 the Federal Aviation Administration (FAA) initiated a research program to 
develop low cost, environmentally friendly, fire resistant materials for use in aircraft 
composites and cabin interior applications. The goal of the program was to eliminate 
cabin fire as cause of death in aircraft accidents. It was proved that the carbon fabric-
reinforced potassium aluminosilicate resin (with an empirical formula Si32O99H24K7Al) 
did not ignite, burn, or release any heat or smoke even after extended exposure to high 
heat flux (50 kW/m2) while at the same time geopolymer composites had substantial 
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residual strength after the simulated fire test (Lyon, et al., 1997). The geopolymer-
carbon fabric laminate was proved to have maximum temperature capability higher 
than 800°C. The manufacturing of fire resistant biocomposite sandwich plates using 
waste sawdust as filler and an inorganic potassium aluminosilicate binder was studied 
by Giancaspro et al. (2008). The biocomposite plates contained 29% and 34% w/w 
inorganic binder and some of them were strengthened with carbon and glass fiber 
reinforcements to create a more durable sandwich structure. All specimens passed 
the FAA requirements for heat release and smoke emission and showed superior 
heat release rates during 5 min of fire exposure. A thin layer of a fire-resistant paste 
composed of geopolymer and hollow glass microspheres was applied to high-strength 
fiber facings to create a composite material that serves as a protective fire barrier 
improving the fire resistance of balsa sandwich panels (Giancaspro et al., 2006). The 
fire performance of this material was evaluated and the results showed that a 1.8 
mm thick layer of fireproofing satisfies the FAA requirements for both heat release 
and smoke emission. 
 Two different types of syntactic foams made by embedding randomly dispersed 
spheres (ceramic as well as expanded polystyrene beads) in fire resistant, polysialate 
matrix were developed by Papakonstantinou et al. (2008). The foams with the ceramic 
spheres were not affected by fire exposure during the tests, exhibited remarkable 
stability, and passed the FAA requirements for both heat release and smoke emission. 
The foams with the expanded polystyrene spheres exhibited flaming combustion 
during the fire tests, but the heat release remained below the acceptable FAA levels. 
It was concluded that the polysialate matrix serves as an insulator, limiting the heat 
release and smoke emission to acceptable FAA levels. 
 Thermal silica-based K-geopolymers reinforced by 45, 53 or 60 vol.% of 
unidirectional carbon fibers, basalt rovings, or E-glass were fabricated by Hung et 
al. (2011). The K-geopolymer reinforced composites exhibited very good thermal-
mechanical properties, retaining nearly 50% of flexural strength even after severe 
thermal exposure for 1 h in oxidation environment up to 600°C for basalt and E-glass 
and 1000°C for carbon fiber reinforced composites. The geopolymer resins could 
protect in general the carbon fibers from oxidation, although approximately 14% 
w/w of carbon fibers was oxidized at temperatures higher than 800°C. In addition, 
the composites had very good thermal dimensional stability and non-toxic fumes 
and smokes were generated during thermal exposure.
 Foamed and unfoamed metakaolin-based geopolymers reinforced with polyprolylene 
fibres were developed and their thermal performance was investigated under the 
standard ISO 834 fire curve (Rickard et al., 2013) in order to assess their suitability 
for high temperature applications such as thermal barriers and fire resistant panels. 
The fire testing was conducted on 50 mm thick panels with an exposure size of 
200 ¥ 200 mm. The results showed that the fire rating of the samples was at least 
60 min (the time needed for the average temperature of the cold side of samples to 
exceed 165°C). The best performing sample was the unfoamed geopolymer which 
had a fire rating of 97 min. Although the foamed samples had reduced thermal 
conductivities, their ability to insulate during a fire was not improved due to their 
lower water content. The best performing foamed sample achieved a fire rating of 
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82 min which is only 15 min less than the unfoamed sample while exhibiting the 
desirable properties of a low density material.

16.6 Fire resistant alkali-activated cements, concretes 
and binders

Since 1985, French and English nuclear power stations have equipped their plants 
with air filters in which joints and dust-free sealants are made of geopolymer. A 
fire or heat resistant air filter for nuclear power plants is expected to resist hot air 
(temperature resistance up to 500°C for 15 min is required) and must be incombustible 
and water resistant. The company Géopolymère SA developed Geopolymite SP7 and 
SP20 sealing cements for fire resistant air filters in nuclear power plants, which were 
castable compounds based on fluoro-poly (sialate-disiloxo) matrix (Buchler, 1999). In 
addition, and in order to comply with the increased safety standards for nuclear power 
plants in case of fire, Géopolymère SA developed a new Geopolymite sealing resin 
GPS45 which was based on a polysialate penta-disiloxo matrix (Buchler, 1999). 
 Cordi-Géopolymère SA developed (Na,Ca)-Poly(sialate) and (K,Ca) Poly(sialate-
siloxo) cements and binders with excellent fire resistant properties up to 1200°C 
(Davidovits, 1999). This excellent behavior was attributed to: (a) the unique structure 
of the tecto-alumino-silicate type 3D networks that possesses nano-porosity allowing 
physically and chemically bonded water to evaporate without causing damage to 
geopolymers during their exposure to fire, and (b) the high endothermicity of materials 
due to physically and chemically bonded water. 
 HT Troplast AG had developed a poly-silico-oxo-aluminate material with the brand 
name ‘Trolit’ (Liefke, 1999) that is incombustible with low thermal conductivity 
(≥0.037 W/mK) and bulk density 100–800 kg/m3 for ‘Trolit’ foam and 1500–3000 
kg/m3 for ‘Trolit’ compact material. Depending on the formulation, its temperature 
resistance was between 1000 and 1200°C. The material was most suited for fire-proof 
heat insulation or heat-resistant soundproofing. 
 The Australian Research Organization CSIRO developed a new fire resistant 
coating material called hybrid inorganic polymer system – HIPS (Figure 16.22), 
which is composed mainly of an inorganic geopolymer resin and a small amount of 
polymer additives (CSIRO, n.d.). HIPS can withstand temperatures of over 1000°C 
and has the potential to form thin fireproof coatings on timbers and on metals as 
well as protecting brickwork, either as a thin coating or as a render. In addition, 
HIPS coatings are free of volatile organic compounds, do not burn or produce heat, 
and do not release smoke or toxic chemicals at temperatures up to 1200°C. 
 Barbosa and McKenzie (2003) investigated the thermal behavior of inorganic 
polymers derived from metakaolinite with compositional ratios SiO2/Al2O3 = 3.3 
and Na2O/SiO2 = 0.25. The inorganic polymers were endothermic and exhibited 
remarkable thermal stability until the onset of melting at around 1300°C. In addition, 
their composites with granular inorganic fillers exhibited again good thermal behavior 
with little detectable reaction between the filler and the matrix up to 1000°C. 
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Geopolymers based on metakaolinite were developed in order to protect concrete 
substrates from fires (Varela and Privorotskaya, 2005). Two geopolymeric coatings 
with Si/Al molar ratios of 2 and 6 were developed and proved effective thermal 
barriers for concrete protection up to 800°C. The geopolymer with the higher Si/
Al ratio presented minimal deterioration and absence of cracks besides providing a 
stronger bond to the concrete substrate. Hu et al. (2009) investigated the mechanical 
and heat resistance properties of geopolymer-lightweight aggregate refractory concrete 
(GLARC) at 950°C. GLARC was prepared by mixing a sodium-activated binder 
based on metakaolin and lightweight aggregates (haydite). The results showed that 
the GLARC possesses excellent heat resistance at 950°C, retaining 40–55% of its 
original mechanical strength that is affected by the thickness of geopolymer gel that 
covers the surface of aggregate. For optimal performance, the quantity of geopolymer 
gel per surface area of haydite aggregates with size of 1.18−4.75 mm should be in 
the range of 0.3−0.5 mg/mm2.
 The thermal behavior of Na- and K-based geopolymers made using Class F fly 
ash was studied in the temperature range 800–1200°C. The thermal stability of Na-
activated binders was rather low and rapid deterioration of their strength at 800°C 
was observed, which was attributed to a dramatic increase in the average pore size. 
The K-activated binders had better thermal stability than the Na-activated ones and 
the deterioration of strength started at 1000°C (Bakharev, 2006; Hardjito and Tsen, 
2008). Geopolymers prepared by alkali activation (a mixture of sodium silicate and 
potassium hydroxide) of Class F fly ash exhibited increased mechanical strength 

Figure 16.22 HIPS fireproof coatings (with kind permission from CSIRO).
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of about 53% after exposure to 800°C (Kong et al., 2007; Kong and Sanjayan, 
2008). This was attributed on the one hand to the large number of small pores 
which facilitate the escape of moisture during heating and thus causing minimal 
damage to the geopolymer matrix, and on the other hand to the sintering reactions 
of unreacted fly ash particles. However, geopolymer/aggregate composites with 
identical geopolymer binder formulations exhibited decreased strength by up to 
65% after the exposure to 800°C (Kong and Sanjayan, 2008). This was attributed 
to the expansion of coarse aggregates (basalt or slag) that caused contraction to the 
geopolymeric matrix deteriorating the mechanical strength of the composite (Kong 
and Sanjayan, 2010). 
 In order to understand better this oppositional behavior of fly ash-based geopolymers 
at high temperatures, Pan et al. (2009) investigated the mechanisms for strength gain 
or loss of geopolymer mortar after exposure at 800°C for 2 h. The results indicated 
that ductility of geopolymeric mortars plays an important role in the strength losses 
or gains at high temperatures. There are two opposing processes responsible for the 
strength losses or gains in geopolymeric mortars: (1) the strength gain is attributed to 
further geopolymerization and/or sintering at elevated temperatures; (2) the strength 
loss is attributed to the damage of the mortar because of thermal incompatibility 
arising from non-uniform temperature distribution. Geopolymeric mortars with 
high ductility have high capacity to accommodate thermal incompatibilities and 
thus suppress mechanism (2) giving rise to mechanism (1) and to strength gain or 
reduced strength loss at high temperatures (Pan et al., 2009; Guerrieri and Sanjayan, 
2010). 
 The thermal resistance of potassium activated mortars from Class F fly ash with a 
mixture of sand/bottom ash aggregates was studied by Hardjito and Fung (2010). In 
order to test the thermal resistance the samples were subjected to thermal exposure of 
400°C, 700°C and 1000°C at an incremental rate of 10°C/min from room temperature, 
remained at the desired temperature for 3 h and then were allowed to cool naturally 
to room temperature and the compressive strength was measured the next day. 
The results showed that after exposure to elevated temperature the compressive 
strength of the geopolymer mortars with lower bottom ash as aggregates (0–25%) 
was decreased while the one of mortars with higher bottom ash content (50–100%) 
was increased. 
 Van Riessen et al. (2009) compared the behavior of a fly ash-based geopolymer 
concrete and a Portland cement concrete, both with a compressive strength of 
approximately 75 MPa, at elevated temperature. The specimens were rectangular 
slabs, 780 mm long and 360 mm wide with a thickness of 200 mm, reinforced with 
100 ¥ 100 mm steel mesh with a bar diameter of 6 mm. The specimens were exposed 
to the Eurocode EN1991-1-2 standard hydrocarbon fire on one side. After the end 
of the fire test severe spalling was observed on the Portland cement concrete, while 
no spalling phenomena appeared on the geopolymer concrete, which thus exhibited 
very good fire resistance performance. The same behavior was also observed by Zhao 
and Sanjayan (2011) as well as Dao and Forth (2013), who had developed Class 
F fly ash-based geopolymer and Portland cement concretes and then exposed them 
to temperatures as high as 1000°C. After the tests it was observed that no spalling 
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appeared in geopolymer concretes that were converted into ceramic materials, 
whereas Portland cement concretes exhibited severe spalling and were more or less 
disintegrated. 
 Finally, Temuujin et al. (2010) developed and tested Class F fly ash-based Na-
geopolymers as fire resistant coatings on steel. The heat insulating characteristics 
of the coatings were measured following the Australian standard 1530.4 and the 
standard time–temperature curve ISO-834. The insulating capacity of the samples 
was calculated by measuring the time necessary for the unexposed side to reach 
a temperature of 180°C above the ambient temperature. The compositions of Na-
geopolymers had a fixed Na/Al molar ratio of 1 while the Si/Al molar ratio varied 
between 1 and 3.5. The fire resistance measurements were performed on coated mild 
steel with dimensions of 15 ¥ 15 cm and the coating thickness was fixed at 0.6 mm 
and 1.5 mm. The best adhesive strength of the coating to steel was observed for 
the alkali-activated binder with Si/Al molar ratio of 3.5 and was measured higher 
than 3.5 MPa. The best geopolymer coating had a Si/Al molar ratio of 3.5, a water/
cement mass ratio at 0.25 and a measured insulating capacity of 9 min. 
 Several geopolymers were synthesized from industrial wastes such as fly ash, 
alumina red mud, ferronickel slag, perlite superfines and bentonite tailings, and their 
behavior upon exposure at high temperatures was studied (Giannopoulou and Panias, 
2008). Round geopolymeric discs 210 mm in diameter and 10 mm thick were prepared 
and then their front-side was exposed to a propane flame with temperature higher 
than 1100°C for 100 min. The reverse-side temperature was measured during the 
whole test and the results are shown in Figure 16.23. The reverse-side temperature 
at thermal equilibrium reaches around 400°C in all samples with the only exception 
of bentonite geopolymer which reaches 200°C, exhibiting superior fire resistance 
performance. 
 Geopolymers are highly endothermic materials, principally due to large amount of 
water entrapped inside their structure. This is obvious during the unsteady thermal 
state (first minutes after their exposure to a fire) of the test and becomes impressive 
in the case of bentonite geopolymer where the temperature is kept constant at 
almost 100°C for the first 20 min of the test. In general, the materials behave as 
high temperature insulators such as calcium silicate, rockwool and some proprietary 
insulation solids (perlite mixtures and vermiculite bonded with sodium silicate) with 
very good thermal stability indicating, thus, their application potential as fireproofing 
materials in construction sector. 
 Cheng and Chiu (2003) developed fire resistant K-based geopolymers using 
granulated blast furnace slag as raw material. In order to investigate the fire resistance, 
a 10 mm thick panel of K-geopolymer was exposed to an 1100°C flame and the 
reverse-side temperature was measured as a function of time. The materials behaved 
well and the measured reverse-side temperature reached 240–283°C after 35 min. It 
was also found that the fire resistant characteristics can be improved by increasing 
the KOH concentration or the amount of added metakaolinite. In addition, Cheng 
(2003) developed fire resistant geopolymers using waste serpentine cuttings. Their 
fire resistance was tested in the same way as in the previous research and the results 
showed that the measured back-side temperatures reached less than 450°C after 30 
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minutes indicating inferior fire resistance performance in relation to the blast furnace 
slag-based geopolymers.
 The behavior of Zeobond E-Crete™ 40 geopolymer concrete (www.zeobond.
com/products-e-crete.html) derived with sodium activation of coal fly ash and 
metallurgical slag blended with fine and coarse aggregates (quartz sand and crushed 
granite) was studied at high temperatures (Provis, 2010). The thermal behavior of the 
geopolymer concrete was tested in pilot-scale tests, using a furnace and following 
the standard time–temperature ISO-834 profile reaching the maximum temperature 
of 1100°C and lasting 4 h. The one face of specimen of size 122 ¥ 122 ¥ 15 cm was 
exposed to the elevated temperature and the temperature along the specimen was 
measured with thermocouples that were located in different places. The temperature 
after the 4 h test, at 25 mm and 50 mm from the exposed face, was about 850°C 
and 600°C, respectively, while the observed maximum unexposed face temperature 
was 105.3°C which is lower from the maximum allowable temperature of 139°C 
imposed by the ASTM E 119 standard. The results showed an apparent flattening 
of the rate of temperature increase at a temperature between 100 and 160°C, which 
was attributed to the high specific heat capacity and latent heat of vaporization of 
water. Spalling phenomena were not observed in any of the tested samples (Figure 
16.24), which retained their structural integrity and at the end of the test were able 
to be lifted and stacked using a forklift without any difficulty or fragility. The 
exposed surfaces of the samples where whitened, slightly dusty and soft but the 
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Figure 16.23 Reverse-side temperature as a function of exposure time to a propane flame 
(≈1100°C) of several geopolymeric materials prepared from industrial wastes (Giannopoulou 
and Panias, 2008).
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bulk of the sample (which had sustained exposure to temperatures of up to 800°C) 
did not show structural failure. The performance of E-Crete 40 geopolymer concrete 
under fire testing conditions was very satisfactory, as the rate of thermal transport 
was low and the degree of structural damage to the materials during a 4-h fire test  
was minor.

16.7 Passive fire protection for underground 
constructions

Sakkas et al. (2013b) developed inorganic polymeric materials from FeNi slag, that 
is an iron-rich slag (>35% FeO) produced in ferronickel production, for passive fire 
protection of underground constructions. The FeNi slag was activated with 7 m NaOH 
solution and the geopolymeric paste was formed by mixing the FeNi slag and the 
activating solution at a ratio 4 g/mL. The paste was cured at ambient temperature for 
96 h. Small lab-scale geopolymeric plates with dimensions 300 ¥ 150 ¥ 10 mm were 
prepared and tested for the determination of their fire performance. The plates were 
placed horizontally on a metallic tripod and its front-side surface was exposed to a 
propane flame with temperature higher than 1100°C for 120 min (Figure 16.25(a)), 
while the reverse-side and front-side temperatures were measured every 5 min through 
a laser, high performance infrared thermometer (Figure 16.25(c)). 

Figure 16.24 Photograph of the exposed face of an E-Crete 40 geopolymer concrete sample 
after a fire test following the Standard ISO-834 time-temperature curve (with kind permission 
from Jannie S.J. van Deventer).
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 The lab-scale experiments showed that the FeNi slag-based inorganic polymers 
can effectively set a flame and a temperature barrier achieving at thermal equilibrium 
a high temperature gradient of 41°C/mm that was attributed to its low thermal 
conductivity (0.135 W/m.K). Moreover, the material during the fire test was not 
thermally degraded, avoiding the formation of cracks and spalling phenomena 
as shown in Figure 16.25(b). Alterations in the microstructure of material were 
observed during the fire test that appeared as color changes on the exposed side 
(Figure 16.25(b)) and were attributed to phase transformations taking place during 
heating. 
 The lab-scale tests proved that the FeNi slag-based inorganic polymer has a good 
thermal insulating capacity which may render it a promising material for passive fire 
protection of underground constructions. The ability of this material to offer passive 
fire protection of concrete was evaluated following the EFNARC (European Federation 
of National Associations Representing producers and applicators of specialist building 
products for Concrete) guidelines (Sakkas et al., 2013c). Composite specimens with 
dimensions 15 ¥ 15 ¥ 15 cm consisting of 5 cm thick Na-geopolymer material and 
10 cm thick concrete slab were prepared (Figure 16.26(a)). The adhesion between the 
two materials was enhanced by steel anchors, placed during material preparation. The 
specimens were subjected to thermal loading in a specially designed furnace (Figure 
16.26(b)) by exposing the geopolymer surface to prescribed temperatures according 
to the ISO-834 time–temperature curve. The temperature at the geopolymer/concrete 
interface was measured by using a ‘K’-type thermocouple, while the temperature at 
the back surface of the concrete slab, with a high performance infrared thermometer 
(Figure 16.27).
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Figure 16.25 (a) Set up of lab-scale fire test; (b) fire exposed surface of FeNi Geopolymer 
slab after the fire test; (c) temperature–time curves of exposed and unexposed surfaces of 
FeNi geopolymer during the fire test.
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(a)

(b)

Figure 16.26 (a) Composite Na-geopolymer/cement concrete specimens; (b) fire test in a 
specially designed furnace.
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 The sodium-based geopolymer was proved to be an effective heat flux barrier 
keeping the temperature at the geopolymer–conrete interface at around 100°C and 
thus offering very successful passive fire protection to structural concrete and steel 
from cellulosic fires. Furthermore, some cracks were observed on the exposed face 
of the Na-geopolymer after the test, formed due to the sudden loss of geopolymeric 
water, which, however, were less than 6 mm wide and 25 mm deep, which are the 
specific performance criteria set by the standard ISO 834-1:1999(E) for the evaluation 
of integrity of fire resistant materials. 
 The Na-geopolymer was also tested against the most severe RWS fire load curve 
but it failed to pass the performance criteria as a passive fire protection material. 
Although the Na-geopolymer set an efficient thermal barrier, it was disintegrated 
during the test due to intense creeping phenomena attributed to its partial melting 
between 1200 and 1350°C.
 In order to develop a FeNi slag-based geopolymer material for passive fire 
protection of concrete tunnels linings, Sakkas et al. (2013c) switched to a material 
design utilizing a potassium-based activator of the slag instead of a sodium one. 
The basic idea was to create a chemical composition in the material such that upon 
heating at high temperatures, FeO (which is a substantial FeNi slag component with 
concentration almost 35% w/w) would be bound in the refractory aluminate phase 
of hercynite, FeO.Al2O3 (melting point 1780°C), and SiO2 (which is the other major 
component of FeNi slag with concentration 41% w/w) would be bound in the refractory 
phase of leucite K2O.Al2O3.4SiO2 (melting point at 1693°C). To achieve the above 
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Figure 16.27 Temperature–time curves of ISO 834 standard fire scenario as well as Na-
geopolymer/cement concrete and back cement concrete surfaces during the fire test (from 
Sakkas et al., 2013c, with kind permission from Springer Science and Business Media).
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design targets, the potassium activation and the doping with alumina of the FeNi 
slag were necessary. The procedure for testing the fire performance of K-geopolymer 
was exactly the same as the one followed for Na-geopolymer. The potassium-based 
geopolymer was proved to be an effective heat flux barrier and succeeded in the 
passive fire protection test simulating the most severe RWS fire load curve (Figure 
16.28). The maximum temperature achieved at the geopolymer–concrete interface 
was 280°C at the end of the fire test, which is 100°C lower than the performance 
requirements for an efficient fire resistant material set by the EFNARC for a passive 
fire protection test with the RWS fire loading curve. The temperature on the back 
surface of the concrete slab did not exceed 70°C during the whole duration of the 
fire test, which means that across the concrete slab the temperature varied between 
70°C and 280°C.
 The K-geopolymer remained on top of the concrete slab without any change in 
its geometry as well as any mechanical damage or cracks after the end of the fire 
test (Figure 16.29). The surface of the K-geopolymer exposed directly at 1350°C 
(Figure 16.29(b)) remained almost unchanged without cracks except some local, 
small in extent and not deep, superficial scaling. The K-geopolymer after the fire 
test became tougher and stronger and the fire helped in improving the mechanical 
properties of the material. The adhesion of the K-geopolymer/concrete through the 
steel anchors proved to be excellent and the steel anchors used did not undergo 
visible deformations or structural disintegration.
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Figure 16.28 Temperature–time curves of RWS standard fire scenario as well as K-geopolymer/
cement concrete and back cement concrete surfaces during the fire test (from Sakkas et al., 
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16.8 Future trends 

Alkali-activated binders will continue to be very attractive candidates as the polymeric 
matrix of fire resistant composite materials such as fiber reinforced composites. 

(a)

(b)

Figure 16.29 K-Geopolymer/cement concrete composite specimen before (a) and after (b) 
the test with the RWS standard fire scenario (from Sakkas et al., 2013c, with kind permission 
from Springer Science and Business Media).
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The advantages of alkali-activated binders (such as high operating temperature, 
low processing temperature, incombustibility) in relation to the organic polymer 
counterparts, their compatibility with all the marketable types of fibers and the 
pressure of the industry (especially the aviation one) for new materials with improved 
fire resistance performance render their application very attractive. The replacement 
of cement concrete from geopolymer concrete has been proved very advantageous. 
Geopolymer concrete can achieve high compressive strengths comparable with 
the ones of cement concrete, while at the same time having substantially better 
fire resistance performance, avoiding the spalling phenomena even at very high 
exposure temperatures and in some cases has improved mechanical strength after 
exposure in fire. The massive replacement of cement concrete does not seem to be 
feasible for several reasons. The most important one is the market availability of 
sodium hydroxide. If the world production of NaOH, that is almost 50 million tons, 
was utilized in geopolymerization technology, the amount of geopolymeric cement 
produced would be around 850 million tones which is only a quarter of the global 
production of cement (3.4 billion tons). Therefore, the partial substitution of cement 
concrete in specific applications necessitating greater protection from fire or, even 
better, the protection of cement concrete with fire resistant superficial layers from 
geopolymeric cement or concrete seems to be more reasonable and attractive. The 
excellent performance of alkali-activated binders in fires (effective fire and smoke 
spread as well as thermal barriers, incombustibility, proved structural integrity) 
renders them very good candidates for passive fire protection of cement concrete. 
Applications for passive fire protection of concrete linings in tunnels or generally 
in underground constructions seem to be reasonable and very attractive. 
 The passive fire protection of steel structures in buildings (encasement in insulating 
materials) is another attractive area for alkali-activated binders. The state of the art 
materials are traditional concrete and autoclaved aerated concrete as well as boards 
from calcium silicate, gypsum and mineral wool. Taking into account that alkali-
activated binders have superior or identical fire performance with the above materials 
and superior or slightly better thermal conductivity values (0.1–0.3 W/m.K instead 
of 1–3 W/m.K for concrete and 0.2–0.8 W/m.K for cement, calcium silicate and 
gypsum plasters), geopolymeric plasters seem to be attractive substitutes for steel 
encasing insulating materials. 

16.9 Sources of further information

• UK Passive Fire Protection Federation, http://pfpf.org/
• Promat, http://www.promat-spray.com/ 
• BASF, http://www.basf-admixtures.ch/de/publikationen/Documents/Fireshield_070508.

pdf
• SIKA AG, http://www.sika.com/en/system/search.html?q=Fire+Protection
• NU-CORE, http://www.nu-core.com.au/fr-geocomposite.html
• Alexander Khoury and Yngve Anderberg, ‘Concrete spalling review’, 2000 (http://www.

cob.nl/kennisbank/webshop/artikel/fire-safety-design-concrete-spalling-review.html).



The fire resistance of alkali-activated cement-based concrete binders 459

• D.J. Naus, ‘The effect of elevated temperature on concrete materials and structures – a 
literature review’, 2005 (http://info.ornl.gov/sites/publications/files/Pub1043.pdf)
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17.1 An introduction to efflorescence

Efflorescence refers to the formation of a surface deposit which occurs in both 
natural and built environments. It is formed when soluble constituents are dissolved 
by water migrating through a porous material and then precipitating onto its surface 
by chemical reaction and/or evaporation of the salt solution. Efflorescence usually 
consists of salts that originate from the material itself or the surrounding environment. 
In cement-based materials, it therefore may be a symptom of attack by aggressive 
chemicals (such as sulphate) that affect the material performance. 
 This chapter, however, does not consider efflorescence caused by chemical attack. 
It must also be noted that efflorescence is distinct from the process of atmospheric 
carbonation. Carbonation usually results in pH reduction of the material followed 
by binder degradation. It may also include the deposition of carbonation reaction 
products in the bulk of the material, which may or may not be visible to the naked 
eye. Efflorescence, however, causes the formation of visible surface deposits, and 
may or may not be accompanied by further degradation of the binder.

17.1.1 Definition and effects

In chemistry, efflorescence means the growth of salt crystals on a surface caused by 
evaporation of salt-laden water. ACI 116R-90 defines efflorescence as ‘a deposit of 
salts, usually white, formed on a surface, the substance having emerged in solution 
from within either concrete or masonry and subsequently been precipitated by 
evaporation’. The British Standard Glossary, BS6110: Subsection 1.3.7:1991 defines 
efflorescence as a ‘crystalline deposit of soluble salts on a surface that results from 
the migration and evaporation of water’ (Neville, 2002).
 In porous construction and building materials, therefore, efflorescence is referred 
to as a deposit, usually white in color, that occasionally develops on the surface of 
the material. It is usually harmless and may only present a cosmetic problem, but in 
some cases excessive efflorescence can cause expansion in regions close to surfaces 
that may finally disrupt the material surface.
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 In cement-based materials, efflorescence is a surface defect usually with no 
important structural consequences. It is a deposit of crystalline slats, usually loose, 
white and fluffy, that forms on or near the surface of the material. There exist 
different types of efflorescence forming by the same general mechanisms. The most 
relevant types of concern are efflorescence of calcium carbonate in Portland cement 
and efflorescence of sodium carbonate in alkali-activated or geopolymer binders.
 The initial occurrence of the efflorescence is primarily considered as an aesthetic 
defect. However, if not controlled, continued efflorescence can become a functional 
defect affecting the integrity of the material. The defects begin from the surface 
regions and continue inward to the internal regions. The weakened surface regions 
of the material can be spalled over time due to increasing internal stresses caused 
by efflorescence crystallization pressure and/or through freeze/thaw cycling. In the 
case of coated concrete, the primary danger is potential bond failure between the 
coat and the underlying cementitious components. The crystallization of soluble salts, 
especially those that form in the adhesive–cladding interface, can exert disintegrating 
stresses that simply result in spalling or bond failure.

17.1.2 Types of efflorescence

There are two main types of efflorescence (Kresse, 1989; Bensted, 2000): 

• primary efflorescence
• secondary efflorescence

Primary efflorescence typically occurs during the initial cure of the cement-based 
material. It is due to the hydration process during the setting of cement and involves 
the water used in the preparation of the material. When mixing water is being driven 
out as a result of hydration heat of cement, it brings the soluble constituents of the 
cement paste to the surface where mainly water evaporation results in the efflorescence 
formation. This type of efflorescence, which develops as a whitish bloom or color 
fade, is not deleterious to the performance of the material and is not usually considered 
significant. Primary efflorescence cannot be completely eradicated, but it is quite soft 
and the surface of the material can be simply cleaned by brushing off.
 Secondary efflorescence is related largely to free water of the cementitous material 
and/or outside water like rain or groundwater and develops later, sometimes after 
months or even years from the start of the hydration reactions. All cement-based 
materials are susceptible to secondary efflorescence that appears as a uniform 
discoloration and/or as localized surface encrustations where water exits the material. 
The amount and the character of the deposits vary according to the type of cement 
and chemical admixtures used and also the atmospheric conditions. 
 The effects of secondary efflorescence are usually seen as color modifications, 
varying over the surface and changing with time. Iron oxide, dust, or dirt present in 
the surrounding environment can also take part in this color modification resulting in 
the formation of stained efflorescence. In rare cases, severe secondary efflorescence 
over long periods of time can put the structural integrity of the material at risk. 
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17.1.3  Formation mechanism and influencing factors

The mechanism for efflorescence formation can be described by discussing the 
chemical reactions and the physical processes involved under favorable conditions. 
Efflorescence is caused by a combination of circumstances including: presence of 
soluble constituents, presence of water to dissolve the soluble constituents, and a 
transporting force that moves the solution toward the surface such as gravity, capillary 
action, hydrostatic pressure, or evaporation.
 In both Portland and alkali-activated cements, efflorescence is mainly caused 
by carbonates. In Portland cement-based materials, it mainly consists of calcium 
carbonate resulting from the reaction between calcium hydroxide of the hydrated 
cement paste and carbon dioxide from the atmosphere. As the Portland cement sets or 
hardens, free calcium hydroxide is formed which is soluble in water even if only to 
a slight extent. Consequently, it migrates to the concrete surface either after already 
being dissolved in the mixing water of the fresh concrete, or through the hardened 
concrete when exposed to the effects of rain or dew. Having reached the surface of 
the concrete, the calcium hydroxide reacts with carbon dioxide in the air to form 
water-insoluble calcium carbonate (Kresse, 1989; Bensted, 2000; Mohamed Sutan 
and Hamdan, 2013):

  Ca(OH)2 (dissolved) + CO2 (dissolved) Æ CaCO3 (solid) + H2O (liquid)

The reaction may happen in the pore solution of the concrete, but if evaporation 
rates are fast enough, calcium hydroxide precipitates on the concrete surface and 
subsequently reacts with atmospheric carbon dioxide when sufficient moisture becomes 
available on the surface (carbon dioxide reacts only if dissolved in water). If the 
surface of the concrete is not very moist and enough air has access to the surface, 
atmospheric carbon dioxide diffuses into the surface regions, dissolves in the pore 
solution and reacts with calcium hydroxide. 
 Formation of calcium carbonate in the pore solution can gradually block the capillary 
pores. In this case, the process of efflorescence formation can come to a halt. If the 
surface of the concrete is very moist or covered with a film of condensation, the 
calcium hydroxide spreads over the concrete surface and reacts with carbon dioxide to 
form a layer of calcium carbonate that is insoluble in water and makes stain removal 
difficult. Although the formation of calcium carbonate inside the capillary pores can 
effectively seal them and halt the formation of primary efflorescence, later when 
concrete is exposed to drying out, secondary efflorescence can start and continue. 
The formation and deposition of calcium carbonate on the concrete surface creates a 
concentration gradient in relation to the interior of the capillary system. This results 
in continuous diffusion of calcium hydroxide from deeper concrete layers to the 
surface pores as long as there exists a concentration gradient (Mohamed Sutan and 
Hamdan, 2013; Kresse, 1987, 1991). 
 The drying out of the concrete at the surface is therefore one of the main factors 
influencing efflorescence formation. Efflorescence usually results from a combination 
of factors rather than having a single cause. Of these factors, the most important ones 
are generally considered to be type of cement and admixtures, mix proportion and 
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water content, poor compaction of the concrete, insufficient curing, and atmospheric 
conditions that cause a rapid drying out of the concrete (Kresse, 1987, 1991; Deichnel, 
1982; Neville, 2011).
 In concrete materials usually cement is the principal source of the soluble salts. 
The amount of soluble salts therefore increases with increasing cement content of 
the concrete, the alkali content of cement and the cement fineness. In the case of 
Portland cement, incorporation of materials exhibiting pozzolanic properties reduces 
efflorescence formation by consuming part of the calcium hydroxide in pozzolanic 
hydration reactions. In addition, these materials produce a finer pore structure, which 
will reduce water permeability. Chemical admixtures may also influence efflorescence 
formation depending on their composition, their chemical interaction with soluble 
salts present in cement and how they are used. 
 Aggregates usually do not take part in efflorescence formation unless being 
contaminated with soluble salts (e.g., sea water slats and/or soluble sulphates). Water 
content of the fresh concrete influences the volume and the continuity of the pore 
structure and therefore determines the amount and the rate of both water and salt 
transfer. Improper concreting practices including insufficient mixing, inconsistent 
compaction and even inadequate mixing sequence result in a non-uniform pore 
structure, which may increase the risk of efflorescence formation or cause localized 
areas of efflorescence. 
 Curing humidity is another important factor. At low humidity, fresh concrete 
starts drying especially if exposed to sun and wind. When water evaporates from 
the concrete surfaces, it is easily replaced by transfer of mixing water from concrete 
internal regions. This in turn produces a layer of calcium carbonate efflorescence 
that temporarily blocks the surface pores of the concrete and prevents the subsequent 
ingress of water for continued curing. Such a concrete not only will not gain enough 
strength, but also will remain relatively permeable and prone to continued efflorescence 
formation. 
 In summary, a porous and permeable concrete is more prone to efflorescence 
formation, especially when subjected to repeated cycles of wetting and drying. In 
this case, there might be no distinction between primary and secondary efflorescence 
since the mechanism of their formation is virtually identical (Kresse, 1987). 
 It is not possible to completely eliminate efflorescence formation in cement-based 
materials. Long-term experiences on calcium-based hydrating products, however, 
resulted in the development of some rules of thumb to avoid or greatly reduce the 
potential for efflorescence formation. These include:

• minimizing free soluble salts from raw materials
• minimizing concrete permeability
• avoiding the exposure of concrete to uneven moisture conditions.

Use of quality materials in an optimized mix design is very important. Composite 
cements containing pozzolanic materials are usually better than plain cements. Soluble 
constituents in the cement including alkali, alkali sulphate and free lime must be kept 
at minimum possible levels. In addition, aggregates and mixing water contaminated 
with significant quantities of soluble salts should be avoided.
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 Permeability of the concrete must be minimized by using graded aggregates and 
sufficient amount of cement, keeping the water-to-cement ratio as low as possible and 
applying an effective compaction. Using too little cement leads to a low density and a 
high permeability. On the other hand, a high amount of cement requires higher water 
content that may again lead to higher permeability as a result of increased shrinkage 
cracks. In some cases, it may also be necessary to seal the external surface of the 
concrete by producing a dense impermeable surface finish. In any case, however, the 
concrete must be well cured at suitable and consistent conditions to ensure adequate 
hydration of cement. 
 Concrete’s exposure to uneven moisture conditions, condensation and cycles of 
wetting-drying should be avoided both before and after curing. It is also necessary 
to maintain a uniform temperature inside the concrete.
 After efflorescence formation, it is necessary firstly to identify its cause. When 
the cause is known, appropriate removal and prevention methods can be sought. If 
concrete is in contact with an external source of soluble salts, then it is necessary 
to identify the composition of the efflorescence, because it may indicate ingress of 
aggressive salts affecting concrete’s durability.
 Efflorescence may gradually be removed from exposed surfaces by acid rain 
or by normal abrasion, but if necessary chemical and/or mechanical methods are 
also available. Chemical removal is usually based on washing the concrete surface 
with dilute acid, but it may alter the color and the texture of the concrete surface. 
Mechanical methods include brushing the concrete surface with a stiff bristle brush 
or cleaning it with high pressure water jetting. Sand blasting may also be effective 
but it may alter the texture of the concrete surface.
 In alkali-activated or geopolymer binders, efflorescence usually consists of sodium 
carbonate resulting from the reaction between excess sodium oxide remaining 
unreacted in the material and the carbon dioxide of the atmosphere: 

  2Na(OH) (dissolved) + CO2 (dissolved) Æ Na2CO3 (solid) + H2O (liquid)

The mechanism and the influencing factors for alkali-activated or geopolymer 
binder are all the same. The type, nature and the characteristics of the efflorescence, 
however, are different. 

17.2 Efflorescence formation in alkali-activated  
binders

In recent decades, researchers have investigated the possibility of utilizing a 
broad range of precursors as raw materials in the production of alkali-activated or 
geopolymer binders. Experiences in this field, however, confirmed that these binders 
are more prone to efflorescence formation and severe efflorescence may even put 
their structural integrity at risk. In spite of the importance of the problem, relatively 
less attention has been paid to the efflorescence phenomenon.
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17.2.1 Alkali-activated binders and their susceptibility to 
efflorescence formation

These binders are produced by reactions between alkaline solutions usually alkali 
metal silicates or hydroxides and solid aluminosilicate precursors (Davidovits, 
1991, 2008). Provis et al. (2005) presented a simplified model for the mechanism of 
alkali activation of a solid aluminosilicate precursor into a synthetic amorphous or 
nano-crystalline binder. Their model starts with dissolution of solid aluminosilicate 
source in alkali-activator and oligomerization of silicate and aluminate monomers. 
Depending on the processing conditions, the aluminosilicate oligomers produced 
could form either amorphous aluminosilicate gel upon polymerization and gelation 
or nano-crystalline zeolite phase upon nucleation and crystallization. 
 The main role of alkalis in the reaction processes involved is initially to generate 
a sufficiently high pH medium to start the breakdown of the covalent bonds (Si-O-Si 
and Al-O-Si) of the precursor, and then to charge-balance the growing aluminosilicate 
gel framework (Duxson et al., 2005a). Alkali concentration of the activator is one of 
the most important parameters strongly influencing the formation mechanisms and 
the properties of the binder, because it determines the extent of chemical reactions 
and the microstructure densification (Lloyd et al., 2009; Najafi Kani and Allahverdi, 
2009a). 
 Alkali-activated binders formulated with sodium-based activators are more 
prone to efflorescence formation. It is also reported that formulations with higher 
Na2O/Al2O3 ratios containing higher excess sodium oxide remaining unreacted in 
the material suffer from more severe efflorescence (Najafi Kani and Allahverdi, 
2009a; Allahverdi et al., 2008; Škvára et al., 2009a; Temuujin and van Riessen, 
2009; Pacheco-Torgal and Jalali, 2010). This is due to the relative mobility of the 
sodium cations within the aluminosilicate framework, particularly when the material 
is exposed to cycles of wetting/drying or moisture transfer. It is generally believed 
that in comparison to Portland cement, alkali-activated binders are more prone to 
efflorescence formation. This higher tendency toward efflorescence formation is due 
to the following characteristics, particularly if the binder is produced from relatively 
low reactive precursors and highly concentrated activators:

• open microstructure resulting in higher permeability (Škvára et al., 2009b)
• high alkali concentration in the pore solution (Lloyd et al., 2010)
• weak binding property of sodium cations in the aluminosilicate framework (Szklorzova 

and Bilek, 2008; Škvára et al., 2008; Bortnovsky et al., 2008). 

17.2.2 A brief literature survey

In research work on the possibility of utilizing a pumice-type natural pozzolan as the 
aluminosilicate source material in the production of alkali-activated or geopolymer 
cement, Allahverdi et al. (2008) considered the extent of efflorescence formation 
as a soundness determining parameter. To evaluate the extent of efflorescence 
formation, they placed 28-day cured cubic paste specimens 2 cm3 in size in 50 ml 
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water individually and kept them in open-air atmosphere at 25°C until the water was 
evaporated completely. Based on a qualitative comparison, they showed that the extent 
of efflorescence formation is a function of not only the Na2O concentration of alkali 
activator, but also the silica modulus of alkali activator and the water-to-binder ratio. 
The effect of Na2O concentration, however, was claimed to be more pronounced 
than the other two factors. Comparing the results of 28-day compressive strength 
measurements to those of efflorescence tests, they also concluded that a relatively 
high compressive strength attainable at relatively higher Na2O concentration does 
not necessarily indicate soundness and durability.
 In their works on material and structural characterization of alkali-activated low-
calcium brown coal fly ash and the influence of the temperatures ranging from 20 
to 1000°C on properties of aluminosilicate polymer or alkali-activated binder based 
on brown coal fly ash, Škvára et al. (2008, 2009b) elaborated the susceptibility of 
alkali-activated binders to exhibit efflorescence formation. Based on results obtained 
from 23Na NMR MAS spectra, they claimed that alkali metals are rather bonded to 
Al in Si-O-Al chain structure in the form of Na,K(H2O)n

+ than as Na+,K+. The bond 
of alkali metals in the form of Na,K(H2O)n

+ complex is weaker than the direct bond 
of Na+. This model of bonding of the Na atom helps to explain the ease in leaching 
of alkali metals out of the alkali-activated binders (regardless of whether prepared 
from fly ash or metakaolin) and efflorescence formation. They showed that the 
tendency for efflorescence formation declines substantially by firing the material at 
temperatures higher than 600°C. Such a high temperature treatment eliminates the 
H2O content of the structure and results in the transformation of alkali metal bonds. 
They reported the presence of hydrates of the type Na2CO3·nH2O and Na6(SO4)
(CO3,SO4)·nH2O in typical efflorescence observed in their studies. 
 Temuujin et al. (2009) investigated the influence of CaO and Ca(OH)2 on mechanical 
properties of geopolymer pastes developed from fly ash. Considering two different 
curing temperatures including 20°C (ambient temperature) and 70°C, they reported 
that all the samples cured at ambient temperatures exhibited efflorescence formation. 
They explained that at ambient temperatures the dissolution rates are low and result 
in the presence of residual excess alkaline solution in the material. Analytical studies 
performed on some fragments of efflorescence by SEM-EDS and XRD clarified the 
nature of the efflorescence as sodium phosphate hydrate (Na3PO4·12H2O) instead 
of sodium carbonate hydrate (Na3H(CO3)·2H2O). They attributed the formation 
of sodium phosphate hydrate to the presence of 1.3 wt.% P2O5 in the fly ash and 
explained that a strong alkaline medium could readily dissolve the phosphate content 
of the material and enable it to recrystallize as sodium phosphate efflorescence. This 
observation, however, is contrary to Davidovits, suggestion (Davidovits, 2008) that 
phosphates are able to form geopolymer structures such as poly(sialate-siloxo)/
phosphate or phospho-silioxonate geopolymer.
 Allahverdi et al. (2010) investigated the influence of sodium oxide concentration 
on different physico-mechanical properties and efflorescence formation of alkali-
activated blast furnace slag. They considered mix designs of the same silica modulus 
(Ms = 0.6) and different sodium oxide concentrations ranging from 1 to 6% by 
weight of slag. The tendency of the mix designs for efflorescence formation was 
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evaluated qualitatively in a similar way as explained in their earlier work (Škvára 
et al., 2009a). They reported that, based on observations, mixes with 1 and 2 wt.% 
sodium oxide concentration showed a relatively slight tendency for efflorescence 
formation, mixes containing 3 wt.% sodium oxide exhibited a relatively moderate 
tendency for efflorescence formation, and mixes containing higher concentrations of 
sodium oxide (4, 5 and 6 wt.%) displayed a relatively severe tendency for efflorescence 
formation. 
 Pacheco-Torgal and Jalali (2010) considered the tendency for efflorescence 
formation as a criterion of structural stability for alkali-activated binder based on 
calcined tungsten mine waste mud. While alkali-activated binder produced from plain 
mine waste mud calcined at different temperatures did not suffer from efflorescence 
formation, alkali-activated mortars based on mine waste mud calcined with sodium 
carbonate exhibiting relatively high early compressive strengths presented a high 
amount of efflorescence formation after water immersion. This indicates that even 
a relatively high early compressive strength does not always mean a stable structure 
formation.
 Allahverdi et al. (2011) investigated the influence of blast furnace slag on basic 
engineering properties and efflorescence formation of natural pozzolan-based 
geopolymer cement. They studied different mix designs of the same silica modulus 
(Ms = 0.6) and different sodium oxide concentrations ranging from 4 to 6% by weight 
of binder. The water-to-dry binder ratio (w/c ratio) was adjusted at four different 
values of 0.26, 0.28, 0.30 and 0.32 and blast furnace slag was used at four different 
replacement levels of 0, 5, 15 and 25% by weight of binder. The obtained results 
showed that incorporation of the blast furnace slag did not provide any improvement 
in strength behavior of the studied natural pozzolan-based geopolymer cement, but 
an optimum amount of which was beneficial in reducing the efflorescence formation. 
They claimed that the geopolymer cement mix comprising 5 wt.% blast furnace slag 
and 8 wt.% Na2O with a w/c ratio of 0.30 exhibited the highest 28-day compressive 
strength of 36 MPa with the least tendency for efflorescence formation. They measured 
the tendency of the mixes for efflorescence formation qualitatively as explained in 
their earlier work (Škvára et al., 2009a).
 Najafi Kani et al. (2012) focused their work on controlling efflorescence formation 
in a geopolymer binder based on a pumice-type natural pozzolan. They showed 
that efflorescence formation can be reduced and controlled either by the addition 
of alumina-rich admixtures or by hydrothermal curing. Each of these techniques 
provides benefits to the binder structure by enhancing the binder structure formation 
process.
 Škvára et al. (2012) reviewed the existing models for Na(K) bonds in (Na,K)-
A-S-H gels and claimed that this bond still is an insufficiently resolved issue with 
significant consequences for efflorescence in alkali-activated or geopolymer cements. 
They also obtained interesting results in their studies supported by a series of long-
term leaching experiments on alkali-activated fly ash and metakaolin in deionized 
water. Based on compressive strength measurements, studies by NMR MAS (29Si, 
27Al, 23Na) and SEM, and also modeling the leaching phenomenon, they compared 
the leached and unleached gels and showed that almost all the alkalies can be simply 
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leached out without affecting the gel skeletal structure and without any significant 
loss in strength. 
 They therefore concluded that the main role of alkalis in the process of alkali 
activation is to create a strong base environment for dissolution of glass phases from 
precursor materials and after gel formation, alkalis remain in the nanostructure of (N, 
K)-A-S-H gel weakly as unnecessary load-bearing remnants from activating solution. 
They used the Barbosa model (Barbosa et al., 2000) to interpret the weak Na(K) 
bond in (N, K)-A-S-H gels. According to this model, the gel can be considered as 
randomly oriented Al, Si polymeric chains providing cavities of sufficient size to 
accommodate the charge-balancing hydrated Na(K) ions in the form of Na(H2O)n

+, 
K(H2O)n

+. The positively-charged alkali cations can be replaced with other cations 
present in the system. The most probable is H3O

+, but Al(OH)2
+ or Aln(OH)m

(3n-m)+ 
could also compensate the negative charge (Cloos et al., 1969). The presence of 
other cations (Fe, Mn and Ca) in the precursors can also easily balance the negative 
charge on AlIV. 

17.3 Efflorescence formation control in alkali-activated 
binders

After reviewing an outline of the general features of efflorescence, its effects and 
consequences, types of efflorescence, formation mechanism and also a brief literature 
survey on efflorescence formation in alkali-activated binders, the remaining part 
of the chapter is devoted to efflorescence controlling methods in alkali-activated 
binders, which is a new field of research in developing alkali-activated or geopolymer 
binders.

17.3.1 Efflorescence control methods

Three different methods can be used to reduce efflorescence formation in an alkali-
activated or geopolymer binder. Firstly adjustment of chemical formulation of the 
alkali activator used, secondly applying different curing conditions to increase the 
extent of reaction of the materials, and thirdly utilizing different admixtures to 
enhance microstructure densification. For achieving a sound and durable alkali-
activated or geopolymer binder product, the geopolymer aluminosilicate source 
material should be considered at first and due to its composition, molecular 
structure, crystalline structure and phases, and its reactivity and solubility in alkaline 
activator, one or a combination of more efflorescence control methods should be  
applied. 
 Here, it is worth reviewing the effectiveness of the three efflorescence control 
methods applied on a geopolymer binder based on a pumice-type natural pozzolan 
(Najafi Kani et al., 2012). 
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17.3.2 Adjustment of chemical formulation

To investigate the effect of alkali activator chemical composition adjustment on 
efflorescence control, geopolymer binder based on a pumice-type natural pozzolan 
has been selected. The natural pozzolan used in this work was of the pumice type 
obtained from mountains located in the south east of Iran. The pozzolan was ground 
in a closed circuit industrial mill to a Blaine specific surface area of 305 m2/kg with 
mean particle size of 32 micron. The chemical composition determined in accordance 
with the standard procedures of ASTM C311 was SiO2 = 61.57, Al2O3 = 18.00, CaO 
= 6.69, Fe2O3 = 4.93, MgO = 2.63, K2O = 1.95, Na2O = 1.65 with LOI = 2.15 and 
basicity factor [(CaO + MgO)/(SiO2 + Al2O3)] of 0.84. 
 The natural pozzolan was also characterized for its crystalline phases. The crystalline 
mineral phases determined by X-ray diffractometry (Philips X’pert diffractometer, 
CuKa radiation, 2º/min, divergence and anti-scatter slits 1º each, receiving slit 0.01 
mm) revealed the presence of the minerals anorthite (a feldspar mineral), cordierite 
and tremolite (amphiboles), and biotite (mica), as well as a small amount of quartz. 
Commercial sodium silicate solution (mass ratio SiO2/Na2O = 0.92 and SiO2 content 
of 31.36 wt.%) and industrial-grade NaOH (99% purity) were used throughout all 
experiments (Najafi Kani et al., 2012).
 The chemical composition of the alkali activator studied is shown in Table 17.1. 
For qualitative evaluation based on visual observation, 28-day cured 2 cm cube paste 
specimens were individually immersed in 40 ml of distilled water and kept in open-
air atmosphere at 25°C for complete evaporation of water. Quantitative evaluation 
was based on determining alkali salt leachability by adding 1.0000 ± 0.0001 g of 
ground hardened paste into 20 ml of distilled water in a covered container. After 24 
h, the solution was centrifuged to remove solids and placed in an oven to evaporate 
the water, leaving only the leached soluble salts, which were then weighed. Studied 
mix compositions exhibiting relatively higher 28-day compressive strengths (shown 
in Table 17.1) were selected to determine the leachability of alkali, as a quantitative 
measure of the tendency toward efflorescence (Najafi Kani et al., 2012).
 The extent of efflorescence at the end of the qualitative (water evaporation) test 
shows that mixes G2 and G9 show a clearly lower efflorescence compared to the 
other mixes. Figure 17.1 shows the extent of efflorescence at the end of the qualitative 
(water evaporation) test in a selection of mixes (G2, G14, and G23). Sample G2 
(Figure 17.1(a)) was selected because it showed the lowest extent of efflorescence. 
Sample G14 (Figure 17.1(b)) displayed the highest 28-day compressive strength and 
sample G23 (Figure 17.1(c)) showed the highest extent of efflorescence. 
 Figure 17.2 shows the extent of sodium leaching (as an indirect but quantitative 
measure of efflorescence) of the same samples, with comparison to their compressive 
strengths, and the data are fundamentally consistent with the qualitative extents of 
efflorescence. Geopolymer mixes with higher Na/Al molar ratios show a higher extent 
of alkali leaching, indicating a stronger tendency toward efflorescence (Najafi Kani 
et al., 2012). The alkali leaching here appears to follow the known trend in pore 
solution chemistry as a function of alkali content, where higher Na/Al ratios give 
more alkaline pore solutions (Lloyd et al., 2010); the effect of permeability (which 
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generally decreases with increasing extent of reaction, and thus would be expected 
to decrease at higher Na/Al contents) appears secondary when comparing different 
mix designs. 
 Comparing 28-day compressive strengths and alkali leachability reveals that the 
highest achievable compressive strength (attainable at an optimum Na/Al molar ratio 
of 0.92 for mix G14) does not necessarily result in soundness and durability. In fact, 
mixes with lower Na/Al molar ratios, i.e. G2 and G9, show a lower extent of alkali 
leaching and consequent efflorescence, showing that, in the absence of additives 
or heat curing, there appears to be a need to compromise between achieving the 
highest strength which is achieved with a denser microstructure, corresponding to a 

Table 17.1 Chemical composition and compressive strength of 
geopolymer mixes

Mix name Chemical composition 28-day compressive 
strength (MPa)Activator SiO2/Na2O 

molar ratio
Total Na/Al molar 
ratio

G1
G2
G3
G4
G5

G6
G7
G8
G9
G10

G11
G12
G13
G14
G15

G16
G17
G18
G19
G20

G21
G22
G23
G24
G25

0.30
0.45
0.60
0.75
0.90

0.30
0.45
0.60
0.75
0.90

0.30
0.45
0.60
0.75
0.90

0.30
0.45
0.60
0.75
0.90

0.30
0.45
0.60
0.75
0.90

0.61
0.61
0.61
0.61
0.61

0.77
0.77
0.77
0.77
0.77

0.92
0.92
0.92
0.92
0.92

1.08
1.08
1.08
1.08
1.08

1.23
1.23
1.23
1.23
1.23

20.0 ± 2.0
27.5 ± 2.0
25.0 ± 2.0
17.5 ± 2.0
13.7 ± 2.0

15.0 ± 1.0
22.5 ± 1.0
26.2 ± 1.0
32.5 ± 1.0
20.0 ± 1.0

12.5 ± 1.0
17.5 ± 1.0
35.0 ± 1.0
45.0 ± 1.0
32.5 ± 1.0

17.5 ± 1.0
25.0 ± 1.0
37.5 ± 1.0
27.5 ± 1.0
22.5 ± 1.0

15.0 ± 1.0
22.5 ± 1.0
33.7 ± 1.0
28.7 ± 1.0
25.0 ± 1.0

Source: Reprinted from Najafi Kani et al., 2012, Copyright © 2012, with permission from Elsevier.
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Figure 17.1 Photographs of specimens tested qualitatively for their efflorescence extent, at 
the end of the test period: (a) G2, (b) G14, and (c) G23.

(a)

(b)

(c)
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higher extent of reaction (Duxson et al., 2005b), and controlling the concentration 
of mobile alkali in the pore solutions to prevent efflorescence.

17.3.3 Application of curing conditions

To investigate the effect of hydrothermal curing on efflorescence formation, specimens 
of mixes G2 and G9 were cured hydrothermally in a steam saturated atmosphere at 
temperatures of 45, 65, 85, 105, and 125°C for 20 h, after 7 days of precuring at 
~95% relative humidity (RH) at 25°C (Najafi Kani et al., 2012).
 Figures 17.3 and 17.4 show the variations in the extent of alkali leachability and 
compressive strength as a function of hydrothermal curing temperature for mixes G2 
and G9, respectively (Najafi Kani et al., 2012). The baseline curing regime was a 
simple 28-day curing period in 95% RH at room temperature (RT); hydrothermal (HT) 
curing was applied at temperatures of 45, 65, 85, 105, and 125°C for 20 h, following 
7 days of precuring at 25°C and 95% RH. As seen for both mixes, hydrothermal 
curing at temperatures higher than 65°C results in reduced efflorescence extent 
and increased compressive strength. Hydrothermal treatment at the lowest applied 
temperature of 45°C also increases the extent of efflorescence, but results in reduced 
compressive strength. The improvements brought about at temperatures higher than 
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Figure 17.2 Comparison of the extent of alkali leaching and 28-day compressive strength 
for mixes G2, G9, G14, G18 and G23 (reprinted from Najafi Kani et al., 2012, Copyright © 
2012, with permission from Elsevier).
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65°C may be attributed to the higher extent of geopolymerization reactions which 
can be achieved at these temperatures in these systems (Najafi Kani and Allahverdi, 
2009b). 

17.3.4 Utilization of special additives

To investigate the application of special additives on controlling the efflorescence 
formation, 5 Al-rich mineral admixtures including metakaolin (Zigma International, 
India), ground granulated blast furnace slag (Isfahan Steel Complex, Iran), and the 
three different calcium aluminate cements of Secar 71 (Kerneos, France), Secar 80 
(Kerneos, France) and Koracast (Iran Refractory Products, Iran) were incorporated 
into the dry binder mixes at replacement levels of 2, 4, 6, and 8 wt.%. The chemical 
compositions of the admixtures are given in Table 17.2 (Najafi Kani et al., 2012).
 Tables 17.3 and 17.4 show the variations in the extent of alkali leaching as a 
function of replacement percentage of natural pozzolan by different admixtures, 
for mixes G2 and G9, respectively. In the case of slag or metakaolin, a very minor 
decrease in the tendency towards efflorescence is observed, and only at the lowest 
replacement level of 2 wt.%. All three types of calcium aluminate cements, however, 
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Figure 17.3 Effect of hydrothermal curing on efflorescence extent and compressive strength 
of mix G2 (reprinted from Najafi Kani et al., 2012, Copyright © 2012, with permission from 
Elsevier).
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provide a considerable positive effect in efflorescence reduction for both mixes G2 
and G9. The optimum replacement levels for calcium aluminate cements (Secar 
71, Secar 80, and Koracast) are 6, 8, and 6 wt.%, respectively (Najafi Kani et al., 
2012).
 The reasons for the limited effects of addition of slag and metakaolin could be 
attributed to the differences between the form and the concentration of alumina in 
slag and metakaolin compared to high-alumina cements. In high-alumina cements, 
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Figure 17.4 Effect of hydrothermal curing on efflorescence extent and compressive strength 
of mix G9 (reprinted from Najafi Kani et al., 2012, Copyright © 2012, with permission from 
Elsevier).

Table 17.2 Chemical composition of the additives used (wt.% as 
oxides, as determined by X-ray fluorescence)

Component SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O

Secar 71
Secar 80
Koracast
Blast furnace slag
Metakaolin

0.55
0.30
–
36.06
56.50

70.20
79.00
94.00
9.16
38.30

0.20
0.20
0.10
0.70
0.50

28.30
20.00
5.40
36.91
0.15

0.20
0.10
–
10.21
0.18

0.10
0.10
–
1.15
–

0.10
–
–
0.70
0.23

0.25
0.15
–
0.48
0.35

Source: Reprinted from Najafi Kani et al., 2012, Copyright © 2012, with permission from Elsevier.
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alumina is present in the form of calcium aluminates, whereas in the case of slag 
and metakaolin it is in the form of aluminosilicates. This important difference not 
only results in different behavior in geopolymerization reactions, but will also lead 
to the formation of different reaction products. Also, the alumina supplied in highly 
reactive form by the high-alumina cements – which is more readily available compared 
to that supplied by slag or metakaolin due to the fact that it is not associated with 
Si – means that more alumina enters into the geopolymerization reactions. This 
strengthens the tetrahedral geopolymer gel network which is generated by alkali 
activation of the pozzolan (which has reasonably low Al availability), and also leads 
to binding of the alkalis into a charge-balancing role in the gel, hence resulting in a 
lower extent of alkali leaching and efflorescence (Najafi Kani et al., 2012). 
 It is interesting to note that the greatest influence on alkali leaching was shown 
by Secar 71, with the lowest Al and highest Ca content of the three high-alumina 
cements tested; this again highlights that it is the availability of calcium, not simply its 
presence, which is the most important point here, as the Al is more readily available 
from the CaAl2O4 phase which dominates Secar 71 than from the CaAl4O7 and Al2O3 
phases which are present in higher concentrations along with the CaAl2O4 in Secar 
80 (Najafi Kani et al., 2012).
 Figure 17.5 shows the specimens of mix G2 tested qualitatively for their efflorescence 

Table 17.3 Effect of admixtures on alkali leaching (as a proxy for 
efflorescence extent) in mix G2

Weight % of 
admixture

Extent of efflorescence (%)

Secar 71 Secar 80 Koracast Slag Metakaolin

0
2
4
6
8

3.20
2.79
2.28
1.25
1.26

3.20
2.81
2.45
2.31
1.48

3.20
3.01
2.82
2.12
2.12

3.20
2.84
3.22
3.45
3.52

3.20
3.09
3.25
3.64
3.79

Source: Reprinted from Najafi Kani et al., 2012, Copyright © 2012, with permission from Elsevier.

Table 17.4 Effect of admixtures on alkali leaching (as a proxy for 
efflorescence extent) in mix G9

Weight % of 
admixture

Extent of efflorescence (%)

Secar 71 Secar 80 Koracast Slag Metakaolin

0
2
4
6
8

4.20
3.52
3.02
2.08
2.08

4.20
3.66
3.02
2.95
2.18

4.20
3.72
3.56
3.25
3.25

4.20
3.30
4.08
4.53
5.89

4.20
3.41
4.14
4.65
5.99

Source: Reprinted from Najafi Kani et al., 2012, Copyright © 2012, with permission from Elsevier.
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extent, without admixtures (Figure 17.5(a)) and with optimum percentages of the 
Secar 71 calcium aluminate cement (Figure 17.5(b)). The effectiveness of the 
admixture in reducing efflorescence is particularly visible for mix G2. Tests with 
the other calcium aluminate cements (Secar 80 and Koracast) also showed similar 
reductions in the formation of visible efflorescence deposits on the samples.
 FTIR spectroscopy analysis of samples G2 and G9 with and without 6 wt.% 
Secar 71 (Table 17.5) shows that the addition of the high-alumina cement leads to an 
increase in the wavenumber of the Si-O-(Si,Al) asymmetric stretch peak, which is the 

(a)

(b)

Figure 17.5 Specimens of mix G2 tested qualitatively for their efflorescence extent, without 
(a) and with (b) 6 wt.% Secar 71.
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strongest peak in the infrared spectrum of almost all geopolymeric materials, and is a 
key diagnostic region describing geopolymer gel network structures (Hajimohammadi 
et al., 2010; Rees et al., 2007).
 An increase in the wavenumber of this peak could be due to one of two factors, 
either an increase in network connectivity or a decrease in the level of Al substitution 
(Hajimohammadi et al., 2010). Given that the addition of Secar 71 is supplying 
additional Al into the mixes, decreased Al substitution into the gels of the blended 
binders is unlikely, and thus the increase in FTIR peak positions is attributed to an 
increase in gel connectivity with the addition of the high-alumina cements. The higher 
compressive strengths observed after adding Secar 71 may also be attributed to the 
stronger bonding of the three-dimensional gel matrix with increased connectivity. 
Geopolymerization reactions in the presence of the high-alumina cement admixtures 
will result in the formation of a more crosslinked aluminosilicate gel, which in turn 
produces a dense, higher-strength molecular structure upon polycondensation. This 
is in accordance with previous work on systems based on natural pozzolan (Najafi 
Kani and Allahverdi, 2009b); similar trends were also observed for the samples 
cured hydrothermally (Najafi Kani and Allahverdi, 2009b).
 The most important reason for the positive effects of the high-alumina cement 
Secar 71 in efflorescence reduction and increasing mechanical strength is the 
production of higher amounts of aluminosilicate gel, due to the higher amounts 
of alumina available to participate in the geopolymerization reactions. This is the 
most likely reason for higher compressive strength in cementing mixes containing 
alumina cements compared to mixes containing slag and metakaolin; the presence 
of additional Al leads to a higher degree of crosslinking in the binder gel (as seen 
in the FTIR data), and the binder structure develops higher strength in addition to 
the stronger binding of alkalis which reduces efflorescence. If the key effect was 
due to the calcium contained in the admixture, the slag would be expected to have 
a stronger effect than Secar 71 due to its higher Ca content (Najafi Kani et al., 
2012). 
 As a conclusion, efflorescence is sometimes an issue in geopolymeric binders, but 
can be reduced either by precise selection of chemical composition, the addition of 
alumina-rich admixtures and or by hydrothermal curing. Each of these techniques 
provides benefits to the binder structure by enhancing the binder structure formation 

Table 17.5 Si-O-(Si,Al) asymmetric stretch peak 
positions in FTIR spectra of samples G2 and 
G9, with and without Secar 71

Peak positions (cm–1) Secar 71 content

0% 6%

Mix G2
Mix G9

998
996

1007
1004

Source: Reprinted from Najafi Kani et al., 2012, Copyright © 2012, with 
permission from Elsevier.
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process. Hydrothermal curing at temperatures of 65°C or higher also provides a 
significant effect in efflorescence reduction, as well as slight strength improvements. 
The addition of high-alumina cements is particularly beneficial; an optimum dosage 
of calcium aluminate cement, especially Secar 71, as an admixture is more effective 
than hydrothermal curing in reducing the extent of efflorescence in the natural 
pozzolan-based geopolymer binders studied. The additional alumina supplied by 
the high-alumina cement admixtures leads to an increased extent of crosslinking in 
the geopolymer binder, reduces the mobility of alkalis (which is the key cause of 
efflorescence in these materials), and also generates a hardened geopolymer binder 
product with markedly improved mechanical properties compared to the systems 
with no admixtures (Najafi Kani et al., 2012).

17.4 Conclusions

Alkali-activated or geopolymer binders are prone to efflorescence formation 
that may even put their soundness at risk. Attention therefore must be paid to 
efflorescence formation potential when developing alkali-activated or geopolymer 
binders. Published data confirm that the highest achievable compressive strength 
does not necessarily result in soundness and it is necessary to compromise between 
achieving the highest strength and controlling the concentration of mobile alkali in 
the pore solutions to prevent efflorescence. In addition to the careful adjustment of 
the chemical composition, hydrothermal curing and utilization of Al-rich mineral 
admixtures such as calcium aluminate cements provide positive effects in reduction 
of efflorescence. Suitable Al-rich mineral admixtures represent the greatest effect in 
controlling efflorescence. This effect can be attributed to their dissolution extent in 
alkaline media that releases relatively high amounts of alumina for the aluminosilicate 
geopolymer gel formation. This in turn leads to an increased extent of crosslinking 
in the geopolymer binder, reduces the mobility of alkalis, which is the key cause of 
efflorescence in these materials, and also improves the mechanical properties of the 
material (Najafi Kani et al., 2012). 
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18.1 Introduction

In today’s world, one of the major issues facing communities is the management 
of resources (water, soil, air, energy) and the environmental consequences 
associated with the increase of the waste generated (solid, liquid and gaseous  
residues). 
 It is generally accepted that the following solutions must be enhanced: a reduction in 
the consumption of non-renewable raw materials (to Reduce), a recycling of wastes in 
similar applications from which they are generated (to Recycle), a recovery of wastes 
through their reuse in other applications (to Reuse), or a recovery of various/selected 
components, energy or elements that are part of the waste (to Recover). These four 
actions (the four Rs, R4) could deliver important enhancements to the environment 
and, consequently, to society. However, we should not forget the fifth R, which is 
an activity that will enhance the environmental sustainability of society: research 
(to Research). Using the R5 function (the five Rs), all processes and activities from 
environmental, economic, technological and social points of view can be optimized 
(see Figure 18.1).
 Many interesting studies on reusing wastes produced by different human activities 
(urban, agricultural and industrial) have been carried out, as one of the major 
challenges is related to the development of alternative cements for replacing, totally 
or partially, the synthetic material most widely produced at present: ordinary Portland 
cement, OPC (Flatt et al., 2012). In this respect, alkali-activated materials (AAMs) 
have recently become one of the most promising binders for the future (Shi et al., 
2011; Pacheco-Torgal et al., 2008a, 2008b; Majidi, 2009; Komnitsas and Zaharaki, 
2007; Van Deventer et al., 2010). 
 Industrial by-products such as fly ash (FA, derived from coal combustion power 
plants) and ground granulated blast furnace slag (BFS, derived from the iron-making 
industry) have been used as precursors in many cases for preparing AAMs. Synthetic 
precursors produced from clays (metakaolin, MK) are also used, although this 
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type of precursor is not a waste. A wide range of studies on the above-mentioned 
precursors have been reported (Shi et al., 2006; Provis and van Deventer, 2009) and 
many aspects of the geopolymeric reaction (proportioning, mixing, curing) and the 
performance of pastes, mortars and concrete (mechanical properties, microstructure, 
durability) have been described and analyzed.
 On the one hand, many diverse wastes are currently produced, sometimes having 
similar characteristics to precursors (BFS, FA, MK) and sometimes not. Therefore, 
it is important to take into account the fact that these ‘new’ precursors are generated 
in huge amounts. On the other hand, the production of FA could decay in the future 
due to the use of alternative energy sources with lower CO2 emissions, and BFS 
availability being highly dependent on the exploitation of iron ores (steel production 
is closely related to the recycling of scrap). These facts could limit the use of these 
traditional precursors, and thus, the study and development of new precursors for 
AAMs is necessary in order to propose this type of binders as cements for the 
future.
 Wastes can be grouped according to type of source: 

• energy production
• metallurgy 
• mining 
• ceramics/glass industries 
• construction and demolition of buildings and infrastructures 
• chemical and petrochemical industries
• agro-industries. 

In this chapter, recent developments in the use of these wastes or combination of 
them with traditional precursors are summarized.

Figure 18.1 The five attitudes (R5) for sustainability in the modern society.

Reduce * Recycle * Reuse * Recovery * Research = R5

Research

Waste X

Waste 1 Waste 2

Process 2Process 1

Raw
material 1

Raw
material 2

Recycle

Recovery

Reuse

Reduce



Reuse of aluminosilicate industrial waste materials in the production of alkali-activated 489

18.2 Bottom ashes

Bottom ashes are granular waste materials usually generated from combustion of coal 
or other fuels, which are collected in the bottom hopper of the burning furnace. Power 
generation from coal combustion is the main energy source world wide. During this 
process, fly ash and coal bottom ash (CBA) are generated as residue. These wastes 
present similar chemical composition; however, the main differences are the shape 
and the size of the particles. Several studies have been performed regarding the use 
of CBA as a supplementary cementitious material (Cheriaf et al., 1999). The use of 
CBA as an aluminosilicate source material in the production of alkali-activated binders 
has also been reported (Topçu and Toprak, 2011; Chindaprasirt et al., 2009, 2013; 
Chen et al., 2012). Nevertheless, other waste materials and fuels can also generate 
bottom ashes (Chen et al., 2009; Yamaguchi and Ikeda, 2010; Yang et al., 2013; 
Yamaguchi et al., 2013; Lancellotti et al., 2013). In order to facilitate the discussion, 
this topic is presented in three sections according to the combustion process.

18.2.1 Coal thermal power plant

The use of coal bottom ash from thermal power plant as alkali-activated binders 
is reported in some studies (Sathonsaowaphak et al., 2009; Boonserm et al., 2012; 
Sata et al., 2012; Chindaprasirt et al., 2009). In general terms, the flowability and 
the compressive strength of the geopolymer can be improved with an increase of 
the CBA fineness (Sathonsaowaphak et al., 2009).
 Chindaprasirt et al. (2009) performed a comparative study on the characteristics of 
coal fly ash and CBA geopolymers. The results showed that fly ash is more reactive 
than bottom ash and promotes a higher degree of geopolymerization.
 Chotetanorm et al. (2013) compared three degrees of fineness for CBA with high-
calcium content. The finely ground CBA mortar yielded 40–54.5 MPa of compressive 
strength at 28 days of curing (room temperature) and with an initial 48-hour thermal 
curing at 75ºC. In the same study, authors concluded that the threshold values of 
intruded volume, pore sizes and rate of sorptivity of geopolymeric mortars were 
directly related to CBA fineness and water/CBA ratio.
 In another study, Sata et al. (2012) showed that CBA geopolymeric mortars 
were less susceptible to the attack of 5% sodium sulfate solutions and sulfuric acid 
solution when compared to the Portland cement mortar, due to the more stable 
crosslinked aluminosilicate polymer structure as compared to the calcium silicate 
hydrate structure formed in Portland cement hydration.

18.2.2 Circulating fluidized bed combustion coal ashes

The first study that described the use of fluidized bed combustion bottom ash was 
performed by Slavik et al. (2008). According to the authors, the compressive strength 
after 90 days was about 50 MPa and specimens showed an increase in the compressive 
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strength after wet-dry tests, probably due to the increment on the temperature that 
accelerates the geopolymerization reaction.
 According to Chindaprasirt and Rattanasak (2010), blended fluidized bed 
combustion fly ash and bottom ash have the potential to be used as a source material 
for making geopolymer. For these systems, geopolymeric mortars with 34–44 MPa 
in compression can be obtained (see Figure 18.2), depending on the fineness of FBC 
ash; C class (coarse size), M class (medium size) and F class (Fine size).
 Xu et al. (2010) demonstrated that mechanical properties of CBA geopolymers 
strongly depend upon the chemical compositions of the initial reacting systems, 
yielding 52.9 MPa, in compressive strength, for the optimal mix. In the same 
study, the authors observed by SEM images that geopolymers exposed to 1050ºC 
presented traces of formation of albite, which was confirmed by the XRD patterns. 
It is important to highlight that specimens exposed up to 800ºC did not present any 
microstructural change.
 Topçu and Toprak (2011) also demonstrated that geopolymers with CBA can 
be manufactured even at room temperature and concluded that curing conditions 
produced a strong effect on the compressive strength development of geopolymeric 
binders based on CBA. 

18.2.3 Incineration of municipal solid waste

Incineration is a burning process to reduce the volume and weight of wastes and 
to recover energy. From this process, a granular ash, also named bottom ash, 
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Figure 18.2 Compressive strength of different FCB–fly ash blended geopolymer mortars at 
age of 7 days (reprinted from Chindaprasirt and Rattanasak, 2010, Copyright © 2010, with 
permission from Elsevier).
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is generated with variable chemical composition, depending on the incinerated  
residue. 
 Lancellotti et al. (2013) studied the ashes generated from incineration of municipal 
solid waste (MSW). These bottom ashes (MSWBA) were mixed with metakaolin 
(MK) in the production of geopolymers with up to 80 wt.% of bottom ash. After 15 
days of curing, geopolymeric samples were immersed in water for 48 h to assess the 
chemical stability of samples; none of the compositions changed their aspect except 
geopolymer containing 80 wt.% of MSWBA. Similarly, FTIR analysis, XRD studies 
and SEM/EDS images demonstrated that MSWBA is a suitable source material 
for producing metakaolin blended geopolymers with high percentages of MSWBA 
(50–70 wt.%).
 Similarly, Yamaguchi et al. (2013) used ashes from incinerated urban wastes 
for geopolymer production. The starting ash presented high CaO, Al2O3 and SiO2 
contents and amorphous structure. Geopolymeric pastes yielded up to 16 MPa in 
flexural strength when cured at 80ºC with 100% RH.
 Another incinerated waste is reservoir sludge that was calcined at different 
temperatures 500–900ºC for application in geopolymers (Chen et al., 2009). The 
authors obtained a maximum compressive strength of 56.2 MPa at 28 days of curing 
for reservoir sludge calcined at 850ºC. Yang et al. (2013) produced foamed reservoir 
sludge geopolymers with water absorption up to 90% and more than 80% of the 
pores were less than 0.3 mm in diameter. The use of sewage sludge ash in alkali-
activated binders was also reported by Yamaguchi and Ikeda (2010). Geopolymers 
based on sewage sludge/fly ash yielded flexural strength in the range of 4–5.5 MPa 
and presented an amorphous structure characteristic of geopolymeric gels.

18.3 Slags (other than blast furnace slags (BFS)) and 
other wastes from metallurgy

The metallurgic industry generates different types of wastes, the main ones being 
those corresponding to slags produced in the metal extraction processes or in the 
refinement of metals. Selected types of slags from different thermo-chemical processes 
are presented, and their applications in the formulation of alkali-activated binders 
are discussed.
 Pontikes et al. (2013) studied slags from non-ferrous metallurgy. These slags 
are Fe rich, with Si as a minor constituent, and with low levels of Al. Slag is 
produced in a pilot-plant facility through a plasma reactor. The slag was cooled in 
four different ways, namely ‘slag pot’ (SP), ‘layer’ (L), ‘layer + water’ (LW) and 
‘water quenching’ (WQ). The effect of cooling rates on slag microstructure for a 
specific Al/Fe ratio has been studied. Results showed that high cooling rates led to a 
predominantly amorphous material. For lower cooling rates the content of amorphous 
phase varied from 52 wt.% to 12 wt.%. Spinel was the primary phase precipitating, 
whereas, for the lowest cooling rate investigated, pyroxenes formed as well. The 
activating solution was composed of 50 wt.% 10 m NaOH and 50 wt.% Na–silicate 
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solution. Regarding compressive strength, samples prepared from SP slag achieved 
< 5 MPa at 28 days, which is not sufficient to produce a material with interesting 
engineering properties. Samples from L slag had compressive strength in the range 
of 10–15 MPa at 28 days but after 90 days higher values were recorded. Finally, 
samples from WQ slags produced materials with compressive strength exceeding 
60 MPa after 28 days.
 Zinc slag generated during the imperial smelting process (ISP) all over the world is 
simply dumped. Some occasional research attempts, seen in the literature, are limited 
to its use as a replacement for aggregates in construction applications. Alex et al. 
(2013) studied the effect of milling environment (air and CO2, see Figure 18.3) on 
the reactivity of milled zinc slag and on properties of geopolymers synthesized using 
the slag milled in different atmospheres. Both air and CO2-milled slag showed good 
geopolymerization behavior leading to high compressive strength of the geopolymeric 
products. The initial strength (1 day) values were significant: around 20 and 10 MPa 
for CO2-milled and air-milled slag, respectively. The maximum compressive strength 
after 28 days in the case of air-milled slag was 73 MPa while that of CO2-milled 
slag was 88 MPa. 
 A similar study on the influence of the milling environment on the activation of 
Cu–Ni slag and the structure and properties of geopolymers synthesized using the 
activated slag was carried out by Kalinkin et al. (2012). Compressive strengths for 
the geopolymeric samples prepared using slag mechanically activated in air were 
50.5, 74.6, 81.1, 82.8, and 89.5 MPa, after curing for 1, 7, 28, 150, and 360 days, 
respectively. The corresponding values for those geopolymeric samples prepared 
using slag mechanically activated in CO2 were 53.8, 77.4, 94.4, 106.0, and 119.0 
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Figure 18.3 Particle size distributions of unground zinc slag and samples milled in an AGO 
mill for 3 min in air and CO2 medium (reprinted from Alex et al., 2013, Copyright © 2013, 
with permission from Elsevier).
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MPa, respectively. Results showed that mechanical activation of the slag in carbon 
dioxide gas (P = 105 Pa) in a planetary mill led to an increase of the compressive 
strength of the geopolymer when compared with the mechanical activation in air.
 The feasibility of geopolymer synthesis formed from low calcium electric arc 
ferronickel slags has been investigated by Komnitsas et al. (2007), in order to elucidate 
the main mechanism involved. The durability of specimens is almost unaffected 
when immersed in distilled and seawater or subjected to freeze-thawing cycles 
over a period of 4 months. On the contrary, noticeable loss of strength is observed 
when geopolymers are immersed in 1 n HCl or simulated acid rain solutions. In a 
different paper, Komnitsas et al. (2009) studied the effect of synthesis parameters 
on the compressive strength of low-calcium ferronickel slag inorganic geopolymers 
and concluded that the main factors were the mineralogy of raw materials, types of 
additives used, the initial water content, the alkali concentration and type of activator, 
pre-curing period as well as heating temperature and heating and aging period. 
Geopolymers based on ferronickel slag have also been studied by Maragkos et al. 
(2009). The results showed that the ferronickel slag is an excellent raw material for 
the production of inorganic geopolymers. Those produced under optimum synthesis 
conditions presented high compressive strength (118 MPa), as well as extremely 
low water absorption (0.7–0.8%).
 Geopolymerization of the red mud generated in primary aluminum production 
and the slag generated in ferronickel production was studied by Giannopoulou et al. 
(2009). The inorganic polymeric materials produced by geopolymerization of the 
red mud developed compressive strength values up to 21 MPa and presented water 
absorption lower than 3%, while the geopolymerization of the ferronickel slag 
resulted in materials with compressive strength higher than 110 MPa and extremely 
low water absorption (< 1%).
 Geopolymer made of lead slag produced under laboratory conditions was 
synthesized by Onisei et al. (2012). For the inorganic polymer with lead slag, the 
binding phase contains, on average, more than 50 wt.% PbO, with also relatively high 
levels of Fe, Si and Zn compounds; the average Si/Al ratio was approximately 33. 
Despite crack formation, the mechanical properties were acceptable. To overcome 
the Al deficiency, inorganic polymers of fly ash/lead slag mixtures were developed. 
Regarding the properties of fly ash and lead slag inorganic polymers, compressive 
strength is higher than 35 MPa in all cases and water absorption diminishes as the 
lead slag content increases.

18.4 Mining wastes

Mining is probably one of the most important global activities in the generation of 
high volume wastes. This type of wastes, called mine tailings, is usually inert from 
chemical and environmental points of view. In some specific cases, such as copper 
and tungsten mine tailings, due to their chemical and mineralogical composition, 
they are appropriate for using in alkali-activated binders.



Handbook of Alkali-activated Cements, Mortars and Concretes494

 Ahmari and Zhang have focused their research on copper mine tailing (MT) 
geopolymeric bricks. The procedure for producing the bricks simply includes mixing 
the tailings with an alkaline solution, forming the brick by compressing the mixture 
and curing at a slightly elevated temperature. Bricks met the ASTM requirements 
(Ahmari and Zhang, 2012). Durability and leaching behavior of geopolymeric bricks 
were studied. The results indicated that although there was a substantial strength loss 
after immersion in pH = 4 and 7 solutions, the water absorption and weight loss were 
not significant. The leaching analyses showed that the heavy metals are effectively 
immobilized in the MT-based geopolymeric bricks, which was attributed to the 
incorporation of heavy metals in the geopolymeric network (Ahmari and Zhang, 2013a). 
The enhancement of copper mine tailings-based geopolymeric bricks with cement 
kiln dust (CKD) was studied (Ahmari and Zhang, 2013b). When CKD was used, an 
increase of unconfined compressive strength (UCS) and improvements in durability 
were produced. The effects of activator type/concentration and curing temperature 
on alkali-activated binder based on copper mine tailings were studied (Ahmari et al., 
2012a). Some alkaline activators at different compositions, concentrations and curing 
temperatures were considered (see Table 18.1). The results indicated that sodium 
hydroxide concentration and curing temperature are two important factors that affect 
the UCS and microstructural properties of the alkali-activated MT binder.
 Zhang et al. (2011) studied the viability of geopolymerization of copper mine 
tailings adding different amounts of fly ash in order to decrease the high Si/Al ratio 
of the mine tailings. The results showed that the Si/Al ratio and the alkalinity have 
very important effects on the mechanical and microstructural properties of the mine 
tailings-based geopolymers.
 Pacheco-Torgal et al. (2008c, 2008d, 2008e, 2008f, 2009, 2010) have carried out 
exhaustive studies on tungsten mine waste. Tungsten mine waste mud (TMWM) 
geopolymeric binder is a new cementitious material with a very high early age strength, 
low water absorption and very good adhesion to ordinary Portland cement (OPC) 
concrete (Pacheco-Torgal et al., 2008c, 2008f). It is obtained from dehydroxylated 
mine waste powder mixed with calcium hydroxide and activated with NaOH and 
waterglass solutions. The results showed that techniques and procedures for assessing 
OPC fresh mixtures are not recommended to evaluate TMWM binders. Unrestrained 
shrinkage of TMWM binders is lower than observed for OPC binders, being even 
lower than some traditional alkali-activated binders (Pacheco-Torgal et al., 2008d). 

Table 18.1 Activator type/concentration and curing temperature 
conditions for alkali-activated binder based on copper mine 
tailings

Type of activator [NaOH] (m) Curing temperature (ºC)

NaOH
NaOH + sodium silicate (SS)a

NaOH + sodium aluminate (SA)b
5, 10 and 15

60, 75, 90 and 120
60
90

aSS/NaOH solution = 0.5–2.5; bSA/NaOH mass = 0.4–3.1.
Source: Adapted from Ahmari et al., 2012a.
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The effect of the aggregate/binder ratio, the aggregate dimension and aggregate type 
(schist, granite and limestone) in the microstructure and mechanical behavior of 
tungsten mine waste geopolymeric pastes and mortars were investigated (see Figure 
18.4). In contrast with the porous typical interfacial transition zone of Portland 
cement mixtures, a dense and a uniform interfacial transition zone was detected in 
tungsten mine waste geopolymeric-based binders (Pacheco-Torgal et al., 2008e). 
 Research on geopolymeric mine waste mud (GMWM) binder’s hydration products 
has been carried out. Results showed that a new crystalline phase, phlogopite with 
a trioctahedral layered structure, was formed as a result of the geopolymerization 
process (Pacheco-Torgal et al., 2009).
 Durability and environmental performance of TMWM mortars were carried out. 
This study showed that TMWM binders have higher acid and abrasion resistance 
than OPC-based concrete mixtures. The environmental assessment of the TMWM 
binders showed that it can be considered inert from an environmental point of view 
and it could be used as a construction material (Pacheco-Torgal et al., 2010).
 Silva et al. (2012) studied the behavior of alkali-activated TMWM after immersion 
in water. A mixture of waterglass and sodium hydroxide as an activating solution 
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Figure 18.4 SEM micrograph of interfacial transition zone in tungsten mine waste geopolymeric 
mortars made with granitic coarse aggregates. Area D presents a sodium content of 3.4% 
(%Na2O) obtained by EDS (reprinted from Pacheco-Torgal et al., 2008e, Copyright © 2008, 
with permission from Elsevier).
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was used. Additional specimens with high water content (10% in relation to mass 
precursor) were cured for several weeks at 20ºC and 40% RH, 80ºC and 130ºC dry 
conditions. Afterwards, specimens were immersed in water for different periods. 
Alkali-activated specimens cured at room conditions (20ºC 40% RH) partially 
disintegrated when immersed in water. Disintegration of specimens was due to 
deficient geopolymeric reaction (partial alkali-activation reaction), which could have 
been caused by an insufficient concentration of NaOH solution.
 Castro-Gomes et al. (2012) have developed new geopolymer-based composite 
materials, obtained from non-contaminated waste-rock tailings. These materials could 
have interesting properties for technical-artistic value added applications, such as 
conservation, restoration and/or rehabilitation of historic monuments, sculptures, 
decorative and architectural interventions, or simply as materials for building 
coatings.
 Komnitsas and Zaharaki (2007) have published an interesting paper about minerals 
and geopolymerization. The paper presented a brief history and review of geopolymer 
technology, summarized and critically analyzed the most important research findings 
over the last 25 years. Finally, the paper proposed further research and development 
topics and suggested steps forward (see Figure 18.5) to improve the potential of 
geopolymerization focusing on the utilization of mining and metallurgical wastes and 
by-products, the synthesis properties and the stabilization of hazardous wastes.

Geopolymer
microstructure

Effects of
contaminants

Kinetics and
thermodynamics

Durability 
studies

Waste:
chemical

composition

Figure 18.5 Proposed steps to improve the potential development of geopolymerization 
technology (adapted from the text in Komnitsas and Zaharaki, 2007).

18.5 Glass and ceramic wastes

In this section, waste materials whose synthetic routes are based on high temperature 
processes are analyzed. The application of different types of glasses in geopolymer 
production is described: glass waste from industrial manufacture, glass cullet, glass from 
plasma treatment, solar panel waste glass. Applications using scraps from traditional 
ceramic materials are also described: bricks, tiles, porcelain and stoneware.

18.5.1 Glasses

Municipal waste streams across the world generate millions of tons of glass every 
year. In the United States, about 12 million of tons of waste glass are generated 
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annually, only 25% of which is recycled. Glass powder is rich in silica, and when 
activated with alkalis can result in the formation of sodium silicate gel. Preliminary 
studies have been reported on the alkali activation of glass powder/blast furnace slag, 
using NaOH and NaOH/Na2CO3 solutions as activating reagents (Torres et al., 2009). 
According to the test results, the best compressive strength value was 27.7 MPa 
for pastes prepared with 30/70 waste glass/slag and activated with NaOH/Na2CO3. 
The authors also observed that the increase of the glass waste content promoted a 
decrease in the mechanical properties of alkali-activated pastes.
 Other attempts have been made using glass cullet/clay mixtures (Carvalho et al., 
2008). Optimized formulations showed an interesting mechanical strength of 20 
MPa, after 48 h of curing at room temperature. The addition of foundry sand as 
an aggregate minimized shrinkage upon curing and increased the density of the 
specimens. In addition, the curing conditions are also decisive in determining the final 
characteristics of the materials. Curing in room conditions had a beneficial effect on 
the mechanical strength, contradicting some reported results in the literature. This 
was probably related to a slower and well-controlled curing process conducted at 
room temperature.
 Idir et al. (2011) and Cyr et al. (2012) have reported the production of geopolymer 
from cullet glass without any additional mineral admixture. Idir et al. (2011) used 
glass obtained from glass bottles. The assessed parameters were the fineness of 
the glass, the geopolymerization temperature (20, 40 and 60ºC) and the nature and 
concentration of the activator solution (KOH, NaOH). The results showed that the 
cullet of soda-glass activated with KOH or NaOH had good mechanical strengths 
(60 MPa for optimal conditions) but high fineness of glass yielded better mechanical 
performance. In addition, it was not necessary to use high curing temperature (60ºC) 
to obtain high performance, although the optimal curing temperature was 40ºC. KOH 
was the activating reagent which yielded the highest performance. 
 Cyr et al. (2012) extended the previous research, and concluded that waterglass 
was not necessary for the setting of geopolymers, contrarily to metakaolin-based 
geopolymers. The authors also demonstrated that the durability of glass cullet 
geopolymers is affected by water conservation, probably due to a lack of aluminum. 
Optimization was still needed and long-term durability tests should be carried out.
 Other glass wastes have been used in geopolymer production. Tashima et al. (2013a) 
used a waste from glass fiber manufacturing: the vitreous calcium aluminosilicate 
(VCAS). The authors analyzed the influence of curing time on the microstructure and 
mechanical strength development of alkali-activated binders based on VCAS (see 
Figure 18.6). Compressive strength values around 77 MPa after three days of curing 
at 65ºC were obtained. A mathematical model of compressive strength development 
of mortars was proposed in the range 4–72 h curing time. This mathematical model 
was:

  Rc = a ¥ (1 – bt) (18.1)

where Rc is the compressive strength (MPa), t is the curing time (h) and a and b are 
120.45 and 0.9863 MPa, respectively.
 In another paper, Tashima et al. (2012a) activated VCAS using NaOH and KOH 
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Figure 18.6 Compressive strength development of alkali-activated VCAS mortars. Solid circles 
are experimental data and solid line is fitting curve according to Eq. (18.1) (from Tashima 
et al., 2013a, with kind permission from Springer Science and Business Media).

solutions. The results showed that the type of cation and the concentration of the 
activating solution play a key role in determining changes in the microstructure of 
pastes. VCAS mortars had compressive strength in the range of 20–77 MPa when 
cured at 65ºC for three days, with higher compressive strengths obtained for NaOH 
compared to KOH-based systems. In addition, alkali-activated mortars based on 
VCAS cured at room temperature were also evaluated in a third paper (Tashima 
et al., 2013b). Mortars yielded 78.5 and 89.5 MPa compressive strength values after 
91 and 360 days of curing, respectively. The microstructure of these mortars was 
amorphous and no crystalline phases were detected by X-ray analysis.
 In a recent paper, Redden and Neithalath (2014) used a glass powder that is a by-
product of industrial and highway safety glass bead manufacturing with pozzolanic 
properties (Schwarz and Neithalath, 2008; Schwarz et al., 2008). This is a silica-rich 
glass powder that can be activated using high concentrations of NaOH and high curing 
temperatures (50 and 75ºC) at 48 and 72 h. However, high curing temperatures and 
long-term curing times adversely influenced the strength of glass powder-based binders 
when higher alkalinity was used in the activation process. In this case, a porous and 
disconnected microstructure was observed. The lack of hydrolytic stability of sodium 
silicate gels formed was evident because of the drastic strength loss under moisture 
curing conditions. Silica depolymerization in sodium silicate gels could explain this 
strength loss. The doping of this system with Ca and Al, by means of addition of 
ground granulated blast furnace slag and metakaolin, respectively, allowed a better 
control of the strength loss under moisture exposure. 
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 Hao et al. (2013) analyzed the effect of solid/liquid ratio (0.4–1.0) on the 
properties of geopolymer where part of metakaolin was replaced by solar panel waste 
glass (0–40% range) using as activating solutions NaOH/waterglass mixtures. The 
experimental results indicated that geopolymer containing 10% solar panel waste 
glass at solid/liquid ratio of 1.0 had higher compressive strength at 1 day (57.6 
MPa) and 7 days (64 MPa) curing time than geopolymer without solar panel waste 
glass. The experimental results showed that the degree of the geopolymerization is 
higher if the solid/liquid ratio is increased. Additionally, as the amount of solar panel 
waste glass increased, the reaction degree of the geopolymer decreases, resulting in 
a microstructure with lower density and higher porosity.
 Kourti et al. (2010a, 2010b, 2011a, 2011b) have published various papers, where 
glass produced from DC plasma treatment of air pollution control (APC) residues 
was used for geopolymer production. APC residues are hazardous wastes produced 
from cleaning gaseous emissions at energy-from-waste (EfW) facilities processing 
municipal solid waste (MSW). APC residues have been blended with glass-forming 
additives and treated using DC plasma technology to produce a high calcium 
aluminosilicate glass. 
 Kourti et al. (2010a, 2010b) prepared geopolymers from the glass produced by 
the DC plasma treatment of APC residues. The effect of activating solutions with 
NaOH (2–12 m)/sodium silicate (Si/Al 2.6), and with a constant solid/liquid ratio 
of 3.4 was assessed. The pastes were cured at room temperature. These residues of 
APC, due to high calcium content, could cause the formation of some amorphous 
calcium silicate hydrate (C-S-H) gels. Samples prepared with 6 m NaOH or above 
yielded high compressive strengths, ranking between 80 and 110 MPa after 28 days 
and 100 and 140 MPa after 92 days’ room curing time. Density and water absorption 
also depended on the sodium hydroxide concentration; high NaOH concentrations 
increased density and result in a decrease of absorption, which was relatively low 
(8–10%). 
 Kourti et al. (2011a) investigated in depth the properties of geopolymers prepared 
with this residue, with the same previous optimal conditions (NaOH 6 m). They 
concluded that APC glass geopolymer is a composite consisting of a binder phase 
and unreacted APC glass particles which act as reinforcement rather than a pure 
geopolymer. The binder phase was a three-dimensional geopolymeric network that 
contains C-S-H gel and probably Al modified C-S-H gel. The excellent mechanical 
properties of APC glass geopolymers (110 MPa at 28-day room curing time) can be 
attributed to these microstructural characteristics. These geopolymers also exhibited 
high density (2.3 g/cm3), low porosity (5.5%) and low water absorption (11%), good 
resistance to freeze/thaw test (2% of weight loss after 92 cycles), low leaching and 
high acid resistance.
 In a subsequent paper, Kourti et al. (2011b) compared the properties of geopolymers 
from glass derived from DC plasma treatment of APC residues with a geopolymer 
prepared, in a similar way, from metakaolin or blast furnace slag (BFS). The results 
showed that APC glass geopolymer exhibited significantly higher compressive 
strength values than metakaolin or BFS geopolymers. 
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18.5.2 Bricks, tiles and porcelain

Ceramic wastes are generated not only by industry but also by the construction 
sector. Approximately 45% of construction and demolition wastes are ceramic in 
nature. Accordingly with the source of raw materials, different ceramic materials 
can be distinguished: structural ceramic products (i.e., bricks, roofing tiles, vaults, 
etc.), ceramic tiles and stoneware.
 A review survey by Stock (2011) reported a world tile production of 9 million 
m2 in 2010 of which 96% was accounted for by the 30 major manufacturing 
countries. According to Pacheco-Torgal and Jalali (2010), the amount of waste 
generated by the European ceramic industry is typically 3–7% by weight of total  
production.
 Puertas et al. (2006) assessed six different ceramic wastes activated with NaOH 
and sodium silicate solution. After 8 curing days at 40ºC, alkali-activated pastes 
yielded maximum compressive strength of 13 MPa. Apparently, the amount of vitreous 
phase in ceramic waste and the nature of the activator did not have a strong influence 
on the development of strength in these alkali-activated systems. Alkali-activated 
pastes showed that feldspar phases are susceptible to dissolution and reaction with 
the alkaline solution.
 Reig et al. (2013a) presented a work about alkali-activated pastes and mortars 
based on clay brick wastes activated with NaOH and sodium silicate solution. The 
type and concentration of activating solution were optimized to produce mortars 
that yielded up to 50 MPa after 7 curing days at 65ºC. Thermogravimetric analysis 
(TGA) identified the formation of zeolitic structures just for low alkaline solution 
concentration. 
 In another paper (Reig et al., 2013b), two different geopolymeric binders that 
consist of two ceramic waste materials, porous red clay brick and porcelain stoneware, 
with very different sintering temperatures and chemical composition, have been 
developed. The effect of the activating solution concentration on mechanical strength 
and microstructure of the prepared binders have been studied. For mortars with red 
clay brick powder, compressive strengths in the range 29–41 MPa depending on 
the water/binder ratio and activator/binder ratio were obtained. For alkali activation 
process of porcelain stoneware, the addition of Ca(OH)2 was necessary to produce 
alkali-activated mortars with compressive strength about 30 MPa after 7 curing 
days at 65ºC. 
 Sun et al. (2013) activated a ceramic waste composed by a mixture of tiles, pan 
forms and blocks with a mixture of alkali hydroxides and/or sodium/potassium silicate 
solutions (see Table 18.2). The geopolymer with optimal mix gave a compressive 
strength of 71.1 MPa (see Figure 18.7). In addition, the waste ceramic-based 
geopolymer exhibited favorable thermal exposures. A higher compressive strength 
was even acquired after 2 hours of calcination at 1000ºC, which may be due to the 
viscous sintering and the completion of further geopolymerization reaction at high 
temperature. 
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18.6 Construction and demolition wastes (CDW)

Construction and demolition wastes (CDW) are a growing problem in many countries. 
In the US, CDW represents about one-third of the volume of materials in landfill 
areas (Kibert, 2000). In the European Union it was estimated that 0.5–1 ton per capita 
of CDW is generated annually. The valorization of CDW is usually faced with the 

Table 18.2 Composition of activating solutions for geopolymers 
containing ceramic waste

Activating solution Geopolymer ID Content (wt.%)

KOH NaOH SiO2 H2O

A1
A2
A3
B1
B2
B3
C1
C2
C3

GA1
GA2
GA3
GB1
GB2
GB3
GC1
GC2
GC3

–
–
–
16.55
14.73
13.15
–
40.38
12.15

24.84
22.0
19.87
11.85
10.55
9.70

30.10
–
16.88

22.34
23.18
23.82
21.28
22.21
22.92
–
–
–

52.82
54.81
56.31
50.32
52.51
54.19
69.90
59.62
59.97

Source: Reprinted from Sun et al., 2013, Copyright © 2013, with permission from Elsevier.
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Figure 18.7 Compressive strength values for geopolymers cured at 28 days, prepared with 
activating solutions summarized in Table 18.2 (reprinted from Sun et al., 2013, Copyright © 
2013, with permission from Elsevier).
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problem of how to recycle/valorize coarse aggregates in Portland cement concrete 
(Pacheco-Torgal et al., 2013).
 Very limited research has been conducted on recycling waste concrete via 
geopolymerization. Yang et al. (2009a) prepared a geopolymer concrete using 
a mixture of recycled construction aggregate (40%) and natural aggregates. The 
geopolymeric matrix was prepared with a mixture of waste concrete powder and 
metakaolin (5–25%). The activating solution was prepared using NaOH/waterglass 
(0.5–1.3 mass ratio) and the compressive strength of geopolymeric concrete formed 
yielded about 40 MPa after 28 curing days at room temperature.
 Yang et al. (2009b, 2009c) have also studied the properties of concrete sludge-
based geopolymers. In this case, the concrete sludge powder and silica sand were 
mixed with different quantities of metakaolin (10–40%) and NaOH/waterglass 
solution was used as an alkaline activator solution. To improve the mechanical 
properties, silica fume was added to the binding matrix (0–10%) to replace part of 
the concrete sludge. In these specimens, the silica fume offered active SiO2, which 
was advantageous for geopolymer production, improving the mechanical properties 
of mortars and made the structure much denser.
 Ahmari et al. (2012b) studied the production of geopolymeric binder pastes from 
ground waste concrete (GWC) powder mixed with Class F fly ash (FA). The results 
indicated that the inclusion of GWC improved the compressive strength of geopolymeric 
binder up to a certain GWC content. In the current experiment, 50% was found as 
the optimum GWC content for 5 and 10 m NaOH and waterglass/NaOH ratio of 1 
and 2. In this case, the highest compressive strength was obtained using a low Ca/Si 
ratio (0.25), which suggests formation of low calcium C-S-H gel in the geopolymeric 
system. Increasing NaOH concentration resulted in higher compressive strength, 
especially for GWC content less than 50%. Addition of waterglass also improved 
strength values. In addition, SEM/EDX, XRD and FTIR analysis confirmed that Ca 
in GWC enhances the strength, mainly due to the formation of low calcium semi-
crystalline CSH gel, which coexists with the geopolymeric gel and the incorporation 
of Ca2+ into the geopolymer network as charge balancing cation.
 Khater (2012) studied the effect of calcium in the form of hydrated lime on 
the geopolymeric binders cured at room temperature and at 40ºC. A mixture of 
demolished walls, demolished concrete and metakaolin (added in order to increase 
alumina content) was prepared. The results showed that the addition of calcium 
improved the compressive strength after 90 days of curing at room temperature in 
water saturation conditions. After drying the pastes at 80ºC for 24 h, an enhancement 
in mechanical properties occurred. This was probably related to the calcium silicate 
hydrate transformation into a crystallized form that increases the rate of hydration 
as well as the compressive strength. In addition, curing at room temperature in tap 
water gave better microstructural and mechanical properties compared to those 
observed for same systems cured at 40ºC (100% RH).
 Lampris et al. (2009) have investigated the geopolymerization of silt generated 
from aggregate and waste washing plants, in the preparation of aggregate. Silt from 
aggregate washing plants was characterized and blended with either metakaolin or fly 
ash (FA) and activated under a range of conditions. On one hand, silt geopolymers 
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cured at room temperature had average 7-day compressive strengths of 18.7 MPa 
(see Figure 18.8). Curing for 3 days at 60ºC and then at room temperature yielded 
slight higher values. And curing specimens for 24 h at 105ºC gave a value of 39.7 
MPa for compressive strength and microstructure analysis confirmed an increase of 
density. On the other hand, partial substitution of silt by metakaolin or FA increased 
average compressive strengths to 30.5 MPa and 21.9 MPa, respectively.
 Payá et al. (2012) evaluated the use of hydrated-carbonated Portland cement as a 
raw material in the production of geopolymers. The hydrated Portland cement was 
intensively carbonated by using carbon dioxide, in order to decompose C-S-H and 
C-A-H compounds and produced reactive silica and alumina. The results showed that 
produced geopolymers were mechanically stable and yielded compressive strengths 
higher than 10 MPa for mortars cured at 65ºC for 3 days. The authors concluded 
that alkaline activation of hydrated-carbonated Portland cement could be considered 
a low CO2-emission binder.
 Finally, alkali-activated mixtures of waste brick powder and concrete powder were 
reported (Allahverdi and Kani, 2009). In this study, final setting times of systems 
prepared with different proportions of these powders ranged from 100 to 250 minutes. 
In addition, the results obtained for 28-day compressive strength confirmed that waste 
brick was more suitable than waste concrete for geopolymerization reactions. 
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Figure 18.8 Effect of curing conditions on compressive strength of silt geopolymers. RT: 
room temperature curing; TR+60: 3 days curing at 60ºC and then room temperature curing 
(reprinted from Lampris et al., 2009, Copyright © 2009, with permission from Elsevier).

18.7 Wastes from agro-industry

Agro-industrial activities have been introduced worldwide and huge amounts of 
different types of residues are being produced, either on the same farm field or in 
related industries. This type of residues could be valorized through energy recovery. 
The use of biomass in energy production is at present and in the near future the 
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most important route of recovery. The energy recovery process from this type of 
waste generates another type of waste (ashes), so one can extract an additional or 
a second valorization. This second stage can lead to materials being obtained with 
high added value: pozzolanic materials for the manufacture of cement and Portland 
cement-based concrete. Additionally, these ashes could be used as a mineral precursor 
for production of alkali-activated cements (geopolymers) or, moreover, as a raw 
material in the manufacture of activating solutions.
 Many types of ashes produced from agro-wastes have been characterized and 
their behavior in Portland cement mixtures has been reported (Payá et al., 2010): 
ashes from rice husk, sugarcane bagasse, sugarcane straw, palm oil fuel, wheat straw, 
corn cob, eucalyptus wood (bark) and bamboo leaf. Most of these ashes, in their 
chemical composition, present silicon dioxide (SiO2) as their main component. An 
increase in their reuse could provide a substantial benefit in waste management and 
the development of commercial applications.
 These silica-rich ashes are also good candidates to prepare alkali-activated cements. 
The low Al2O3 content in the agro-wastes makes necessary the combination with 
other types of wastes, such as coal fly ashes (FA) or blast furnace slag (BFS). 
 Rice husk ash (RHA) is the most studied agro-waste in geopolymers. Usually, 
RHA contains higher than 90% SiO2. A preliminary study (Rattanasak et al., 2010) 
of the reactivity of RHA/aluminum hydroxide mixtures demonstrated that an external 
source of aluminum (2.5–10% by weight) was necessary for preparing geopolymers. 
However, these mixtures activated with NaOH/sodium silicate were not stable under 
water, and disintegrated. 
 The good behavior of the alkaline activation of RHA/FA mixtures has been 
reported in several papers (Detphan and Chindaprasirt, 2009; Rüscher et al., 2011; 
Riahi et al., 2012). Detphan and Chindaprasirt (2009) reported the behavior of RHA/
FA geopolymers activated with NaOH, sodium silicate and heat in the following 
proportions: 0/100, 20/80, 40/60 and 60/40. Compressive strengths in the 12.5–56.0 
MPa range were reported. The authors also reported that the compressive strength 
was increased with the fineness of the RHA, which was attributed to the increase in 
the surface area and reactivity. Riahi et al. (2012) also studied this RHA/FA system, 
and they found that 90ºC was the optimum curing temperature for activating the 
geopolymerization, and good behavior was found for 5 m or 8 m NaOH activator by 
mixing with sodium silicate solution.
 RHA was also reacted with another type of mineral addition: red mud (RM) or 
diatomaceous earth (DE). In the case of RHA/RM mixtures (He et al., 2013), it must 
be taken into account that RM waste contained high proportions of alumina (14.0%) 
and sodium aluminate (23.0%), which favored the geopolymerization process. In this 
case, 4 m NaOH solution was necessary for activating the mineral mixture. The best 
behavior was found for a RHA/RM = 0.5 ratio, yielding 20.46 MPa in compression 
test after 49 days of curing at room temperature. RHA/DE mixtures (Pimraksa et al., 
2011) were designed for preparing low bulk density geopolymers (1 g/cm3). The 
alumina source was diatomaceous earth (10–14%), and its replacement by using 
RHA; SiO2/Al2O3 ratios were in the range 16.6–33.5. RHA provided large amounts 
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of dissolved silicate ions and led to an increase in the compressive strength of these 
low density geopolymers. 
 Many types of agro-wastes can be used as fuel (biomass) in power plants. In Asia, 
it is very common to use a mixture of rice husk and eucalyptus bark. In this way, rice 
husk-bark ash (RHBA) is produced in large amounts. This ash is also characterized 
by high SiO2 content (higher than 80%), low loss on ignition (3–5%) and low 
Al2O3 (<1%) and CaO (<5%) contents. RHBA-FA mixtures have been intensively 
studied (Nazari et al., 2011, 2012; Songpiriyakij et al., 2010). RHBA/FA mixtures 
(Nazari et al., 2011) were in the 20/80 and 40/60 range, using a sodium silicate/
sodium hydroxide solution ratio of 2.5. The best NaOH solution concentration was 
12 m, yielding compressive strength higher than 25 MPa after curing for 36 hours 
at 80ºC. Selected samples of FA and RHBA with different fineness were tested, 
finding that the combination of the finest mineral additions resulted in the best 
mechanical behavior (more than 35 MPa after 7 days of curing, and more than 45 
MPa after 28 days). In a similar study, Songpiriyakij et al. (2010) studied RHBA/
FA mixtures in the 0/100 to 100/0 range. The best mechanical results were observed 
for the 60/40 ratio, in which the SiO2/Al2O3 ratio was 15.91 (see Figure 18.9). The 
degree of reaction was determined in these mixtures, and no match with the strength 
development was found, meaning that not only the degree of reaction but also the 
nature of the developed matrix in the geopolymerization process was responsible 
for the compressive strength.
 Bark fly ash (BFA) was also studied as a source of mineral materials (Rajamma 
et al., 2012). In this case, the proportion of CaO was significantly high (24.0%), and 
also the Al2O3 content (8.5%). Geopolymers using BFA or BFA/metakaolin (MK) 
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Figure 18.9 Compressive strength of alkali-activated FA/RHA mixtures vs. SiO2/Al2O3 
ratio (reprinted from Songpiriyakij et al., 2010, Copyright © 2010, with permission from 
Elsevier).
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were developed. Compressive strength of BFA geopolymeric pastes increased with 
the increase of NaOH content (from 8 m to 18 m) and strengths in the 8–12 MPa 
were achieved. Better results using BFA/MK mixtures were obtained: replacement 
of 20–40% of BFA by MK produced a strength gain, yielding compressive values in 
the 12–16 MPa range. Mortars were also prepared, and better mechanical behavior 
was observed: 100/0 BFA/MK mortar had 14–18 MPa in compression, 22–29 MPa 
for 80/20 samples, and 36–39 MPa for 60/40 mortars.
 Palm oil fuel ashes (POFA) were also tested in alkali-activated systems. Palm 
oil shell and husk are used as a fuel in boilers in palm oil mills to produce steam 
for electricity. The resulting ash usually contains a high proportion of SiO2 (>50%) 
and significant amounts of CaO (>5%). In some cases, the loss on ignition (LOI) 
value is high (>5%). POFA has been used in mixtures with BFS (Karim et al., 2013; 
Yusuf et al., 2014), FA (Ariffin et al., 2011, 2013) and MK (Ismail et al., 2013). 
Ultrafine POFA is a very interesting material for preparing POFA/BFS systems 
(Yusuf et al., 2014): in the case of 80/20 ratio, 71.2 MPa of strength was reached 
after 28 days of of curing after 60ºC-24 h of precuring. For the POFA/FA system 
(Ariffin et al., 2011), interesting results were found for the 70/30 mixture, being 
the compressive strength of 25 MPa after 28 days of curing at room temperature  
(28ºC).
 Sugarcane bagasse ash (SCBA) has also been studied for mineral addition in 
alkali-activated systems. Its activation was not successfully achieved without the 
participation of an additional mineral admixture: studies on SCBA/BFS (Castaldelli 
et al., 2013, 2014), SCBA/FA (Castaldelli et al., 2014) and SCBA/MK mixtures 
(Tippayasam et al., 2010) have been carried out. Castaldelli et al. (2013, 2014) 
showed good performance of 40/60 SCBA/BFS systems activated through a mixture 
of NaOH solution and waterglass. Thus, compressive strength of 42 MPA was reached 
after curing for 3 days at 65ºC. The strength development at room temperature was 
slower, yielding 30 MPa after 7 days and 50 MPa after 28 days. The geopolymeric 
matrix developed with time, reaching 70 MPa after 270 days. For the SCBA/FA 
system, the presence of unburned matter in the SCBA is critical, and the setting and 
hardening in a geopolymeric mixture did not occur (Castaldelli et al., 2014). For 
preparing good performance mortars, SCBA may be previously calcined at 600ºC 
for removing organics. SCBA/FA mixture (25/75) was activated using a mixture of 
potassium hydroxide and potassium silicate (8 m in K+, and 0.65 SiO2/K2O molar 
ratio). Compressive strength of mortars cured for 3 and 7 days at 65ºC yielded 33.5 
and 36.4 MPa, respectively. 
 Recently, a new approach to using agro-wastes in the preparation of geopolymers 
has been presented: the synthesis of alkali activator by reaction of NaOH and rice 
husk ash. Bouzón et al. (2014) have developed a method in which an aqueous mixture 
of NaOH and RHA is refluxed for 5–240 minutes. The highest silica dissolution was 
achieved for 60 minutes of refluxing (see Figure 18.10). The method was applied 
to as-received and to a ground RHA, and no significant differences were found for 
the first 120 minutes of refluxing. Geopolymeric mortars were prepared using spent 
FCC catalyst, and a comparison was established using a control activator prepared 
by mixing appropriate quantities of NaOH, waterglass and water. This control 
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mortar yielded 40.9 MPa (1 day curing at 65ºC), whereas equivalent mortars using 
60 minutes refluxed NaOH/RHA mixture yielded 35 MPa for as-received RHA and 
42 MPa for ground RHA. 
 Mejía et al. (2013) tested RHA as a source of silica in FA/BFS systems. Two 
RHA samples were compared, which differed in the content of amorphous silica 
(amorphous RHA = 94.7% and crystallized RHA = 27.7%) In this case, the NaOH/
RHA suspension was stored for 1 day at room temperature. Mechanical performance 
of BFS, FA and FA/BFS pastes prepared with NaOH and waterglass was significantly 
better than those obtained for NaOH/RHA activated pastes. Despite amorphous RHA 
yielding better behavior, apparently part of the crystallized silica was dissolved in 
the preparation of the alkaline activator. 

18.8 Wastes from chemical and petrochemical industries

The use of wastes from the chemical and petrochemical industries as an aluminosilicate 
precursor in alkali-activated binders is described in this section. Essentially, this topic 
is divided into three main sections. The first section makes a brief discussion about 
cement kiln dust (CKD), probably the most important chemical and petrochemical waste 
in volume. The second section is related to the use of fluid catalytic cracking catalyst 
residue (spent FCC), an aluminosilicate source with similar chemical composition 
to metakaolin. In the last section, other minor wastes such as wastepaper sludge, 
flue gas desulphurization (FGD) waste and waste from treatment of chlorosilane 
production are reported.
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Figure 18.10 Soluble silica content (%) versus reflux time in NaOH solution for original rice 
husk ash (O-RHA), ground rice husk ash (G-RHA) and quartz (reprinted from Bouzón et al., 
2014, Copyright © 2014, with permission from Elsevier).
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18.8.1 Cement kiln dust

Cement kiln dust (CKD) is an industrial waste material collected from cement kiln 
exhaust gases during Portland cement production. In the production of Portland 
cement, clay and calcium carbonate are finely ground, mixed and calcined at 1450ºC. 
During this process, calcium silicate is the main product formed and a dust named 
CKD is generated. The air pollution control devices in Kilns (cyclones, electrostatic 
precipitators or bag house) are responsible for capturing fine-grained particles of 
raw materials, partially processed feed and components of final product carried out 
from the kiln by exhaust gases (Ahmari and Zhang, 2013b). Approximately 5% of 
clinker production is generated from CKD.
 Depending on the chemical composition of CKD (alkali and chloride content), this 
material can be recycled in cement production. In most cases, it has been used for 
different purposes such as agriculture (Adaska and Taubert, 2008), water treatment, 
soil stabilization (Peethamparan et al., 2008) and filler for concrete and mortars 
(Maslehuddin et al., 2008; Kunal et al., 2012; Siddique, 2006).
 The reuse of CKD in alkali-activated systems is related to the improvement of 
physical and mechanical properties and durability aspects of alkali-activated binders, 
mainly due to its latent hydraulic substances. Hence, CKD is always used in binary 
systems such as fly ash/CKD, slag/CKD, metakaolin/CKD and mining waste/CKD 
(Buchwald and Schulz, 2005; Ahmari and Zhang, 2013b). Wang et al. (2004) studied 
the effect of curing temperature and sodium hydroxide concentration on hydration 
and strength development of binary systems 50% CKD–50% fly ash. In this type 
of system, the major crystalline phase found by the authors was ettringite, which 
contributes to stiffening, setting and early strength development. The presence of 
calcium hydroxide was also observed (resulting from the CKD hydration), promoting 
the pozzolanic reaction for the CKD–fly ash system.
 In the same way, Cabrera-Fuentes et al. (2011) investigated alkali-activated fly 
ash blends containing 0, 5 and 20 wt.% CKD activated with alkaline solution with 
solid/liquid ratio of 0.4 and SiO2/Na2O ratio of 0.19 and 1.17. Pastes were cured 
for 28 days at 85ºC and a relative humidity of 95%. According to the authors, an 
increment of the amount of CKD decreases the mechanical strength up to 45%, 
depending on the activating solution. XRD patterns showed a deviation on the 
baseline in the range 2q = 20–35º, associated to the presence of N-A-S-H gel that 
is responsible for the mechanical properties of these materials.
 Buchwald and Schulz (2005) used two different CKD in the production of alkali-
activated binders based on slag/CKD, fly ash/CKD and metakaolin/CKD. The results 
verified the suitability of these CKD-based materials. Slag/CKD pastes yielded higher 
compressive strength than the other system, reaching 12–22 MPa after 28 days of 
curing.
 Ahmari and Zhang (2013b) assessed binary systems of mining tailings/CKD for 
alkali-activated binders. The results obtained demonstrated that CKD is responsible 
for enhancing the physical and mechanical properties and the durability of mining 
tailing-based geopolymeric bricks.
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18.8.2 Fluid catalytic cracking catalyst residue (spent FCC)

Fluid catalytic cracking catalyst residue is a waste material generated during the 
catalytic process for petrol production in the petrochemical industry. About 160,000 
tons of spent FCC is produced annually by this industry (Rodríguez et al., 2013). 
Several studies reported the use of spent FCC as a pozzolanic material both in OPC 
and hydrated lime systems (Payá et al., 2003a, 2003b). 
 Tashima et al. (2012b) reported the first study related to the use of spent FCC in 
the production of alkali-activated systems. The authors observed that an increment 
on the [Na+] promotes an increase in the compressive strength of mortars cured 
for 3 and 7 days at 65ºC. Nevertheless, no differences were observed on curing 
for 3 or 7 days at 65ºC. The influence of SiO2/Na2O molar ratio for a fixed Na+ 
concentration and H2O/spent FCC of 0.6 was also assessed. For SiO2/Na2O of 0.29 
and 1.19, mortars yielded about 10 MPa and 68 MPa, respectively, when cured for 
3 days at 65ºC. 
 Tashima et al. (2013c) reported a study of alkali-activated materials based on 
spent FCC analyzing the influence of SiO2/Na2O and H2O/spent FCC ratio on 
mechanical strength and microstructure. The XRD patterns of alkali-activated pastes 
demonstrated that faujasite was dissolved in an alkaline medium, forming amorphous 
products. The compressive strength of mortars cured for 3 days at 65ºC was in the 
range 26.4 to 83.6 MPa, depending on the SiO2/Na2O molar ratio and H2O/spent 
FCC mass ratio (see Figure 18.11). A reduction of the H2O/spent FCC ratio from 
0.6 to 0.45 promotes a significant reduction in the total porosity of mortar (about  
25%).
 Recently, Tashima et al. (2014) reported an experimental study related to the 
use of sodium and potassium silicate in the production of alkali-activated binders 
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Figure 18.11 Non-linear fitting surface of compressive strength for alkali-activated mortars 
based on spent FCC with different proportions of Na2O and SiO2 in the alkali activator 
(reprinted from Tashima et al., 2013c, Copyright © 2013, with permission from Elsevier).



Handbook of Alkali-activated Cements, Mortars and Concretes510

based on spent FCC. Results indicated that even possessing less water in the 
potassium activating solution, mortars activated with sodium silicate solution yielded 
similar compressive strength when cured at room temperature and at 65ºC for  
3 days.
 Rodríguez et al. (2013) presented a microstructural analysis of alkali-activated 
binders based on spent FCC by means of X-ray diffraction (XRD), Fourier transform 
infrared spectroscopy (FTIR), scanning electron microscopy (SEM) and nuclear 
magnetic resonance (NMR). According to the authors, the remnant dealuminized 
zeolites in the unreacted spent FCC are readily dissolved, even when activation is 
carried out under relatively low alkalinity conditions, indicating the high reactivity of 
this precursor. Similarly, the alkali activation of spent FCC led to the dissolution of 
faujasite, as observed by Tashima et al. (2013c). In conclusion, the authors considered 
spent FCC as a useful material for production of geopolymeric binders.
 Bouzón et al. (2014) proposed the use of refluxed rice husk ash/NaOH suspension 
in the production of alkali-activated binders based on spent FCC. The results 
obtained showed that spent FCC mortars activated with rice husk ash/NaOH yielded 
compressive strengths ranging from 31 to 41 MPa, similar to mortars prepared with 
waterglass/NaOH.

18.8.3 Other waste

Geopolymeric mortars based on wastepaper sludge/fly ash were investigated by Yan 
and Sagoe-Crentsil (2012). According to the authors, the addition of wastepaper 
sludge promotes a reduction in the flow of mortars, diminishing the compressive 
strength in the range 8–48%, depending on the wt.% incorporation of paper sludge. 
The positive effect is the significant reduction in the drying shrinkage (34–64%) 
when compared to reference geopolymeric mortar (only fly ash).
 Santa et al. (2013) assessed geopolymeric binders which were synthesized from 
bottom coal ash and calcined paper sludge. In this study, wastepaper sludge was 
previously treated with 1.5 m HCl, washed with deionized water and filtered to 
remove the residue of calcium chloride. After that, the material was dried in an 
oven at 100ºC for 24 h and calcined at 850ºC for 2 h, obtaining an amorphous 
aluminosilicate material. The compressive strength for bottom ash/wastepaper ratio 
2/1 was about 10–25 MPa at 90 days room curing time.
 Guo et al. (2013) studied the use of flue gas desulphurization (FGD) gypsum 
in fly ash geopolymers. The FGD, after calcination at 800ºC, when mixed with fly 
ash, formed an amorphous geopolymeric gel with the presence of some crystalline 
phases such as calcite and bassanite.
 The silica residue from waste treatment of chlorosilane production has also been 
used in the production of alkali-activated binders (Gluth et al., 2013). In this case, 
sodium aluminate was used as alkaline solution and according to the XRD pattern, 
the main reaction product was an amorphous gel and zeolite A. According to the 
authors, silica residue can be used in the production of geopolymers or even together 
with sodium aluminate as a starting material for one-part geopolymer.
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18.9 Future trends

Different types of wastes, produced from diverse activities, are suitable for preparing 
alkali-activated materials. These wastes differ from ‘conventional’ or ‘traditional’ 
precursors such as blast furnace slag, fly ash and metakaolin. However, in the 
future, relationships must be established among them, in order to assess the potential 
usefulness of these ‘new/alternative’ precursors. Obviously, standards are necessary 
for alkali-activated cements; and once corresponding regulations are approved, there 
will be a time to evaluate the usefulness of all these types of wastes according to 
the standards. 
 On one hand, in the coming years, most precursors will probably not belong to the 
‘conventional’ category, due to the high availability and appropriate characteristics of 
‘new’ precursors. Alternative routes must be assessed for optimizing their properties 
and reactivity, and different options for preparing ‘blended’ precursors may be 
explored. 
 On the other hand, in terms of alkaline activator synthesis, there will be a challenge 
to overcome: the activator is the component that has the largest carbon and ecological 
footprints (Turner and Collins, 2013; Weil et al., 2009). Specifically, waterglass 
solution has the most important carbon footprint, and the minimization in its dosage 
and the sustainability in its manufacture may be enhanced. Further research in the 
use of diverse alkali-rich wastes may be carried out.
 Another topic to be developed is related to the durability: in the case of this type 
of wastes, this point has been shown to be critical due to the variability in the source 
and in the chemical/physical/mineralogical properties of the precursors.
 Finally, user-friendly products may be commercialized and, specifically, alternative, 
low cost and environmentally friendly construction materials may be designed and 
tested.
 The alkali activation technology based on this type of wastes has a special 
focus on developing countries, due to the availability of new and cheaper products 
with good properties, based on self-generated wastes. This practice would allow 
diminished dependence on Portland cement, considered a critical topic in developing 
countries.

18.10 Sources of further information and advice

• Alkali-Activated Cements and Concretes. Caijun Shi, Pavel V. Krivenko and Della Roy. 
Taylor & Francis. ISBN10: 0–415–70004–3

• Geopolymer Chemistry and Applications. Joseph Davidovits. Institut Géopolymère. ISBN-
10: 2951482019

• Geopolymers: Structure, Processing, Properties and Industrial Applications. John L. Provis 
and Jannie S. J. van Deventer. Woodhead Publishing. ISBN 978-1-84569-449-4

• ‘Geopolymer technology: the current state of the art’. P. Duxson, A. Fernández-Jiménez, 
J. L. Provis, G. C. Lukey, A. Palomo, J. S. J. van Deventer. J Mater Sci (2007) 42: 
2917–2933.
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• Commonwealth Scientific and Industrial Research Organisation (CSIRO): http://www.
csiro.au/en 

• Geopolymer Alliance: http://www.geopolymers.com.au/
• Geopolymer Institute: http://www.geopolymer.org/
• The World Bank, Urban Development: http://www.worldbank.org/en/topic/

urbandevelopment
• United Nations, Economic Comission for Africa: http://www.uneca.org/publications/africa-

review-report-waste-management-main-report
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19.1 Introduction

Waste arising from construction and demolition constitutes one of the largest waste 
streams in many countries (Limbachiya et al., 2004). It has been estimated that the 
global concrete industry consumes approximately 10 billion tons of sand and rocks 
(2002 data) and produces over 1 billion tons of construction and demolition waste 
annually (Mehta, 2002). About 300 million tons of construction and demolition 
wastes are generated in the US (Nassar and Soroushian, 2012; CSI, 2012) whereas 
200 million tons are generated in China (Xiao et al., 2012), 77 million tons in Japan 
(CSI, 2012) and 450–510 million tons in Europe (Matias et al., 2013; CSI, 2012) 
annually. Disposal of construction and demolition waste is therefore a major issue in 
terms of social, economic and environmental concerns. The recycling of construction 
and demolition waste into new engineering construction, including its use as aggregate 
in new concrete, is now considered an integral part of building green with concrete. 
The LEED (2000) rating system devised by the US Green Building Council, for 
example, awards points for certification for using post-consumer recycled materials 
such as construction and demolition waste in new construction. 
 It must be noted that aggregates are the major component of concrete by volume; 
however, they are inherently low carbon products. UK data suggest that the use of 
recycled aggregate in structural concrete can lead to reduction in ECO2 (equivalent 
carbon dioxide) only when the source is local to minimize the impact of transportation 
(MPA, 2011; Thomas et al., 2009). Besides ECO2, the factors to balance are resource 
depletion and implications on mix design. The impact on reducing depletion of natural 
resources would be more significant when construction and demolition waste can be 
used in large quantities/percentages to replace natural aggregates in concrete. The 
fact that the EU has set an ambitious target of 70% recycling target for 2020 (Saez 
et al., 2011; del Rio Merino et al., 2011, Pacheco-Torgal, 2013) is an indication of 
the importance of this issue.
 When used in normal concrete, the performance of recycled concrete aggregate 
and hence its content in new concrete is limited by the quantity and properties of the 
cement paste adhered to the recycled aggregate particles (Hansen and Narud, 1989; 
Tavakoli and Soroushian, 1996b). Stringent selection of recycled concrete aggregate, 
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particularly in regard to the qualities of original concrete, would be necessary for 
their use at high percentage. This is not practical in all cases and is impossible for 
recycled aggregate containing a significant amount of material other than crushed 
concrete.
 Alkali-activated cements–slag, metakaolin and fly ash-based alkali-activated 
cements are the types of binders attracting a high level of interest worldwide in 
recent years based on the number of published technical and scientific papers and 
patents. Alkali-activated cement can be used to replace Portland cement in making 
concrete and other cementitious products due to their advantages of low energy cost, 
high strength and excellent durability. The combined use of alkali-activated cement 
and recycled concrete aggregate in making concrete is of great interest since the 
combination could potentially lead to the maximum utilization of recycled concrete 
aggregate without loss of engineering properties. Work in this area is somewhat 
limited. This section provides some descriptions of recycled aggregate, recycled 
aggregate concrete and the alkali-activated recycled aggregate concrete. 

19.2 A brief discussion on recycled aggregates

Recycled aggregate is defined as aggregate resulting from the processing of 
inorganic or mineral material previously used in construction (BS EN 12620, 2013; 
MPA, 2013). When consisting mainly of crushed concrete, it may be classified as 
recycled concrete aggregate (RCA). Information on processing old concrete into 
RCA can readily be found in the literature (ACI 555R-01, 2001). When it contains 
substantial quantities of materials other than concrete, it is classified as general 
recycled aggregate (RA).
 Recycled aggregate and recycled concrete aggregate are covered in some national 
standards for concrete such as BS EN 12620 (2013). In this standard, coarse recycled 
aggregates are classified according to the proportions of constituent materials including 
amounts of concrete/concrete products/mortar/concrete masonry units; unbound 
aggregate/natural stone/hydraulically bound aggregate; clay masonry units/calcium 
silicate masonry units/aerated non-floating concrete); bituminous materials; glass; 
floating material in volume; and other materials including gypsum plaster; clay and 
soil, metals; and non-floating wood, plastic and rubber.
 In Australia, recycled aggregates are classified into the following groups (CCAA, 
2008):

1. Recycled concrete aggregate (RCA) which is produced by crushing sound, clean demolition 
waste of at least 95% by weight of concrete and having a total contaminant level typically 
lower than 1% of bulk mass.

2. Recycled concrete and masonry (RCM) which is graded aggregate produced from sorted 
and clean waste concrete and masonry typically for road sub-base applications.

3. Reclaimed aggregate which is aggregate reclaimed from concrete returned to a batching 
plant by separating the aggregates from the water–cement slurry.

4. Reclaimed asphalt pavement (RAP) which is a reuse of old asphalt concretes as the 
aggregate base for new asphaltic concrete.
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5. Reclaimed asphalt aggregate (RAA) which is a product of a specialized method to produce 
reclaimed coarse aggregate and recycled asphalt granules from waste asphalt concrete and 
concrete dust.

6. Glass cullet sand.
7. Scrap tyre chips and crumb rubber aggregate.
8. Used foundry sand or spent foundry sand.

19.2.1 Recycled concrete aggregate (RCA)

Coarse RCA complies to the requirements of maximum 5% masonry content, 5% 
fine materials, 0.5% lightweight material, 5% asphalt, 1% foreign material and 1% 
acid soluble sulfate, and is suitable for use in concrete as per BS 8500-2 (2006). 
In designated concrete RC20/25 to RC40/50, RCA can automatically be used at 
20% of coarse aggregate (MPA, 2011). For designated concrete GEN0(C6/8) to 
GEN3(C16/20), there are no general restrictions on the proportion of RCA or RA 
as long as aggregate durability criteria are met (MPA, 2011). While it is indicated 
in BS 8500-2 (2006) that fine RCA and fine RA may be suitable for use in concrete, 
their use is left to the project specification which can take account of the particular 
source of RCA or RA.
 The Australian Standard HB 155 (2002) suggests two classes of aggregate with 
Class 1A-RCA containing less than 0.5% brick content. The CCAA (2008) indicates 
that this class of RCA can be used to replace natural aggregate to 30% in concrete 
for sidewalks, kerbs and gutters and in structural concrete (with mix adjustment) 
resulting in inferior permeability and shrinkage properties. Published literature 
indicates that RCA has higher water absorption rates than virgin aggregates due 
to the high volume fraction of cement mortar adhering to the aggregate particles 
(Hansen, 1986; Kasami et al., 1998; Shayan and Xu, 2003). The presence of the 
adherent mortar and brick content in the RCA usually results in a lower relative 
density of RCA (5–10% lower). Abrasion loss of RCA tends to be higher than virgin 
aggregates. However, it is noted in ACI 555R-01 (2001) that most RCA will meet 
the abrasion loss requirements specified in ASTM C33-13 (2013). 
 In regard to the influence of RCA on fresh concrete properties (Yang et al., 2008; 
Rashwan and Abourizk, 1997), it has been noted that workability decreases and 
water demand increases as the RCA content increases. This has been attributed to 
the inclusion of fine materials in RCA. There appears to be an increase in entrapped 
air in concrete containing RCA. Furthermore, finishability of concrete tends to be 
poorer with RCA.
 In regard to the hardened concrete properties (De Brito and Saikia, 2013; Hansen, 
2004; Khatib, 2005), it is known that concrete compressive strength decreases between 
5 and 25% when coarse RCA is used and between 15 and 40% when both coarse 
and fine RCA are used. Flexural strength is also adversely affected, especially when 
fine RCA is incorporated in the concrete (Sheen et al., 2013). Properties affecting 
durability of concrete (Gomes and Brito, 2009; Thomas et al., 2013; Kou and Poon, 
2013; Salem et al., 2003) such as chloride resistance, gas permeability, water sorptivity 
and freeze-thaw resistance are generally adversely affected with increases in the 
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quantities of RCA in the concrete mix. Creep and shrinkage of concrete containing 
RCA (Tavakoli and Soroushian, 1996a; Domingo-Cabo et al., 2009; Rao et al., 2007) 
are also higher and are related to the content of paste or mortar in RCA.

19.2.2 Recycled concrete and masonry (RCM)

Recycled concrete and masonry (RCM) aggregate can be described as graded aggregate 
produced from sorted and clean waste concrete and masonry. The RCM material 
may contain brick, gravel crush rock or other forms of stony materials as blended 
materials. Class 1B-RCA as per HB 155 (2002) is an RCM aggregate. Class 1B-RCA 
is essentially Class 1A-RCA blended with no more than 30% crushed brick. This 
type of material is considered suitable for granular base course and sub-base material 
(CCAA, 2008; Cameron et al., 2012; Azam and Cameron, 2013). While it has been 
established that concrete can be produced successfully with RCM, practical use of RCM 
as coarse aggregate in concrete is somewhat limited due to high and unpredictable 
water demand, poorer workability, lower mechanical properties and higher shrinkage 
associated with high brick content (Azam and Cameron, 2013; Debieb and Kenai, 
2008; Khalaf and De Venny, 2004; Correia et al., 2006). However, in recent years, 
it has been established that RCM consists of two main types of materials, namely 
concrete block and clay brick type masonry. It is therefore expected that information 
regarding the use of RCM should be better organized and compiled which in turn 
will foster the better use of recycled aggregate. 

19.2.3 Recycled aggregate from other materials

Glass cullet has been used in different construction applications including cement 
replacement, aggregate replacement in concrete, road beds, pavement, trench fill, 
drainage medium, etc.; and in general use applications including abrasives, fluxes/
additives, manufacturing of fiberglass insulation and foam insulation. When used as 
sand replacement, there is some indication that there can be a noticeable reduction 
in compressive strength (CCAA, 2008). This is, however, not consistently observed 
(Oliveira et al., 2008; Sangha et al., 2004; Limbachiya, 2009; Taha and Nounu, 
2009). The main issue with waste glass sand in concrete is the risk of potential 
alkali-silica reaction. This risk can be effectively managed using blended cement 
(Du and Tan, 2013; Topçu et al., 2008) containing fly ash and/or ground granulated 
blast furnace slag. 
 Scrap tire chips and crumb rubber aggregate have also been used in mortars 
and concretes. Rubber concrete has been recommended for applications where 
vibration damping or where resistance to impact or blast or where high plastic energy 
absorption is required. Concrete with rubber aggregate has also been recommended for 
applications such as trench filling and pipe bedding, low strength flowable concrete, 
nailing concrete and stone backing. A summary of properties of concrete containing 
rubber aggregate can be found in the literature (Siddique, 2008).
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19.3 Properties of alkali-activated recycled aggregate 
concrete

It has been noted in the literature that in conventional concrete, aggregate forms a 
rigid skeleton of granular elements which are responsible for compressive strength 
whereas in geopolymers most of the compressive strength is related to the matrix 
characteristics (Pacheco-Torgal et al., 2012c). Alkali-activated cement/geopolymer 
is also known to be a good material for immobilizing a wide range of harmful 
elements (Hermann et al., 1999) and is less susceptible to alkali-silica reaction 
induced expansion (García-Lodeiro et al., 2007). These characteristics suggest that 
alkali-activated cement concrete is more suitable for use with recycled aggregates. 
Alkali-activated cement would lessen the impact of recycled aggregate and the problem 
of impurities in recycled aggregates on the hardened properties and durability of 
concrete. It has been indicated that concrete with 28-day compressive strength of 
20–99 MPa can be produced with low grade aggregates including recycled aggregates 
(Chen et al., 2004).

19.3.1 Alkali-activated cement concrete containing RCA

Published results (Shi et al., 2012a) on compressive strength development of alkali-
activated cement concrete containing recycled aggregate indicate that, similar to the 
case of normal concrete, the strength of alkali-activated cement concrete reduces 
with increased recycled aggregate percentage in concrete as shown in Table 19.1. 
However, high 28-day compressive strengths of 71.5 and 54.5 MPa can still be 
obtained for mixes with high percentages of recycled aggregate of 50 and 100% 
with alkali-activated fly ash concrete in comparison to that with normal aggregate. 
Compressive strength development of alkali-activated fly ash concrete containing 
RCA as reported by Galvin and Lloyd (2011) also suggests that the incorporation 
of RCA reduces the strength of concrete but the reduction is at an acceptable level. 

Table 19.1 Compressive strength of normal concrete and alkali-
activated cement concrete containing recycled aggregate

Concrete Compressive strength (MPa)

3-Day SD 7-Day SD 28-Day SD 60-Day SD 90-Day SD

RAC0
RAC50
RAC100
GRC0
GRC50
GRC100

22.51
22.41
22.04
74.37
61.11
47.77

0.13
0.19
0.38
2.31
1.81
1.27

36.94
36.08
36.37
80.58
67.72
50.83

0.94
0.2
0.35
1.87
0.29
0.37

49.98
44.9
44.58
85.66
71.59
54.66

0.41
0.76
0.18
1.58
1.66
1.73

51.72
46.51
45.6
86.15
71.72
54.95

0.67
0.64
0.7
0.9
1.57
0.97

62.42
53.63
50.79
88.22
71.97
55.09

0.44
0.62
0.7
1.07
1.91
1.27

Note: RAC is normal Portland cement concrete with recycled aggregate, GRC is fly ash geopolymer concrete with 
recycled aggregate. SD is standard deviation.
Source: Reprinted from Shi et al., 2012a, Copyright © 2012, with permission from Elsevier.
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The 28-day compressive strength of 40% RCA concrete was reduced to 25.5 MPa 
compared with 33.0 MPa of the control concrete and the 90-day strength of 40% 
RCA concrete was reduced to 30.0 MPa compared with 35.5 MPa of the control. In 
other investigations, instead of strength reduction, increase in compressive strength 
was even observed with increased amount of RCA (Sanusi et al., 2011). This has 
been attributed to the additional formation of C-S-H from calcium present in the 
RCA. The acceptable strength values of alkali-activated concrete with RCA allow 
its use in various construction works and in some structural applications, especially 
when strength is not the prime concern.

19.3.2 Lightweight alkali-activated concrete containing recycled 
aggregate

Crushed lightweight aggregate concrete (LWAC) can also be used as an aggregate 
in concrete (recycled LWAC-aggregate) (European Union – Brite EuRam III, 2000). 
Crushed waste lightweight concrete block has been used successfully as recycled 
aggregates for making lightweight alkali-activated concrete using NaOH, sodium 
silicate and fly ash (Posi et al., 2013) with acceptable 28-day compressive strength 
of 1.0–16.0 MPa, density of 860–1400 kg/m3, water absorption of 10–31%, porosity 
of 12–34%, and modulus of elasticity of 2.9–9.9 GPa. The strength slightly increases 
with the increase in the amount of fine recycled lightweight aggregate content 
(reduced recycled coarse aggregate) as shown in Figure 19.1. The fine aggregate 
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Figure 19.1 Compressive strength of lightweight alkali-activated concrete made with recycled 
lightweight aggregate from lightweight concrete block (a) with various sodium silicate to 
NaOH ratios and (b) with various NaOH concentrations (m) (reprinted from Posi et al., 2013, 
Copyright © 2013, with permission from Elsevier). Note: 0F = 0% fine aggregate, 30F = 30% 
fine aggregate, 70F = 70% fine aggregate.
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with high surface area offers better bonding between alkali-activated matrix and 
fine aggregate than that of coarser aggregate, and thus the increase in fine aggregate 
from 0% to 70% results in concrete with increased strength. Also, the increase in the 
amount of fine aggregate results in an increase in concrete density due to the higher 
density of fine recycled lightweight aggregate. Strength development is improved 
with the increases in sodium silicate content (sodium silicate/NaOH of 0.33–3.0) 
and curing temperature of 25–60°C with the optimum NaOH concentration of 10 
m. These findings are in line with the results reported on the normal Class C fly ash 
alkali-activated system (Sathonsaowaphak et al., 2009; Chindaprasirt et al., 2007; 
Somna et al., 2011; Lee and van Deventer, 2002). 

19.3.3 Pervious alkali-activated concrete containing recycled 
aggregates

Alkali-activated fly ash binder has been used for making pervious concrete containing 
normal aggregate with satisfactory strength (Tho-in et al., 2012). Furthermore, 
pervious alkali-activated concrete can also be made with RCA and recycled clay 
brick as coarse aggregates with acceptable properties in comparison to natural coarse 
aggregates. Sata et al. (2013) used 4.5–9.5 mm single-size RCA and recycled clay 
brick aggregate for making pervious concrete using high-calcium fly ash, sodium 
silicate and NaOH. Results indicated the normal trend of strength development for 
normal recycled aggregate, i.e. the strength of concrete reduced with the use of 
recycled aggregate, which is in line with the published results on normal recycled 
aggregate concrete (Hansen, 1986) and on pervious recycled aggregate concrete 
(Tho-in et al., 2012). For mixes with 15 m NaOH, the compressive strengths of 
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normal aggregate (NA), recycled concrete (RC) aggregate and recycled clay brick 
(RB) aggregate concretes were 13.6, 10.0 and 4.0 MPa, respectively (Sata et al., 
2013). This is due to the difference in the strengths of recycled aggregates as can 
be observed from the fractured surfaces of the concretes shown in Figure 19.2. The 

Figure 19.2 Fracture surfaces of alkali-activated pervious concretes: (a) normal aggregate; 
(b) recycled concrete aggregate; and (c) recycled clay brick aggregate (reprinted from Sata 
et al., 2013, Copyright © 2013, with permission from Elsevier). Note: A = void, B = fractured 
aggregate, C = alkali activated paste.
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recycled clay brick aggregate is the weakest and shows the largest fractured surface 
and is followed in turn by recycled concrete aggregate and normal aggregate. The 
same authors reported further that the average ratio of splitting tensile to compressive 
strengths of pervious geopolymer concrete was 14.4%, which was slightly higher 
than 8–14% for conventional concrete. The high tensile strength ratio is the common 
feature found and this suggests the better bonding of alkali-activated binders than 
that of the conventional Portland cement binder system (Shi et al., 2012a). 

19.3.4 Controlled low-strength and other recycled alkali-
activated concretes 

In a study on the utilization of recycled concrete aggregate, Achtemichuk et al. (2009) 
used slag and high calcium fly ash at dosages of 5–30% by weight in combination 
with recycled concrete aggregate to produce controlled low-strength materials without 
using Portland cement. The same authors suggested that in addition to hydraulic 
activity, the pozzolanic reaction of slag and high calcium fly ash was activated by 
the alkalis and calcium hydroxide presented in the residual paste of the RCA and 
this resulted in adequate strength development of controlled low-strength materials, 
especially when slag was used. 
 The silica and alumina in Portland cement paste can be reused as starting materials 
for geopolymers (Payá et al., 2012). The authors induced carbonation of hydrated 
Portland cement to transform C-S-H and C-A-H to silica and alumina gels and then 
alkali activated with a NaOH/waterglass solution. The geopolymer mortars are 
mechanically stable with compressive strength over 10 MPa after 65°C curing for 3 

Figure 19.2 Continued
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days. The result confirms the possibilities for reuse of the cement-rich components 
of construction and demolition waste. 
 Recycled materials can also be used as sand replacement in the alkali-activated 
system. Vavro et al. (2011) studied the use of recycled clay brick and recycled 
concrete block for sand replacement in slag/NaOH/sodium silicate system. The 
recycled clay brick and concrete block were ground to maximum particle size of 2 
mm and used to replace natural sand at 50% and 100% levels. The concrete strength 
was reduced with the increase in replacement level due to the relatively low strength 
of fine aggregate from brick and block compared with that of natural sand. The 28-
day strength of AAS concretes with 50% clay brick and concrete block were 52.0 
and 72.7 MPa and those with 100% clay brick and concrete block were 41.7 and 
40.7 MPa compared with 87.8 MPa of AAS concrete with 100% natural sand. The 
strength of recycled concrete aggregate concrete is greater than that of recycled brick 
aggregate concrete due to the higher strength of recycled concrete aggregate compared 
to that of recycled brick aggregate. Although the strength of recycled aggregate 
concrete is lower, its durability performance in terms of resistance to hydrochloric 
acid attack, freeze-thaw environment and to water and chemical de-icing agents is 
acceptable. The same authors suggested that alkali-activated materials containing 
recycled concrete and recycled brick as fine aggregate have good prospects.

19.4 Other alkali-activated recycled aggregate concrete

19.4.1 Waste glass

Soda-glass cullet powder (Blaine fineness of 1000–4000 cm2/g) has been used to 
produce geopolymers (Cyr et al., 2012). In contrast to fly ash or metakaolin-based 
geopolymers, waterglass is not needed for the setting of glass cullet geopolymers. To 
obtain acceptable mechanical performance, high fineness of glass and temperature 
in the range of 40–60°C are required for activation using KOH and NaOH. Alkali-
activated Class F fly ash cement with glass aggregates has also been studied. The 
issue of alkali-silica reaction (ASR) induced expansion is not a significant problem 
with alkali-activated fly ash cement mortar in comparison to the use of glass aggregate 
in normal mortar and concrete. Concretes made from alkali-activated fly ash with 
pulverized glass have also been investigated (Berry et al., 2011). Outstanding early 
strength and continued strength gain over a long period as well as good durability 
characteristics have been observed. An alkali-activated fly ash with glass aggregate 
called ‘ashcrete’ was also developed by Xi et al. (2004). This ashcrete has high 
strength and develops high early strength which makes it very suitable for the precast 
concrete industry.
 When used in alkali-activated slag using NaOH and NaOH/Na2CO3 solutions, 
glass powder was found to be less effective than ground granulated blast furnace 
slag with other alkali-activated systems in regard to the strength development of 
the resultant alkali activated cement (Torres et al., 2009). In general, temperature or 
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mechano-chemical activation, or both, would be needed for the effective re-use of 
waste glass in alkali-activated cement concrete. The same author, however, reported 
that it is possible to use up to 50% ground waste glass blended with slag activated 
with NaOH/Na2CO3 solutions cured at a low temperature of 25°C to produce mixes 
with reasonable compressive strengths. 
 The use of recycled waste material such as waste glass as sand replacement has 
also been tried in alkali-activated concrete. Xie et al. (2003) studied the use of waste 
glass/fly ash/sodium silicate concrete. The glass aggregate showed much reduced 
ASR expansion in the alkali-activated system compared with that of Portland cement 
mortar where even a small substitution of natural aggregate by waste glass caused 
severe expansion. The same author reported that even when all natural aggregate is 
replaced by glass aggregates, the alkali-silica reaction expansion of the waste glass 
alkali-activated mortar is still within the limits as per ASTM C1260-07 (2007). This 
indicates that in alkali-activated mortar, waste glass is a safe aggregate in terms of 
alkali-silica reaction potential for reactive aggregates.

19.4.2 Circulation fluidized bed combustion bottom ash

CFBC (circulation fluidized bed combustion) bottom ash has also been used as 
a source material for making geopolymer (Chindaprasirt and Rattanasak, 2010; 
Boonserm et al., 2012; Topçu and Toprak, 2011) and also as aggregates (Li et al., 
2013). When used as aggregate to replace sand (Li et al., 2013), the best results of 
the geopolymer mortar are obtained when the ratio of CFBC bottom ash to fly ash 
is in the range of 0.75–1.25 with sodium hydroxide and sodium silicate solution 
at modulus of 1.2. Strengths of 60 MPa and 10 MPa for compressive and flexural 
strengths, respectively, were achieved and were much higher than geopolymeric 
mortar made with natural sand aggregates. The mortars showed higher compressive 
and flexural strengths than those with standard sand due to better bonding and 
denser microstructures. Microstructure observation by the same authors suggested 
the improvement in bonding of bottom ash aggregate by reporting that no distinct 
gap could be identified between bottom ash particle and alkali-activated binder as 
compared to the observable void at boundaries between sand and alkali-activated 
binders.

19.4.3 Artificial lightweight aggregate from by-product 
materials

Procedures and technologies used in the manufacture of alkali-activated cement concrete 
have also been applied to the production of lightweight aggregate for concrete (Jo 
et al., 2007; Bui et al., 2012, 2013) from waste and by-product materials such as fly 
ash, sewage sludge and waste glass. This is a related recycle aggregate which shared 
a similar name but is slightly different type of recycled aggregate. This artificial 
recycled aggregate is normally made from industrial by-products. Jo et al. (2007) made 
artificial recycled lightweight aggregate from alkali-activated fly ash. Fly ash/NaOH/
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sodium silicate/MnO2 paste cured at 50°C produces a high compressive strength of 
33.9 MPa. This paste was crushed and used as alkali-activated recycled lightweight 
aggregate with specific gravity (SSD), water absorption, unit weight, and solid volume 
percentages of 1.85, 11.8%, 972 kg/m3 and 58.6%, respectively. Bui et al. (2012) 
also tested artificial recycled aggregate made from industrial by-products, namely, 
Class F fly ash, ground granulated blast furnace slag and rice husk ash using NaOH 
and sodium silicate at modulus of 1.5 as activators. The manufactured lightweight 
aggregate unit weights were 770–1060 kg/m3. High performance concretes were made 
with these aggregates with unit weights of 1840–2060 kg/m3 and 28-day compressive 
strengths of 14.8–38.1 MPa. Chindaprasirt et al. (2009) prepared lightweight aggregate 
from rice husk ash activated with sodium hydroxide solution and temperature cured 
to obtain hardened alkali-activated paste which was then crushed and heated to form 
alkali-activated lightweight aggregate with density of 0.20–0.40 g/cm3. Two to four 
present boric acid by weight of RHA was incorporated to this mixture to make 
the paste stable and not disintegrate in boiling water. As shown in Figure 19.3(a), 
rice husk ash/10 m NaOH/2% boric acid paste after curing at 115°C contains RHA 
particles, sodium silicate matrix and some needle-like hydration products. After 
heating at 500°C, the lightweight alkali-activated rice husk ash aggregate is formed 
and the texture is quite homogeneous with some pores as shown in Figure 19.3(b). 
With literature support, it is shown here that the activated recycled aggregates offer 
a good alternative for the utilization of industrial by-products.

(a)

20 mm

Figure 19.3 Morphology of lightweight aggregate made from rice husk ash/10 m NaOH/2% boric 
acid: (a) paste cured at 115°C and (b) lightweight aggregate after heating at 500°C (reprinted 
from Chindaprasirt et al., 2009, Copyright © 2009, with permission from Elsevier).
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19.4.4 Waste rubber, plastic, ceramic and other materials

Other recycled materials can also be used as aggregate in alkali-activated cement 
concrete. Initial research work has indicated that waste rubber shreds from used 
tires (<0.9 mm) can be solidified into geopolymeric matrix (Skoba et al., 2005). 
As expected, the waste rubber–geopolymer composite is more elastic than the 
geopolymer materials and the compressive strength reduces as the rubber content 
increases. It should be noted that geopolymer composites with plastic fillers, ceramic 
fillers, fibre reinforcement (organic and inorganic fibres) and/or fabric reinforcement 
have been successfully produced (Natali et al., 2011; Shaikh, 2013; Sakulich, 2011; 
Wang et al., 2005; Alomayri and Low, 2013; Chindaprasirt et al., 2013; Medri and 
Landi, 2014) with good properties such as flexural strength and fracture toughness. 
These findings indicate that a wide range of waste materials can be used with 
geopolymeric materials and alkali-activated binders to manufacture engineering  
components.
 Other wastes such as bottom ash (BA) and spent foundry sand (FS) are also used 
in combination with RCA as 100% recycled aggregate in making alkali-activated fly 
ash concrete (Slabbert, 2008). The mixes were made with water-to-geopolymer solid 
ratio of 2.0 with 4% superplasticizer using 8 m NaOH and sodium silicate as alkali 
activators and cured at 60°C for 24 h. The geopolymer concrete with aggregates 
RCA:BA:FS of 70:10:20 showed 28-day strength of 4.4 MPa and can be used in 
a low specification geopolymer concrete such as alkali-activated masonry concrete 
block. 

(b)

20 mm

Figure 19.3 Continued
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19.5 Future trends

The need to reuse recycled materials for making concrete is and will continue to 
be very important in the future for the sustainability of the construction industry. 
Knowledge in this field is therefore needed to specifically manage the waste from 
recycled concrete, demolition and other wastes. Concrete is a material used worldwide 
and the volume used is very large. Effort is therefore needed for the accumulation of 
basic information for reusing recycled materials as inert aggregate or as a constituent 
for active binders. For example, the work of Ahmari et al. (2012) on production 
of geopolymeric binders from blended waste concrete powder and fly ash is very 
important and should set the tone for future work to completely recycle and utilize 
waste concrete in a sustainable and environmentally friendly way.
 The research in this area is at an early stage and a lot more is needed for the 
sustainable use of recycled aggregate. Shi et al. (2012b) are pioneering the application 
of this recycled aggregate concrete to a more complex structural use by studying the 
strength and ductility of steel tubular stub columns filled with geopolymeric recycled 
aggregate. This opens the scope for the wider application of recycled concrete, 
demolition and other waste as aggregates in structural concrete composites. 

19.6 Sources of further information and advice

The information on alkali-activated recycled aggregate concrete is limited. However, 
much of the information on alkali-activated cement and concrete and on the recycled 
aggregate does exist. In order to build up the base of knowledge on this subject, it 
is advantageous to go through some of the references as follows.

1. Books on alkali-activated cement and geopolymers by Shi et al. (2006), Provis and van 
Deventer (2009) and Davidovits (2011). 

2. Papers on the review of alkali-activated concrete by Duxson et al. (2007), Pacheco-Torgal 
et al. (2012a, 2012b); Komnitsas and Zaharaki (2007) and Rashad (2013).

3. Books on recycled aggregate and concrete by Hansen (1986), Siddique (2008), Pacheco-
Torgal et al. (2013) and De Brito and Saikia (2013).

4. Papers on the review and new knowledge of recycled aggregate concrete by Khalaf and 
De Venny (2004), Ismail and Ramli (2013) and Cree et al. (2013).

It is likely that the subject of alkali-activated recycled aggregate concrete will be 
researched and extensive results will be published.
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20Use of alkali-activated concrete 
binders for toxic waste 
immobilization
I. Lancellotti, L. Barbieri, C. Leonelli 
Università degli Studi di Modena e Reggio Emilia, Modena, Italy

20.1 Introduction and EU environmental regulations

Directive 2008/98/EC, implemented in Italy by Legislative Decree 205 of 2010, 
aims to help the European Union (EU), to move closer to a ‘recycling society’, 
seeking to avoid waste and to use them as resources. The main objectives are to 
strengthen the principles of producer responsibility and the actual implementation 
of the hierarchy shown in Figure 20.1, according to which safe management is 
encouraged by various means (including economic). This second model requires 
a more advanced technological system of management based on ‘using the best  
technologies’. 

Increasing
sustainability

Reuse
Preparation for reuse

Prevention

Recycling

Energy 
recovery

Landfill

Figure 20.1 Waste management hierarchy.
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20.2 Definition of waste

Waste is classified either according to origin (urban and special waste) or to the 
hazardous characteristics (hazardous and non-hazardous). All wastes are identified 
by a six-digit code, the list of which is divided into 20 classes, each of which groups 
wastes arising from the same production cycle (EWC 2002). Within the list, hazardous 
waste is marked with an asterisk.
 ‘Dangerous substance’ means any substance classified as dangerous according 
to Directive 67/548/EEC (Council Directive 67/548/EEC of 27 June 1967 on the 
approximation of laws, regulations and administrative provisions relating to the 
classification, packaging and labelling of dangerous substances) and following 
amendments: this classification is subject to updating, as the research and knowledge 
in this field are constantly changing.
 The so-called ‘heavy metals’ are antimony, arsenic, cadmium, chromium (VI), 
copper, lead, mercury, nickel, selenium, tellurium, thallium and tin. They may be present 
either in pure form or combined with other elements in chemical compounds.

20.3 Overview of inertization techniques

The inertization process of a waste consists in binding it to an inert matrix (inorganic 
or organic), through a chemical and/or physical process. The goal is to decrease 
the pollution potential and the dangerousness of waste, preventing or minimizing 
the transfer of pollutants into the environment and reducing the area available for 
leaching, in such a way as to render the waste suitable for subsequent phases of 
landfilling for non-hazardous waste, or for recovery. The processes of inertization, 
summarized in Table 20.1, can be applied to the treatment of contaminated soil, solid 
or liquid waste arising from washing or incineration, radioactive waste, removal and 
safety of toxic and hazardous waste. 
 They can be roughly divided into two categories:

1. Heat treatments techniques, which are those techniques that adopt high temperatures for the 
thermal destruction of the waste. They are: vitrification, glass-ceramization (1300–1500°C), 
and treatment with plasma torch (7000–13,000°C depending on the type of torch used).

2. Cold processes, characterized by temperatures between 25 and 150°C and different 
mechanisms: stabilization/solidification (S/S) obtained with hydraulic binders based on 
inorganic (e.g., cement, lime, clay) or organic (e.g., thermoplastics, macroencapsulating 
compounds, polymers) reagents.

Table 20.1 Hot and cold inertization techniques

Heat treatments Cold techniques (stabilization/solidification)

Vitrification
Glass-ceramization
Plasma torch

Inorganic: cement/silicates, lime, clay
Organic reagents: thermoplastics, resins, polymers
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20.4 Cold inertization techniques: geopolymers for 
inertization of heavy metals

The increasingly urgent need for the use of industrial inorganic waste as raw material 
for new materials raises the possibility of geopolymers as an alternative to the traditional 
Portland cement/concrete. These alkali-activated materials can, in fact, be considered a 
resource in sustainable waste management as it is possible to formulate them starting 
from waste, mostly aluminosilicates, which are not dangerous, but it is also possible 
to design and use them as matrices for inertization of hazardous waste containing 
heavy metals. In this sense we can define geopolymerization of waste materials 
as a technique that combines the alkaline activation of the aluminosilicate and/or 
phosphate component to act as matrix and the dissolution/activation/hydrolyzation of 
the surface of the particles of waste. The surface reactivity is in fact responsible for 
the bond that is formed between the waste particles and the aluminosilicate matrix 
immobilizing the heavy metal ions. The nature of the waste, in terms of mineralogy, 
alumina and silica contents, particle size, surface area and morphology, significantly 
affect the reactivity of the waste itself.
 To assess the real effectiveness of the immobilization of heavy metals, several 
authors have introduced salts of heavy metals, such as Pb, Cu, Cr, Cd, etc., and 
have evaluated the immobilization through leaching tests in different solvents. The 
matrices used for these studies (Phair and van Deventer, 2001; Phair et al., 2004; 
van Jaarsveld et al., 1999; Hanzlìcekw and Steinerovà-Vondràkova, 2006; Palomo 
and Palacios, 2003; Zhang et al., 2008a, 2008b; Xu et al., 2006) include kaolin, 
metakaolin and cement added with coal fly ash and/or blast furnace slag.
 The leaching tests have been recognized by the scientific and regulatory community 
to be the most effective way to evaluate the efficiency of chemical immobilization of 
heavy metals. The leaching process is a very complex phenomenon which requires 
the strict control of several parameters including particle size distribution, pH of 
eluating solution, temperature, contact time, stirring, liquid/solid ratio, etc.
 The leaching of the immobilized species can be due to degradation and disruption 
of the matrix or their release from an intact matrix, similar to the phenomenon of ion 
exchange. The results presented below belong to the second type as the conditions 
of the leaching tests are not sufficiently severe to degrade the aluminosilicate matrix 
of geopolymer.

20.4.1 Lead, copper, chromium and cadmium

In studies related to the efficiency of the immobilization of lead and copper cations, 
often the two are added together so as to compare an ion small transition, Cu+2, and 
a larger one belonging to one of the main groups of the periodic table, Pb+2. The 
studies were conducted through the dynamic toxicity characteristic leaching procedure 
(TCLP) leaching test in acetic acid (US EPA, 1986). In particular for lead it was 
observed that the immobilization is strongly controlled by different factors one of 
which is the influence exerted by the type of cation present in alkaline solution used 
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to activate the matrix and the waste; it is possible to hypothesize a relevant role of 
sodium in the leaching process of Pb-containing geopolymer.
 Keeping constant the alkaline metal of the activator solution, such as sodium, the 
effectiveness of the immobilization of lead varies significantly: the most effective 
immobilization is recorded for the solution of NaOH, which also corresponds to the 
higher pH, rather than the sodium silicate having the mixture of the two solutions, 
which has an intermediate behaviour (Phair and van Deventer, 2001; Phair et al., 
2004).
 Compared to lead, copper is immobilized with less efficiency because of its 
smaller ionic radius that makes it more mobile, facilitating the diffusion and leaching 
processes, for example with respect to Co and Ni (Phair and van Deventer, 2001; 
Phair et al., 2004; van Jaarsveld et al., 1999; Hanzlìcekw and Steinerovà-Vondràkova, 
2006). A similar behaviour to lead has been observed, however, also for copper: 
again the activating solutions containing sodium show a higher efficiency than those 
with potassium. This behaviour suggests a greater influence of the basicity of the 
alkaline solutions, rather than the size of the hydration sphere of the different cations 
which leads to the formation of precipitates strongly retained by the matrix.
 Chromium, a metal widespread in the environment and present in many types 
of industrial wastes, is particularly toxic and mobile in its form of Cr(VI) and its 
introduction into a Portland cement has a deleterious effect on the mechanical 
properties. In fact, when it is inserted as CrO3 in Portland cement admixed with 
coal ash, the setting and the mechanical performance of the material are inhibited 
significantly (Palomo and Palacios, 2003). Instead, when the insertion occurs in a 
matrix of blast furnace slag through alkaline activation, immobilization is not only 
effective, but an improvement is also observed in the mechanical properties of the 
material. The immobilization can also be favoured by reducing conditions due to the 
presence of sulphide ions that lead to a partial reduction of Cr(VI) to Cr(III) (Zhang 
et al., 2008a).
 Xu et al. (2006) studied the influence of the concentration of the alkaline solution 
and the curing time of geopolymeric materials (based on metakaolin and coal ash) 
on the immobilization of Cu, Cd, Pb and Cr. A stronger influence of the studied 
parameters was observed on Cu and Cd inertization rather than on Pb and Cr. In 
particular, the conditions favourable for inertizing Cu and Cd correspond to high pH 
and short curing time. Under any condition, however, the efficiency of immobilization 
of Pb and Cr is greater than that of Cu and Cd.
 Another parameter that might influence the effectiveness of immobilization of heavy 
metals is the type of salt with which they occur in the inertizing matrix (Zhang et al., 
2008b). In particular the effectiveness of inertizing of Pb, Cr and Cd was evaluated 
with static tests in acid (sulfuric acid to pH 1), saline (Na2CO3 and MgSO4) and 
in distilled water because the resistance of heavy metal-containing geopolymers to 
leaching in different environments depends very strongly on both the nature of the 
heavy metal and the aggressive components of the leaching solution. 
 H2SO4 leaching in general shows the highest rate of metals release than the other 
leach solutions tested. Pb is immobilized very effectively by a chemical binding 
mechanism in geopolymers, meaning that its addition in a soluble chemical form is 
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actually preferable (Figure 20.2). Cd immobilization depends on the solubility of 
a hydroxide phase, and so is very effective at high pH but poor at low pH (Onisei 
et al., 2012). The studies reported allow us to hypothesize that the immobilization 
of lead is to be charged to a chemical bond between Pb2+ and the matrix with the 
formation of silicate phases rather than to an adsorption or physical entrapment.
 When chromium and lead are placed in the geopolymeric matrix in the form 
of combined salt, PbCrO4 the release of chromium is greater than that of lead. If 
the chromium is introduced as a soluble salt, Na2CrO4, in the absence of reducing 
agents is easily leached, while in the presence of sulphide ions is easily reduced and 
forms Cr(OH)3 and therefore its immobilization is more effective compared to the 
less soluble PbCrO4, that, remaining unchanged, is subject to leaching.
 Cadmium shows a strong dependence on the medium used for the release test, 
in fact, showing good chemical resistance in water and salt solutions, while the 
same decreases drastically in sulphuric acid, probably due to the fact that cadmium 
is immobilized as the hydroxide, Cd(OH)2, which is particularly soluble in acidic 
environment (Zhang et al., 2008b). Conversely cadmium, being a divalent ion like 
calcium, is immobilized effectively in calcic matrices such as those based on Portland 
cement and blast furnace slag activated with alkali.

PbCrO4 < Pb(NO3)2 < Pb

Figure 20.2 Efficiency of Pb immobilization in Na2CO3 solution in function of the form in 
which Pb is introduced into the matrix.

20.4.2 Arsenic

Arsenic is particularly important due to its high toxicity and solubility and the ease with 
which it is found in various waste streams. Arsenic is quite effectively immobilized 
in matrices based on Portland cement. Its immobilization in geopolymers was studied 
when it is introduced in the form of complex waste containing many metals and has 
proven only partially effective. Some authors have shown that arsenic contained in 
coal fly ashes is leached more when the ashes are in geopolymer with respect to the 
ashes on their own (Álvarez-Ayuso et al., 2008). 
 Fernández-Jiménez et al. (2005) studied matrices of coal fly ash and metakaolin 
containing arsenic introduced as NaAsO2. The leaching has been studied through 
the TCLP test and ANS 16.1 (American Nuclear Society 16.1). The data showed 
that arsenic is incorporated more effectively from the matrix containing the fly ash 
compared to that of only metakaolin. However, the leaching exceeds the legal limits 
and therefore arsenic cannot be considered inert. The use of mixed systems based on 
blast furnace slag, rich in calcium, and coal fly ash could represent a better solution 
given that calcium promotes inertization of arsenic.
 To summarize, there are many parameters that can influence the immobilization of 
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heavy metals, of which the pH plays an important role. In Figure 20.3 the influence 
of pH on heavy metals is shown. For example, arsenic is not effectively incorporated 
in the geopolymer in the whole pH range, whereas cadmium is incorporated at 
alkaline pH, while it is leached at acid pH. Cr, Ni, Sn are inert throughout the pH 
range (Waijarean et al., 2014). A summary of the efficacy of the incorporation of 
the geopolymeric matrix in respect of the different elements of the periodic table is 
shown in Figure 20.4. 
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Figure 20.3 pH influence on heavy metal inertization. 

20.5 Cold inertization techniques: geopolymers for 
inertization of anions

20.5.1 Sulphates and nitrates

While many studies are present in the literature on heavy metal immobilization in 
geopolymers, so far a limited number of studies have attempted to elucidate the effect 
of anions on geopolymer properties (Criado et al., 2010; Desbats-Le Chequer and 
Frizon, 2011; Lee and van Deventer, 2002; Komnitsas et al., 2013). These studies 
have focused on the effect of anions on fly ash, metakaolin and ferronickel slag-
based geopolymers.
 For sulphates, TCLP results, investigating the effect of sulphate and nitrate ions 
on heavy metal immobilization during the production of geopolymers from low 
calcium ferronickel slag, show that with the exception of Cr, which has quite low 
concentration in the extract, high concentrations of Pb, Cu and Ni are detected in 
the extract when these metals are added as sulphate ions in the starting mixture. 
Geopolymers exhibit increased toxicity in terms of Pb release whereas no TCLP limits 
are available for Ni and Cu. The concentration of these two elements, Ni and Cu, in 
the extract is considered high (25–50 mg/L). Thus increased risk for contamination 
of soils and groundwater could be envisaged if wastes containing Ni and Cu in the 
form of sulphate or nitrate salts are geopolymerized and disposed of without proper 
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care in the environment. Also the compressive strength of geopolymers is negatively 
affected by the presence of NO3

− or SO4
−2 ions in the starting mixture. Both anions 

consume most of the available alkali activator moles, hinder geopolymerization 
reactions and thus the quantity of the gel produced is limited and scarcely connected 
(Komnitsas et al., 2013).

20.5.2 Chlorides

Lee and van Deventer (2002) found that chloride salts such as KCl, CaCl2 and 
MgCl2 were detrimental to geopolymer obtained by the activation of fly ash and 
kaolin. They decreased the product durability by gradually causing precipitation and 
crystallization in the aluminosilicate gel which is the binding phase of geopolymer. 
On the other hand, carbonate salts, K2CO3 and CaCO3, were beneficial by lowering 
the dissolved water contents and preventing hydrolytic attacks on the gels. A new 
crystalline phase, probably calcium silicate chloride (Ca2SiO3Cl2), was found in 
the geopolymer systems investigated and was exclusive to the chloride-affected 
geopolymers. Experimental data gathered in Lee and van Deventer (2002) suggest 
that, regardless of chloride salt contamination or excessive alkalinity, the most likely 
mechanism associated with product deterioration in geopolymers is hydrolytic attack 
on the primary aluminosilicate gel, which is produced directly from alkali activation 
on the solid raw material.

20.5.3 Sulphides

Sulphides, S2− ions, studied by Zhang et al. (2008a), play a critical role in the 
immobilization of Cr(VI) in alkali-activated fly ash matrices, by reducing Cr(VI) to 
Cr(III) and enabling precipitation in highly insoluble forms. A little addition (0.5%) 
of S2− as Na2S·9H2O has been shown here to be highly effective in immobilizing 
Cr against attack by deionized water or mineral salt solutions for at least 90 days. 
Leaching in H2SO4 solution remains more problematic, most likely due to the re-
oxidation of the Cr to highly mobile Cr(VI) species, but the addition of sulphide still 
provides a major increase in leaching resistance compared to a simple geopolymer 
binder (Figure 20.5). Addition of the Cr as a sparingly soluble salt actually provides 
less effective immobilization than does addition as a highly soluble salt in the 
presence of sulphides.

20.6 Immobilization of complex solid waste 

Fly ash from electric arc furnaces for steel production, containing Zn, Pb, Cr, Cd, 
and electrostatic precipitator and fabric filter fly ash from incineration of municipal 
waste containing Cd, Cr, Cu, Ni, Pb, CO3

2–, Cl– and SO4
2– are classified as hazardous 

waste. They were mixed with blast furnace slag, coal ash and kaolin/metakaolin and 
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activated with potassium or sodium silicate (Fernández Pereira et al., 2009; Galiano 
et al., 2011; Lancellotti et al., 2010).
 The inertization efficiency was assessed by release test in distilled water for 24 
hours (EN 12457-4, 2002). The inertization efficiency was also assessed by release 
test in acetic acid (US EPA, 1986) and in distilled water acidified to pH = 4 with 
nitric acid (NEN 7345, 1993) (which indicates the maximum amount of contaminant 
that can be leached in extreme conditions) and compared with the behaviour of a 
matrix based on Portland cement. Fernández Pereira et al. (2009) have also analyzed 
the behaviour of Zn, which has been little studied, but which is important since it has 
a deleterious effect on the hardening/curing of Portland cement because of Ca–Zn 
interactions that lead to the precipitation of calcium zincate on the surface of the 
cement grains and therefore its inclusion in this matrix is not very suitable. In this 
context, it is expected that geopolymers with low calcium content can be a good 
matrix for the immobilization of this metal. Mináriková and Skvara (2006) have 
observed that the introduction of zinc in geopolymers leads to a reduction of the 
compressive strength, but the setting time is not delayed as in Portland cement.

20.6.1 Ashes from electric arc furnaces

The response of the material to leaching is a function of the leaching medium:

• Test in distilled water (EN 12457-4, 2002): the concentration of the metals is less in the 
geopolymeric matrix with respect to Portland cement using either potassium or sodium 
silicate. The lower values of heavy metals, however, are those with potassium activation. 
The resulting materials show leaching values which are acceptable for being disposed of 
in landfills for non-hazardous waste.
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Figure 20.5 Percentage of Cr extraction in H2SO4 leaching solution (pH = 1) from geopolymer 
containing 0.5% Cr, added as Na2CrO4, as a function of sulphide presence (data elaborated 
from Zhang et al., 2008b).
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• Test in acetic acid (EPA TCLP (US EPA, 1986)) with a solution at pH 4.93: leaching of 
different metals varies significantly. The geopolymer only immobilizes Cr, while Pb, Zn and 
Cd exceed the limits. This behaviour is strongly linked to the alkalinity of the matrix and 
to the ability of the solid to neutralize the acidic solution, greater in the Portland cement 
compared to the geopolymer. The strong leaching of Pb, Zn and Cd in the ash from the 
electric arc is due to the fact that these metals are in the form of oxides and chlorides 
which are soluble in a medium with a pH close to neutrality.

• Test in nitric acid (NEN 7345, 1993): Zn and Cr exhibit low leaching and good immobilization 
(90–100%) either in cement or in geopolymeric matrices, whereas, Pb and Cd show a very 
variable immobilized fraction (Pb = 30–95% and Cd = 47–91%) with lower values for the 
geopolymeric matrix.

20.6.2 Fly ash from urban incinerator

For the fly ash from an incinerator it was observed that, depending on the test used, 
the behaviour of the different matrices, based on metakaolin or Portland cement, 
is different.
 The matrix effects and leaching agent can be summarized as follows.

• Test in distilled water (EN 12457-4, 2002): Zn (particularly because of its high concentration 
in the initial waste), Co, Ni, Cu and Sn are less leachable metals. In contrast, Mo, V and 
Cr, elements that typically form oxyanions, showed the worst results regardless of the 
matrix in which they are located. Materials prepared by activation with potassium and high 
calcium content (blast furnace slag and Portland cement) have obtained the best results. 
Ba and Pb are less effectively incorporated into the calcium matrix (Portland), and Sb in 
the geopolymers. This last element is the most problematic for inertizing in geopolymers. 
The above highlights once again the influence of the calcium present in the matrix on the 
immobilization of different metals.

• Test in acetic acid (EPA TCLP (US EPA, 1986)): the results were compared with the 
limits set by the US Environmental Protection Agency (US EPA; www.epa.gov) for As, 
Cr, Cu, Zn, Pb, Ba, Cd, Hg, and Se. Concentrations of the metals were below the limits, 
but the best performances were obtained for metakaolin-based geopolymers activated 
with potassium.

• Test in nitric acid (NEN 7345, 1993): Ba, Zn, Pb, Cr and Cd show concentrations below 
detectable limits. Comparing the different matrices, there is a lower release of Zn and Cr 
matrices with Portland cement and with blast furnace slag gepolymers, a fact probably 
related to the high alkalinity of the calcium-containing matrices. Conversely Ba shows 
worse behaviour in the calcic environment, according to the test in UNI 10802:2013, 
probably because of chemical interactions with the aluminosilicate lattice characteristic 
of geopolymers, which are able to immobilize them effectively.

• GANC test (generalized acid neutralization capacity test) (Isenburg and Moore, 1992): 
this test is used to quantify the equivalents of acetic acid necessary to reduce the pH of 
an aqueous solution in contact with a solid. Thus it provides information on chemical 
neutralization, speciation and mobility during leaching of toxic metals from waste stabilized. 
The metals Zn, Pb and Cd showed amphoteric behaviour irrespective of the matrix. In 
particular, in geopolymers they show less leaching at neutral pH and acid.

In addition to the studies of the immobilization of heavy metals through the release 



Use of alkali-activated concrete binders for toxic waste immobilization 549

test (UNI 10802:2013), the problem related to the presence of anions and their 
relative stability in the geopolymeric matrix is another important issue. Lancellotti 
et al. (2010) have conducted an investigation into the immobilization of soluble 
anions such as chlorides in metakaolin-based geopolymers containing a mixture of 
ashes from electrostatic and fabric filters following incineration of municipal waste. 
The activation was performed with sodium hydroxide and silicate and the leaching 
results show a significant decrease in the release of all metals with respect to as-
received ashes. The leaching values were lower than the limits imposed by Italian 
law for the landfill for non-hazardous waste (DM 30/08/2005). An important effect 
was evidenced for Cd, Pb and Cu, which were strongly released from both ashes in 
the as-received state, while they are completely immobilized in the geopolymeric 
matrix. Cr behaved differently since it was partially released from the geopolymer 
containing ash from the fabric filter. Even though Cr values were maintained below 
the limits for a landfill for non-hazardous waste, its release was strongly influenced 
by the presence of chloride ions that facilitate its leakage despite being contained 
in these ashes in an amount lower than in the ash from the electrostatic precipitator. 
Assuming the chromium is in the form of insoluble hydroxide, it may be more leachable 
in solutions containing chlorides which are able to reduce the range of stability of 
the hydroxide of chromium in both acidic and alkaline conditions, promoting the 
dissolution in the form of Cr3+ and CrO3

3–, respectively (Lancellotti et al., 2010).
 The release of chlorides in geopolymers shows that the sample containing the 
ashes from the fabric filter presents higher values of leakage due both to the higher 
content of this anion in the ash itself and the co-presence of soluble cations. In the 
reference, which contains the ashes from the incinerator, the release of Na is very 
low and this indicates that both Na+ and Cl– come from the soluble salts in the ash 
and not just from the alkaline solution used as an activator. From these data the 
greater ability is apparent of the geopolymer containing ash from the electrostatic 
precipitator to retain only 30% the chlorides that are released, while this percentage 
increases to 81% for the material containing ash from the fabric filter.
 The parameters of the production process of geopolymers can have a significant 
influence on the leaching of heavy metals. Izquierdo et al. (2010) studied the influence 
of open and closed conditions adopted for the aging stage in geopolymers obtained 
from blast furnace slag and coal fly ash enriched in Cu, Ni, P, Sn and Zn deriving 
from the co-combustion of sewage sludge. The activation was done with potassium 
silicate and the leaching test performed in open and closed solution vessels. In water 
(EN 12457-4, 2002) Mo, probably present in the form of soluble salts, is leached 
up to 75%. As, B, Se and V show a significant mobility (up to 10% of their initial 
content) linked to their presence in the form of soluble salts, which precipitate during 
the aging process rather than during the early stages of reticulation of the matrix. 
The mobility of all other metals such as Ba, Be, Bi, Cd, Co, Cu, Ni, Hf, Nb, and Pb, 
and also traces of rare earths, is very low and independent of the curing conditions. 
These results are reproducible for use in both the test EN 12457-4 and the test EA 
NEN 7375 (2004).
 The ashes of urban incinerators could be subjected to pre-treatment before their 
geopolymerization. Given the high concentration of soluble ions, Zheng et al. (2011) 
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conducted a study on the influence of a washing pre-treatment on ash from fabric 
filter. The results showed that the washing leads to higher values of mechanical 
resistance and to a reduction in the leaching fraction of Cr, Cu and Zn. This behaviour 
confirms the feasibility of a combined process of washing/immobilization, although 
an assessment is necessary of the appropriate management of the washing waters 
rich in K+, Na+, and Cl– (Zheng et al., 2011).

20.6.3 Electroplating sludge 

The introduction of electroplating sludge containing heavy metals, significantly reduced 
the rate of strength development in geopolymers obtained using water treatment 
residue (WTR) as an aluminosilicate material. Decrease in strength resulted from 
the deposition of insoluble metal compounds, such as zinc oxide, zinc chromium 
oxide and sodium iron oxide, on the surface of the raw material, interfering with 
the geopolymerization reactions. The formation of insoluble sodium aluminum 
iron hydrate silicate indicated that the dissolved Si and Al from the aluminosilicate 
structure present in WTR under the highly alkaline conditions reacted with the 
heavy metals present in the sludge instead of forming an aluminosilicate network 
(Waijarean et al., 2014). Leaching tests are still under investigation.

20.7 Immobilization of complex liquid waste

20.7.1 Ceramic industry liquors 

In the traditional ceramic industry the use of heavy metals as colorants (in liquid form) 
and pigments (in powdery form) is very diffused as they are good chromospheres 
at high temperatures (above 950°C). The glazing process is the manufacturing 
stage during which they are mainly used, hence waste deriving from this section 
of the plant is richer in hazardous compounds. One of these, in liquid form, was 
immobilized in geopolymeric matrix (Lancellotti et al., 2013). This waste is collected 
at the plant in liquid homogeneous form composed prevalently of aqueous solutions 
of metal compounds which develop colours during the firing cycle. The colorant 
solution contains Fe, Mo, Mn, Co, Cr, depending on the final colour, together with 
mineralizers and complexes. One of the innovative aspects of this research is the 
exploitation of water content of the as-collected waste and the absence of a drying 
step, the latter being a common step in the management of the majority of liquid 
hazardous wastes.
 The results obtained by the introduction of a complex liquid wastes into a 
geopolymer matrix highlight that, from an environmental point of view, the waste is 
successfully incorporated into the inorganic polymeric matrix. Geopolymers, based 
on metakaolin and sodium silicate compositions, stabilize the Cr-bearing liquor as 
it emerges from the industrial productive cycle with no need for any pre-treatment. 
Leaching studies of the consolidated material show a release of Cr which allows 
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Table 20.2 Typical composition of red mud

Oxide wt.%

Fe2O3 
Al2O3 
SiO2 
Na2O 
CaO 
TiO2 
Minor elements (K, Cr, V, Ba, Cu, Mn, Pb, 
Zn, P, F, S, As, etc.)

30–60
10–20
3–50
2–10
2–8
trace–25
traces

Source: Red mud Project. http://www.redmud.org/ 

disposal in a landfill site suitable for wastes that are not dangerous. The absence of 
a drying pre-treatment reduces both the use of energy and handling necessary for the 
management of this kind of hazardous liquid waste. The abundance of literature on 
heavy metal immobilization by means of geopolymerization makes this encouraging 
also for liquid wastes containing metals different from chromium.

20.7.2 Red mud/Bayer process hazardous waste

The geopolymerization of red mud, a major industrial waste from alumina refining 
with the Bayer process, has been investigated since 2005 (Sagoe-Crentsil and 
Brown, 2005; Cundi et al., 2005) (Table 20.2). Due to its highly caustic nature, 
with a pH in the range of 10.5–12.5, free alkali content from 3 to 5%, coupled with 
fine particles (particle size from +90 to –200 mesh), this abundant industrial waste 
(world annual production of 21 million tons of aluminum generates 82 million tons 
of sludge; Hajjaji et al., 2013) could cause serious environmental problems. Due 
to its risky nature, red mud waste is usually managed by discharge into engineered 
or natural impoundment reservoirs, with subsequent dewatering by gravity-driven 
consolidation and sometimes followed by capping for closure. Every country has to 
face the problem of finding suitable disposal sites or propose a sensitive re-use of 
tons of waste produced yearly, posing a very serious and alarming environmental 
problem. The route of neutralization requires lowering the pH below 9 with an 
optimum value of 8.5–8.9 before it becomes environmentally benign (Hanahan 
et al., 2004). Neutralization is carried out via different techniques, such as acid 
neutralization, CO2 treatment, seawater neutralization, bioleaching and sintering 
(Rai et al., 2012), but research nowadays is directed towards its utilization. It can 
be used as a building material in bricks, blocks, lightweight aggregates, in the 
cement industry as cements, and special cements, in the concrete industry in paints 
and pigments, and in the environmental field for pollution control by acting as an 
adsorbent for cleaning of industrial gases. 
 A number of publications (Dimas et al., 2009; Zhang et al., 2010; Giannopoulou 
et al., 2009; Kumar and Kumar, 2013; Hajjaji et al., 2013) suggested the potential 
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use of red mud mixed with other aluminosilicates (such as fly ash if not metakaolin) 
for the production of inorganic polymeric materials that could be used as massive 
bricks. The high compressive strength (up to 20 MPa), very low water absorption 
(about 3%), satisfactory apparent density, and excellent fire resistance proved that 
the red mud-based geopolymeric materials have promising properties and have the 
potential to be used as artificial structural elements in the construction sector.
 A pilot study was presented in 2010 (Zhang et al., 2010) investigating the potential 
of reusing red mud mixed with fly ash and sodium silicate to obtain a cementitious 
material that can be used in roadway construction. 
 Recently, attentions has also focused on another hazardous waste coming from 
bauxite processing, i.e. the Bayer liquor (van Riessen et al., 2013) composed of 
15:Al2O3, 24:Na2O, 61:H2O (wt.%). In addition, the amount of Bayer liquor used 
to replace NaOH did not have any impact on the compressive strength (45 MPa). 
This outcome clearly indicates that the contaminants in the plant liquor have no 
detrimental impact on geopolymerization or strength development.

20.8 Conclusions

Room temperature alkali activation has been developed in the past few years for 
inertization of toxic and hazardous wastes and very interesting results have been 
presented. The role of heavy metals as well as that of the anions has still to be 
further investigated in order to predict the chemical and structural stability of the 
final materials. Very few liquid wastes have been investigated at present, but it will 
be of great interest to use the water contained in the waste to create the necessary 
alkaline environment requested for a proper geopolymerization.
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21The development of alkali-
activated mixtures for soil 
stabilisation
P. Sargent
AECOM, Newcastle upon Tyne, UK

21.1 Introduction

Chemical (admixture) stabilisation introduces cementitious materials to soft 
problematic soils, with a view to improving their engineering properties including 
strength and durability. Portland cement (CEM-I; BS EN: 197-1) and lime have long 
been utilised as binders; the former is considered more favourable in providing rapid 
strength enhancements (Rogers et al., 2000; Hossain, 2010; Jegandan et al., 2010). 
The presence of soil water and calcium silicates/aluminates within the binders react 
to form hydration products including calcium silica hydroxide (C-S-H) and calcium 
aluminate hydroxide (C-A-H) gels.
	 Negative	environmental	and	financial	issues	are	associated	with	utilising	CEM-I	
and	lime	as	binders;	specifically	high	energy	consumption,	financial	cost,	greenhouse	
gas and carbon emissions. The continued use of these binders is not sustainable. 
Hence,	there	is	a	need	to	identify	more	environmentally	and	financially	sustainable	
replacement binders. These binders should provide engineering performances that 
are either comparable or surpass those of CEM-I and lime within similar curing 
times.
 A popular route for selecting new binders has been to recycle industrial by-
products (IBPs), preferably those which are alumino-silicate based (i.e., pozzolanic). 
The introduction of alternative alkali activators such as sodium hydroxide to these 
IBPs, can increase the rate at which the mechanical properties of stabilised soils 
are improved by increasing soil pH, thereby allowing pozzolanic reactions and 
cementitious bonding to occur (Palomo et al., 1999).
 The primary aim of this chapter is to present the most up-to-date literature on 
the development and use of alkali-activated cements as binders for chemical soil 
stabilisation.	 The	 first	 few	 sections	 address	 the	 basic	 mechanisms	 of	 chemical	
soil stabilisation, traditionally used binders and this technique’s applicability in 
geotechnics. Findings from recent research on sustainability in terms of environmental 
and	financial	 costs	will	 then	be	presented,	outlining	 the	need	 for	new	sustainable	
binders.	The	final	sections	will	 then	present	findings	from	recent	laboratory-based	
research on the development of new alkali-activated cement mixtures, in addition 
to possible future trends in this research area.
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21.2 Basic mechanisms of chemical soil stabilisation

There	 are	 five	main	 reactions	which	 occur	 between	 the	 binder	 and	 the	 soil	 to	 be	
stabilised:	cation	exchange,	flocculation/agglomeration,	hydration,	pozzolanic	reactions	
and	potentially	carbonation.	Cation	exchange	and	flocculation/agglomeration	occur	
immediately upon mixing and can last for up to a few hours afterwards. Hydration 
takes place up to one month post-mixing, whereas pozzolanic reactions occur over 
a longer time-scale, i.e. months or years.

21.2.1 Cation exchange

Immediately upon mixing, the introduction of a binder to the soil releases calcium 
ions, which can exchange with metal ions (e.g., Na+ and Al3+) incorporated within 
the soil’s clay lattice (Rogers and Glendinning, 1996). This process is referred to 
as cation exchange, which results in numerous physical changes to the soil. One of 
the	first	changes	to	occur	is	a	reduction	in	the	electric	double	(adsorbed	water)	layer	
surrounding clay particles (Rogers and Glendinning, 1996). The physical arrangement 
of clay particles dictates the size of the electric double layer; parallel arrangements 
allow larger envelopes to form compared with ‘edge-to-face’ arrangements. A reduction 
in the electric double layer thickness means that clay particles are less prone to the 
addition	of	water.	The	second	change	experienced	is	flocculation,	whereby	van	der	
Waals forces overcome the repulsion of the negatively charged clay particles, bringing 
them into close proximity with each other and further reducing the thickness of the 
adsorbed water layer (Figure 21.1).

New
Ca2+ ions

Negatively 
charged 

surface of 
clay particle

Dipolar 
water

Clay particle

Pre-existing
K+/Na+ ions

Soil state post-cation exchange.
Decreased spacing between clay 

particles, due to Ca2+ saturation and 
diffusion of water layer

Soil state pre-cation exchange.
Wide spacing between clay 

particles, due to thick water layer 
and Na+ saturation

Figure 21.1 Diagram demonstrating cation exchange within soils, which occurs immediately 
upon introducing a binder such as lime or cement.
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 The aforementioned changes result in numerous textural and strength changes 
within the soil; namely a transition from a medium–high plastic clay to a more 
granular and friable soil characterised by a lower plasticity index. This results in 
an increase in the friction angle between agglomerate matter and consequently an 
increase in shear strength (Rogers and Glendinning, 1996).
 Some of the most common cations involved in cation exchange include aluminium 
(Al3+), calcium (Ca2+), magnesium (Mg2+), potassium (K+), ammonium (NH4

+), 
sodium (Na+) and hydrogen (H+).	A	cation’s	adsorption	potential	 is	 influenced	by	
valence and atomic weight, whereby the higher these values, the higher the cation’s 
adsorption level. 

21.2.2 Flocculation

Flocculation/agglomeration occurs immediately post-mixing, involving the restructuring 
of negatively charged clay particles which are surrounded by a positively charged 
cation shell. The cation shell’s thickness depends on the level of charge; the higher 
the charge the thicker the shell. Initially, the clay particles are dispersed and occur 
in a parallel arrangement, due to their negative surface charge and positively charged 
cation shells repelling each other. This repulsion may be overcome by van der 
Waals	forces,	causing	particles	to	flocculate	and	give	a	new	edge-to-face	orientation	
(Figure 21.2).
	 There	 are	 two	 divisions	 of	 flocculators:	 good	 flocculators	 are	 ions	with	 larger	
hydrated	 radii	 and	 higher	 valences	 (≥2+)	 (Sumner	 and	 Naidu,	 1998),	 including	
Ca2+ and Mg2+;	poor	flocculators	include	ions	with	smaller	hydrated	radii	and	lower	
valences, including Na+ and K+.	 As	 a	 result	 of	 flocculation,	 soils	 gain	 improved	
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comprises adsorbed 
water layer)

Highly dispersed 
clay particles due to 
repulsion (i.e., not 
flocculated)

Negatively charged clay 
particle surfaces

(a) Prior to flocculation

Figure 21.2	Illustration	of	the	state	of	a	soil	(a)	prior	to	and	(b)	post	flocculation.
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engineering	 performances,	 specifically	 by	 increasing	 the	 plastic	 limit,	 increasing	
shear strength and the development of a granular texture.

21.2.3 Hydration

Hydration occurs when combining water with lime or cement (Eq. 21.1). The 
hydration of quicklime is exothermic (Figure 21.3); whereby occasionally the amount 
of heat produced can cause a soil’s pore water to boil (Bergado et al., 1996). Upon 
mixing, the soil’s water content instantly decreases as the water is consumed during 
hydration. This drying process is key in improving soft soils with high moisture 
contents. According to Bergado et al. (1996), the moisture content of the soil must 
be	sufficiently	high	in	order	for	the	quicklime	to	be	completely	slaked.	There	must	
also	be	sufficient	amounts	of	water	post-evaporation	due	to	the	heat	produced	during	
slaking, to ensure that ion exchange occurs between calcium ions of hydrated lime 
and alkali ions of clay minerals (Bergado et al., 1996).

(b) Post flocculation
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Figure 21.2 Continued
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Figure 21.3 Heat evolution during hydration of ordinary Portland cement at 20°C and a water–
cement ratio of 0.4. Note the three maxima (I, II and III) in hydration reaction rates. Courtesy 
of Bye (2011). Reproduced with permission from the Institution of Civil Engineers.
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  CaO + H2O Æ Ca(OH)2 + Heat (21.1)

The calcium oxide reaction product from Eq. (21.1) dissociates in the pore water, 
which increases its electrolytic concentration and pH (Eq. 21.2), thereby dissolving 
SiO2 and Al2O3 from the soil’s clay particles (Bergado et al., 1996). These will 
collectively	 allow	 ion	 exchange,	 flocculation	 and	 pozzolanic	 reactions	 to	 occur	
(Bergado et al., 1996).

  Ca(OH)2 Æ Ca++ + 2(OH)– (21.2)

There are two mechanisms involved during hydration: ‘through solution’ and 
‘topochemical’ (Kurtis, 2007). Through solution involves the dissolution of anhydrous 
compounds towards their ionic constituents, hydrate formation within the solution 
and ultimately their precipitation, given their low solubility (Kurtis, 2007). The 
topochemical mechanism (solid state hydration) involves reactions that occur on 
anhydrous cement compound surfaces whilst not going into solution (Kurtis, 2007). 
Five	key	phases	occur	upon	mixing	cement	with	soil	water;	firstly	the	cement	particles	
undergo dissolution followed by increases in ionic concentration levels within the 
water.	Once	ionic	concentrations	have	become	sufficiently	high,	compounds	develop	
within solution, whereby once ionic concentration has become saturated these 
compounds precipitate as solid hydration products. These products form close to or 
on the surfaces of anhydrous cement particles (Kurtis, 2007).
 Four main strength-producing compounds exist within CEM-I, two are silicate-
based, two are aluminate-based. Tricalcium silicate (C3S) hydrates and hardens 
quickly and accounts for any early setting and strength gains (3 hours–14 days 
post-mixing). 
 The second main hydrated cement compound is dicalcium silicate (C2S) which 
hydrates and hardens relatively slowly. Rather than contributing towards initial 
strength gains, the strengthening effects of C2S are observed at a later stage; normally 
between 7 and 14 days (Kurtis, 2007). Higher levels of heat are associated with C3S 
hydration than with C2S. The two aluminate-based hydrated cement compounds 
are tricalcium aluminate (C3A) and tetracalcium aluminoferrite (C4AF), whereby 
the	 former	 releases	 considerable	 amounts	 of	 heat	 during	 the	 first	 couple	 of	 days	
of curing and is most useful in terms of initial strength development; whereas, the 
C4AF hydrates quickly and decreases the clinkering temperature, contributing very 
little towards strength development (Kurtis, 2007).
 All four of the aforementioned compounds are important for providing strength 
gains. Immediately upon mixing, the cement hydrates very rapidly and produces 
primary cementitious products (a.k.a. major hydration products), these being 
hydrated calcium silicates (C2SHx and C3S2Hx) and aluminates (C3AHx and C4AHx) 
and hydrated lime (Bergado et al., 1996). The cement particles then create bonds 
between adjacent cement grains and undisturbed soil particles during the hardening 
phase, ultimately creating a stronger soil–cement skeleton.
 By hydrating both C3S and C2S, C-S-H and calcium hydrates (CH) are produced 
(Figure 21.4); however, C2S	 produces	 significantly	 lower	 amounts	 of	CH,	which	
is vital for durability purposes within sulphate-bearing soils (Kurtis, 2007). As is 
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Figure 21.4 The typical state of a soil mixed with cement (a) prior to hydration and (b) 
after a few weeks curing, whereby the cement has reacted with the soil water and produced 
hydrated cementitious gels.

commonly	known	 for	most	 chemical	 reactions,	 temperature	 influences	 the	 rate	of	
hydration. 
 C-S-H gels are generally poorly understood regarding their mineralogical structure, 
due to their wide variation from amorphous to poorly crystalline (Kurtis, 2007). 
C-S-H is the primary strengthening mineral within CEM-I via ionic and van der 
Waals bonds, whereby it takes up to 60% of the hydrated cement paste and takes 
up large surface areas of up to 700 m2/g (Kurtis, 2007).
	 According	 to	Kurtis	 (2007),	 as	 the	 hydration	 rates	 of	 the	 aforementioned	 five	
phases	 can	 significantly	 differ,	 factors	 such	 as	 the	 rate	 of	 cement	 hardening,	 the	
amount of time required for cement to stiffen and the setting time will ultimately 
depend on the cement composition. Cement hydration also leads to an increase in 
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the soil pore water’s pH as a direct consequence of the dissociation of the hydrated 
lime (Bergado et al., 1996). 

21.2.4 Pozzolanic reactions

Pozzolanic reactions occur over long time scales (months to years). The main 
mechanism involves the transportation of calcium hydroxide via water within the 
soil to combine with the aluminate and/or silicate clay minerals (Duxson et al., 
2007). The high surface area aluminate and silicate minerals are pozzolan phases, 
which in the presence of water and an alkali (e.g., calcium) produce cementitious 
materials, comprising calcium silicates and aluminate hydrates (Bergado et al., 
1996). Any dissolved Ca2+ ions within the soil then react with any dissolved SiO2 
and Al2O3 located on clay particles to produce hydrated gels of C-S-H and C-A-H, 
which cement soil particles together as can be seen in Figure 21.5.

  Ca2+ + 2(OH)– + SiO2 Æ C–S–H (21.3)

  Ca2+ + 2(OH)– + Al2O3 Æ C–A–H (21.4)

Pozzolanic reactions consume part of the soil’s water content. This is preferable in 
terms of engineering performance of the stabilised soil, as the material becomes stiffer 
and less susceptible to volume shrinkage/swelling. The soil–binder mixtures cure and 
produce stronger, cementitious soil matrices known as ‘geopolymers’ (Sherwood, 
1993), which will be able to resist dissolution and soil erosion.

Clay particle

Calcium hydroxide 
(originating from 
lime or cement)

Hydrated cement 
products (C-A-H 
and C-S-H gels)

Unhydrated 
cement particle

Clay – hydrated 
cement bonds

Cementitious gels 
from pozzolanic 
reactions (C-A-H 
and C-S-H gels)

Figure 21.5 Cementitious bonding products formed during hydration and long-term pozzolanic 
reactions.
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 According to Bergado et al. (1996) and Diamond and Kinter (1965), pozzolanic 
reactions	are	not	complete	until	five	years	post-mixing.	The	solubility	potential	of	
silicates and aluminates within the soil, their likelihood of reacting with lime/cement 
and cementitious bond formation rely heavily on soil pH. According to Davidson 
et al.	(1965),	pozzolanic	reactions	only	occur	when	soil	pH	is	≥10.5,	as	this	is	when	
SiO2 and Al2O3	become	soluble.	Broms	(1984)	and	Palomo	et al. (1999) suggest that 
if	samples	cure	at	higher	temperatures	during	the	first	5	hours	post-mixing,	reaction	
rates are increased, resulting in further improved strengths.

21.3 Chemical stabilisation techniques

Chemical treatment is a versatile ground improvement technique, which is suitable 
for stabilising various soils up to 25 m depth. A key advantage of this technique 
is that a large range of binders are available for selection, each having their own 
unique set of physicochemical properties that are advantageous in stabilising a soil. 
Both the soil’s and binder’s material properties must be carefully studied prior to 
stabilisation, as a binder may show impressive strength gains within one soil and 
damaging effects in another.

21.3.1 Surface and shallow soil mixing

Surface and shallow mixing are low cost techniques for enhancing the mechanical 
properties of soft soils, which cover large areas (Topolnicki, 2004). Surface mixing 
involves the incorporation of a lime or cement-based binder (dry or wet) within the 
top 250 mm of soil at air temperatures > 7°C (Figure 21.6). This technique has long 
been used in the United States and Australia for treating soft subgrades.
 Prior to mixing, the binder may be applied by spreading either a dry powder or 
slurry. Soils which are most suitable for surface mixing are characterised by clay 
contents > 10%, plasticity index (PI) > 20, an activity PI–clay content ratio > 0.75 
and a sulphate content < 1%. 
 For stabilising the subgrade, the typical binder dosage should be > 2.5%. Once 
the binder has been mixed into the soil, an uneven surface is produced. Thus, a 
roller follows behind the mixer to compact the stabilised soil. The main advantage 
of using surface mixing is negating the need to remove poor soil away from site. 
Onsite stabilisation reduces the amount of binder/aggregate that would be required 
if	significant	quantities	of	poor	soil	were	to	be	replaced.	Depending	on	the	soil	and	
binder type, additional binder may be introduced to increase strength gain rates. 
Numerous disadvantages are associated with surface mixing, the most serious of 
which is dust and atmospheric pollution caused by plant equipment.
 Shallow mixing involves treatment up to 3 m depth, whereby large diameter augers 
and	mass	mixers	stabilise	a	specific	volume	of	soil	(Topolnicki,	2004),	commonly	
called	‘mass	stabilisation’.	The	uppermost	soil	 layers	may	be	insufficiently	strong	
to support heavy mixing equipment. Therefore mass mixers/augers should either be 
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suspended from a crane or mounted to a cantilever. It is normal practice to initially 
stabilise a 2 m wide ¥ 5 m long ¥ 3 m deep block of soil that is positioned onsite so 
it is within the crane’s operational range (Topolnicki, 2004). One major disadvantage 
with shallow mixing is high emissions. To reduce such emissions, mixing tools may 
be	 fitted	 with	 a	 hood/bottom-opened	 cylinder,	 temporary	 low-pressure	 blowers,	
vacuum pumps, dust collectors, fume incinerators and activated carbon scrubbers 
(Topolnicki, 2004). 

21.3.2 Deep soil mixing

Deep soil mixing (DSM) is used for various geotechnical applications on- and offshore, 
ranging from environmental remediation to ground improvement for construction 
purposes including foundations, excavation wall support, liquefaction mitigation, 
slope stabilisation and embankment hydraulic cut-off walls. DSM involves the 
mechanical disturbance of a soil via auger mixing up to depths of 25 m (Quasthoff, 
2012). Once the auger has been drilled to the required depth, its rotation direction 
is then reversed and retrieved whilst a binder is pumped through the auger drill bit. 
The	auger’s	rate	of	rotation	and	binder	flow	must	remain	constant	during	mixing,	to	
ensure homogeneous stabilised soil columns are produced. Various auger drill bits 
are available for use in DSM; whereby the drill bit used depends upon the DSM 
column	diameter	required	and	the	soil	being	stabilised.	The	fins	of	the	all	drill	bits	
are orientated to ensure compaction occurs along the column’s length upon auger 
retraction.

Figure 21.6 Photograph of surface mixing taking place at a site in India (courtesy of Wirtgen 
Group, 2014).
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 DSM has numerous advantages over other deep ground improvement techniques, 
including its applicability within a wide variety of soils and its minimal environmental 
impact due to low levels of vibration, noise and spoil. DSM has high levels of 
productivity, making it economical for larger projects (Topolnicki, 2004). The desired 
engineering properties of DSM soils are easily adjustable, as are the column spacing 
and their installation pattern (Figure 21.7).
 For chemical treatment, there are dry and wet mixing methods. Dry mixing 
involves a dry binder being injected under compressed air into the surrounding soil 
via	 nozzles	 at	 the	 tips	 of	 the	 auger	mixing	 tool’s	 blades	 (Figure	 21.8).	A	 similar	
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Figure 21.7 Illustration of the DSM technique and its application in ground improvement.

Figure 21.8 Dense	network	of	solidified	DSM	columns	(courtesy	of	Treviicos,	2013).

Stabilised column network



The development of alkali-activated mixtures for soil stabilisation 565

process is involved for wet mixing, whereby the binder slurry is supplied from 
a delivery pump. However, more expensive plant equipment is required, namely 
a water tank, a temporary storage tank and large silos (Topolnicki, 2004). When 
determining whether to use wet or dry mixing, the soil’s moisture content must be 
considered. Cohesive soils with moisture contents of 60–200% are most suited for 
dry mixing (Topolnicki, 2004).
 For soils with moisture contents < 20% and/or lower than the soil’s plastic limit, 
the	volume	of	water	within	the	soil	would	be	insufficient	for	hydration.	For	DSM	
projects where high strength columns are essential, wet mixing should be used as 
it provides higher levels of homogeneity due to longer mixing times. Dry mixing 
tends to be used when using either a combination of cement and lime or IBPs as 
binders.
 Dry mixing is preferred over wet mixing in regions where long periods of cold 
temperatures, freeze and thaw cycles are experienced (e.g., Scandinavia) as water-
based delivery systems are prone to freezing (Topolnicki, 2004; Quasthoff, 2012). 
When	installing	DSM	columns	through	harder	stratified	soils,	wet	mixing	should	be	
used as the slurry acts as a lubricant, aids and ensures higher torque capacity and 
consistent strengths along the length of the columns (Topolnicki, 2004).
 Since DSM was pioneered in Scandinavia and Japan during the 1960s, the 
technique has become increasingly popular. Countries including Belgium, Germany, 
China and US commonly use the technique (Topolnicki, 2004); whereas the UK has 
only used it since the 1990s (Al-Tabbaa, 2003). For dry and wet DSM, lime and 
cement have predominantly been used as binders since the 1970s, based on their 
high strength performance. Where DSM is used for environmental remediation, 
cementitious binders are substituted with chemical oxidation agents and reactive 
materials (Topolnicki, 2004).
 The strength of DSM soils depends on numerous factors, including the blade 
rotation number, the mixing energy used, the binder dosage and soil type (Topolnicki 
and Pandrea, 2012). Table 21.1 summarises the expected engineering properties of 
DSM	soils	after	28	days.

Table 21.1 Summary of typical unconfined compressive strength 
(UCS) and permeability values expected after 28 days curing for 
various soil types and binder dosages

Soil type Binder dosage 
(kg/m3)

Expected 
permeability, k (ms–1)

Expected UCS 
(MPa)

Sludge
Peat/Organic silts and clays
Soft clays
Medium–hard clays
Silts and silty sands
Fine–medium sands
Coarse sands and gravels

250–400
150–350
150–300
120–300
120–300
120–300
120–250

1 ¥ 10–8

5 ¥ 10–9

5 ¥ 10–9

5 ¥ 10–9

1 ¥ 10–8

5 ¥ 10–8

1 ¥ 10–7

0.1–0.4
0.2–1.2
0.5–1.7
0.7–2.5
1.0–3.0
1.5–5.0
3.0–7.0

Source:	Data	courtesy	of	Geo-Con,	Inc.	(1998)	and	FHWA	(2001).
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21.4 Soil suitability for chemical treatment

The characteristics of both the stabilisation reactions and the end-products are 
controlled by numerous key factors associated with the nature of the soil; namely 
mineralogy, soil grading, cation exchange capacity (CEC) surface area and moisture 
content. Given that such properties vary greatly between soils, chemical stabilisation 
may not be suitable for treating all soils.
	 From	Figure	21.9,	chemical	treatment	may	be	used	for	soils	comprising	fine	clays	
to medium/coarse sands. Soils which are deemed suitable for soil mixing include most 
silts, clays, peats and some non-cohesive granular soils. Soils are required to have 
a	moisture	content	of	≥20%	for	DSM	to	be	effective	(Quasthoff,	2012).	Generally,	
cohesive	fine	grained	soils	achieve	better	engineering	performances	after	chemical	
treatment compared with non-cohesive coarse grained soils. 
 To understand a soil’s capacity to react with binders and ultimately produce 
cementitious gels, workers including Sargent et al. (2013) have determined that it is 
necessary	to	conduct	specific	surface	area	and	CEC	analyses.	Other	factors	including	
the organic and sulphate contents of soils also have a role in assessing whether a 
soil is suitable for chemical treatment.
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Grain size (mm)
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Figure 21.9	 Graph	 showing	 the	 influence	 of	 a	 soil’s	 PSD	 on	 the	 applicability	 of	 ground	
improvement techniques which can be used.
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21.4.1 Surface area and cation exchange capacity

Quantifying	 the	 specific	 surface	 area	of	 a	 soil	 provides	 insights	 into	 its	CEC	and	
particle size distribution. Clay particles have high surface areas, therefore soils with 
high surface area values indicate high clay contents. This implies that the soil’s 
CEC is likely to be high, suggesting that the soil would be well suited to chemical 
stabilisation.	One	of	 the	most	widely	used	techniques	for	determining	the	specific	
surface area of soils is the Brunauer Emmett Teller (BET) method, which involves 
nitrogen gas adsorption on particle surfaces (Brunauer et al.,	1938).
 CEC provides an estimate of the net negative charge on soil particulate matter 
as a result of isomorphous substitution and broken bonds at boundaries (Terzaghi 
et al., 1996), i.e. the number of sites within a soil which are able to attract, retain 
and exchange cations. Large proportions of most soils comprise clay minerals 
and organic matter, both of which are characterised by negative surface charges, 
implying that they must attract cation elements of the opposite charge. Cations which 
neutralise negative surface charges within water are able to be exchanged with other 
cations, which depends upon the cation concentrations within the soil water and 
their electrovalences (Terzaghi et al., 1996).
 Out of kaolinite, illite and montmorillonite, montmorillonite has the highest CEC 
(Table 21.2), due to its structure comprising multiple single unit sheets (Terzaghi 
et al., 1996).
	 Soils	containing	clay	minerals	with	high	CEC	values	will	experience	more	significant	
mechanical changes upon mixing compared with those containing clay minerals with 
low CEC values (Rogers and Glendinning, 1996). Low CEC values are representative 
of soils characterised by low organic matter contents and low clay/high sand contents 
(Figure 21.10), which can be expected from river alluvium deposits (Cooper, 2009). 
A	soil’s	surface	area	can	influence	its	physical	and	chemical	characteristics,	whereby	
a larger surface area provides more cation exchange surfaces.
 Knowledge about the CEC and surface area properties of a soil provides an insight 
into its potential cementitious gel formation. By using CEC values obtained from 
laboratory testing and Eq. (21.5) (Meunier, 2005), the CEC-related charge density 
(sCEC) may be calculated:

  
s ¥e

ab
 = 

(CEC  10 )
2 CEC

–2

 
(21.5)

where e = the elementary charge, which has a constant value of 1.6022 ¥ 10–2 C, 

Table 21.2 Summary of cation exchange capacity values of the 
three principal clay minerals

Clay mineral Cation exchange capacity (meq/g)

Kaolinite
Illite
Montmorillonite

0.03–0.1
0.2–0.3
0.8–1.2

Source: Values courtesy of Terzaghi et al., 1996. Reproduced with permission from John Wiley & Sons, Inc.
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and a and b are unit cell parameters for the clay mineral in the x-y plane, where for 
kaolinite a = 0.531 nm and b = 0.92 nm; values taken from Meunier, 2005.
 Following Table 21.3, low surface area, organic matter and CEC values can 
be expected of sandy and silty soils such as loam and alluvium (Ersahin et al., 
2006).

Few clay 
minerals within 
soil, providing 
few locations 

for cations

Few sand/silt
particles within soil

Lots of free moving 
cations within soil

Abundance of 
sand/silt particles

within soil

Many clay minerals with water 
envelopes present within soil, 

providing ample locations for cations

Soil with high sand/silt, low clay content 
Less capacity to hold cations
Low water retention capacity

Low CEC range (typically 1–10)

Soil with low sand/silt, high clay content 
Good capacity to hold cations
High water retention capacity

Higher CEC range (typically 11–50)

Figure 21.10 Schematic showing how cation exchange capacity varies between soils that are 
predominantly composed of sand/silt and those of mainly clay particles.

Table 21.3 Summary of surface area, organic matter and CEC 
characteristics typically expected for various soils

Soil No. Particle size distribution (%) Texture 
class

Specific 
surface 
area 
(m2/g)

Organic 
matter 
(%)

Cation 
exchange 
capacity 
(cmol/kg)Clay Silt Sand

1
2
3
4
5
6
7

61.2
35.7
14.0
35.0
7.7
49.0
18.0

11.4
11.3
27.5
26.0
58.3
25.0
33.0

27.3
53.0
58.5
39.0
34.0
26.0
49.0

C
SiCL
SiL
CL
SL
SCL
L

234.1
122.6
68.4
133.7
43.0
146.0
53.4

2.0
1.8
1.3
2.4
0.65
2.4
1.2

37.4
22.8
14.6
26.1
11.0
19.3
14.8

Note: C = Clay, SiCL = Silty clay loam, SiL = Silty loam, CL = Clay loam, SL = Sandy loam, SCL = Sandy clay 
loam	and	L	=	Loam.	The	texture	classification	scheme	used	by	Ersahin	et al. (2006) was that of the USDA.
Source: Adapted from Ersahin et al., 2006. Reproduced with permission from Elsevier.
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21.4.2 Other factors

Although CEC and surface area have a considerable role in dictating a soil’s suitability 
for chemical treatment, other parameters to consider include particle size distribution, 
organic and sulphate contents.
	 Soils	containing	high	fines	contents	which	are	chemically	treated	produce	the	most	
impressive strengths (Puppala et al.,	2008).	This	is	related	to	surface	area	characteristics;	
whereby soils with higher surface areas are characterised by relatively high CEC 
values, which are ideal for cementitious bonding and strength development.
 Chemical treatment has long been applicable for soft clayey soils with high degrees 
of total organic matter (TOM). However, the level of improvement gained for soils 
with high TOM values will be of lower magnitude compared with that achieved by 
soils with low TOM values. Delle Site (2000) provides a conversion factor of 1.724 
to convert total organic carbon (TOC) values to TOM.
 TOM interferes with the chemical reactions occurring between the soil and binder. 
The higher the degree of a soil’s organic matter decomposition (OMD), the stronger 
the soil will be upon stabilisation. Prior to stabilisation, a soil’s TOM value affects 
its Atterberg limits and pH (Puppala et al.,	2008).	Oven	and	air	drying	such	soils	
increases acidity and reduces plasticity. Once treated with lime-cement, Puppala 
et al.	 (2008)	 documented	 poor	 strength	 developments,	 which	 were	 attributed	 to	
the soil becoming more plastic rather than more acidic. A large fraction of a soil’s 
organic	content	comprises	humified	material,	which	has	adverse	effects	on	strength	
development (Puppala et al.,	2008).	The	presence	of	lime	in	organic	soils	inhibits	
strength development, as it increases organic solubility, resulting in higher degrees 
of homogenisation in terms of organic distribution within the soil (Puppala et al., 
2008).	Hence	 for	organic	 soils,	 the	use	of	CEM-I	 is	 preferred	over	 lime	or	 lime-
cement.
	 The	final	aspect	of	a	soil’s	chemistry	to	consider	is	sulphate	content.	Soils	with	
sulphate contents > 3000 ppm are problematic, whereby ettringite formation is 
inevitable. For such soils, Little and Nair (2009) recommend that whilst it is impossible 
to fully solubilise all sulphates, water should be used to thoroughly mix the soil to 
ensure that sulphates and all possible ettringite formation sites are homogeneously 
distributed.
 Sulphates occur as gypsum but are not uniformly distributed through the soil 
column; they most commonly occur in seams or as lenses. Climate has an impact 
on ion movement within soils; whereby in dry arid climates where evaporation is 
common, sulphates are located within the shallow surface. For wet humid climates, 
sulphates	may	be	found	at	greater	depths	due	to	water	infiltration.	However,	capillary	
action can cause water and sulphate sources to rise towards the surface (Little and 
Nair,	 2009).	 Local	 terrain,	 geological	 and	 hydrological	 conditions	 also	 influence	
sulphate distribution. In regions characterised by hilly topography, (gravitational) 
surface	 and	 sub-surface	water	flow	are	 common,	which	 results	 in	 soils	with	 high	
moisture and sulphate contents, along with high potentials of ettringite formation 
and	surface	heave	on	valley	floors.
 Clay-rich soils have higher moisture-retention capabilities, and higher sulphate 
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and salinity contents compared with most other soils (Little and Nair, 2009). These 
characteristics are key for ettringite and thaumasite production, which are hydrous 
calcium aluminate sulphate (Aft) minerals as can be observed in Figure 21.11 
(Wilkinson et al., 2010a). These cause volumetric expansion within soils that have 
been stabilised with calcium-based binders (Little and Nair, 2009). In contrast to 
soils containing high organic contents, the presence of lime does not inhibit strength 
development as it decreases organic solubility and does not interfere with chemical 
reactions between the soil and lime (Puppala et al.,	2008).
 The high surface areas of ettringite and thaumasite provide high reactivity rates, 
which allow reactants to become available as soluble ions (Little and Nair, 2009). 
Hence, ettringite formation in CEM-I concrete is rapid and relies on the matrix 
sulphate content, whereas for stabilised soils, ion availability in solution depends on 
the	soil’s	mineralogy,	degree	of	initial	flocculation	and	dissolution	properties	(Little	
and Nair, 2009).
 In chemical stabilisation, there are two phases of ettringite formation (Little 
and	Nair,	2009);	 the	first	occurs	during	 initial	hydration	and	does	not	present	any	
damaging effects. The second stage occurs later in the curing process when the 
soil’s cemented matrix has been established, which may lead to deterioration. The 
environmental and weathering conditions which soil particles are subjected to create 
higher levels of heterogeneity compared with CEM-I, meaning that fewer ions are 
available in solution to produce ettringite in stabilised soils compared with cement 
pastes (Little and Nair, 2009). Thus, ettringite does not form as rapidly in stabilised 
soils as it does in cement.

5 mm

AFt
cluster

Figure 21.11	 Ettringite	 (AFt)	 formation	 within	 PFA-stabilised	 Ginifer	 soil	 after	 28	 days.	
Courtesy of Wilkinson et al. (2010a). Reproduced with permission from the Institution of 
Civil Engineers.
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 No single binder will necessarily be suited for stabilising all problematic soil 
types, due to the natural complexity of soils. It is common for binders to comprise 
two	or	three	materials,	as	the	chemistry	of	a	single	material	may	not	be	as	efficient	
in creating the ideal conditions for cementitious bond formation compared with the 
use	of	two	or	three	materials.	A	soil’s	chemistry	and	basic	geotechnical	classification	
dictate the binder design to be used for its stabilisation. It is strongly advised that 
EuroSoilStab (2002) be studied prior to treatment, in order to select the most 
appropriate binder mix for stabilising the problematic soil at hand.

21.5 Traditional binder materials

Since the 1960s, there have been various binders that have been widely used, depending 
on the soil type to be stabilised. The ideal binder should bond soil particles together 
and waterproof the material. However, not all binders are able to do both within all 
soils. The performance of binders whose primary aim is to bond soil particles depends 
upon the strength of the stabilised soil’s matrix, whether bonds form between soil 
particles and the matrix and whether individual or agglomerations of soil particles are 
bonded with each other (Sherwood, 1993). Binders will not completely waterproof 
a soil; however, they will ensure less water absorption, whereby their purpose is to 
ensure that the soil’s moisture content is kept to a minimum. The performance of 
such binders is measured by how much the soil’s permeability has been reduced 
(Sherwood, 1993).
 The presence of soil water and calcium silicates/aluminates within binders reacts to 
form C-S-H and C-A-H gels via long-term pozzolanic reactions when soil pH levels 
are	≥	10.5	 (Davidson	et al., 1965). The mixtures then cure and produce stronger, 
cementitious soil matrices known as ‘geopolymers’ (Sherwood, 1993). Cement and 
lime have long been utilised as binders, where the former is more favourable in 
providing rapid strength enhancements (Rogers et al., 2000; Hossain, 2010; Jegandan 
et al., 2010). The primary components of Portland cement are tri- and di-calcium 
silicates. Other constituents may be added to produce advanced cement blends that 
are	more	 suitable	 than	 type-I	 cement	 (CEM-I)	 for	 specific	 engineering	 purposes.	
CEM-I is most commonly used in soil stabilisation, due to its availability and low 
cost over other cements (Bergado et al., 1996).
 Lime originates from the calcination of chalk or limestone, where calcitic lime 
may be utilised as either quicklime or slaked lime. Lime treatment is generally used 
to modify expansive soils by drying the soil and allowing for compaction (Christopher 
et al., 2006). Additionally, lime may be used to prepare soils for subsequent cement 
stabilisation (Christopher et al., 2006).
	 Both	lime	and	cement	are	available	as	fine	grained	powders,	making	them	ideal	for	
dry soil mixing. However, they may also be combined with water to produce slurries 
(Sherwood, 1993). This eliminates dust emissions and produces more homogeneous 
soil–binder mixtures, although using slurries is less applicable in highly saturated 
soils compared with dry powders.
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21.6 Alkali-activated waste products as 
environmentally sustainable alternatives

Negative environmental issues are associated with utilising CEM-I and lime in soil 
stabilisation, as their production requires large amounts of energy. Dust and sulphur 
dioxide (SO2) aerosol emissions from manufacturing plants can pose serious health 
risks including long-term respiratory diseases. SO2 is also a primary contributor to 
trans-boundary pollution via acid rain. CEM-I/lime manufacture also produces high 
CO2 emissions, accounting for 5–7% of global CO2 emissions (Bye, 2011; McLellan 
et al., 2011). Heavy elements including lead are present within the raw materials 
and fuels involved in cement manufacture (Bye, 2011), which can be toxic at high 
concentrations.	Environmental	pollution	has	been	regulated	in	the	UK	since	1805	by	
the UK Alkali Act and by the Integrated Pollution Prevention and Control Directive 
(IPCC) in the EU (Bye, 2011).
 It has become a priority for the cement/lime manufacture and construction industries 
to develop new cementitious binders and become more environmentally sustainable 
(energy consumption and greenhouse gas emissions). New binders should provide 
engineering performances that are either comparable or surpass those of CEM-I and 
lime within similar curing times. A popular route for selecting new materials has 
been the development of geopolymers, which are synthetic alkali alumino-silicates 
produced when combining a solid alumina-silicate with a highly concentrated aqueous 
alkali hydroxide or silicate solution (Duxson et al., 2007). Geopolymers commonly 
use alumino-silicate based (i.e., pozzolanic) industrial by-products (IBPs) (Bye, 
2011), which are able to produce high compressive strengths, low shrinkage levels, 
acid	 and	fire	 resistance	 and	 low	 thermal	 conductivity	 (Duxson	et al., 2007; Weil 
et al., 2009). Also, IBP geopolymers production costs are up to 30% lower than that 
for CEM-I (Duxson et al., 2007). McLellan et al. (2011) conducted a sustainability 
comparison study between CEM-I and Australian geopolymers, which revealed that 
geopolymers reduced greenhouse gas emissions by 44–64%.
 Popularly used IBPs include ground granulated blast furnace slag (GGBS) 
from	pig	iron	manufacture,	steel	slag	(SS)	and	pulverised	fly	ash	(PFA)	from	coal	
combustion in power plants, where type C PFA is preferred over type F PFA due 
to its higher reactivity and better cementitious properties (McCarthy et al.,	1984).	
Red gypsum (RG) as a waste from titanium dioxide (TiO2) manufacture has recently 
been developed as a binder (Hughes et al., 2011; Gazquez et al., 2013). From the 
aforementioned materials, GGBS and type C PFA tend to be the most preferred binders 
due to the high strengths which they typically achieve. With regard to SS, type F 
PFA and RG, these tend to be used in combination with other cementitious wastes 
(GGBS) to produce higher strengths, due to factors including low tricalcium silicate 
content (Shi et al., 2006). Ashes produced from burning certain organic materials 
including rice husk and wood may also be used as binders, due to their high levels 
of pozzolanicity and reactivity, in addition to their high CaO and silica contents 
(Abu Bakar et al., 2011; Zain et al., 2011; Supancic and Obernberger, 2012).
 Certain IBPs require alkali activation in order to initiate pozzolanic reactions, 
cementitious bond formation and to increase the rate at which mechanical properties 
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are improved by increasing soil pH (Palomo et al., 1999). Such materials may be 
sourced naturally or synthetically, although the latter incurs high costs and negative 
environmental impacts. Alkali silicates (sodium silicate) are the most useful activators. 
Lime and metakaolin are less popular due to environmental impacts, poor early 
strength	 development,	 long	 setting	 times	 (Moranville-Regourd,	 1998;	 Shi	 et al., 
2006) and the fact that metakaolin requires large volumes of water, which increases 
a soil’s porosity and decreases its stiffness (Duxson et al., 2007).

21.7 Financial costs of traditional versus alkali-
activated waste binders

Financial cost in terms of energy consumption, transportation and market price is a 
significant	factor	 to	consider	 in	determining	whether	alkali-activated	geopolymers	
can become sustainable replacements for CEM-I/lime. If geopolymers are to become 
serious	 competitors,	 their	 financial	 cost	must	 be	 similar	 to	 or	 lower	 than	 that	 for	
CEM-I	and	lime.	The	inclusion	of	alkali	activators	within	geopolymers	significantly	
increases their overall cost due to the amount of fuel and electricity required in their 
production (Figure 21.12) (McLellan et al., 2011).
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Figure 21.12 Energy usage for geopolymers feedstock production in Australia. Reprinted 
from McLellan et al. (2011), Copyright © 2011, with permission from Elsevier.
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	 However,	 given	 that	 IBPs	 have	 no	 production	 costs	 and	 make	 up	 >	 80%	 by	
dry weight of geopolymers, their inclusion compensates for the high cost of alkali 
materials. For the Australian geopolymers studied by McLellan et al. (2011), the 
overall cost of most mixtures was not much greater than that of CEM-I, although 
their transportation costs were considerably higher (Figure 21.13). This therefore 
raises doubts about the merits of using geopolymers. However, McLellan et al.’s 
(2011)	 findings	were	 restricted	 to	 production	 and	 transportation	within	Australia,	
where transportation distances can vary greatly. Hence, McLellan et al.’s (2011) 
findings	may	 not	 be	 truly	 representative	 of	 transportation	 costs	 incurred	 in	 other	
parts of the world where geopolymers are manufactured.
 Wherever geopolymers are intended for use, careful assessments should be 
conducted to ensure that the distances between the binder source and treatment 
site	 are	 minimised,	 as	 this	 influences	 their	 overall	 sustainability,	 market	 price	
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Figure 21.13 Summary of the overall costings for the four Australian geopolymers compared 
with CEM-I. Reprinted from McLellan et al. (2011), Copyright © 2011, with permission 
from Elsevier.
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and competitiveness against CEM-I/lime. The market price of NaOH and sodium 
silicate are considerably higher than other alkalis and IBPs. However, alkalis are 
only required in small quantities to activate pozzolanic reactions. To summarise, 
although the inclusion of alkalis within geopolymers can incur high costs due to 
their production and transport and appear to make geopolymers less able to compete 
against CEM-I/lime, geopolymers are capable of achieving strengths which surpass 
those of CEM-I/lime.

21.8 Recent research into the engineering performance 
of alkali-activated binders for soil stabilisation

There is extensive literature on the laboratory investigation of chemically stabilised 
soils. There are two main types of laboratory investigations which are conducted 
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on chemically treated soils: those which examine the mechanical (engineering) 
performance and those which examine how the mineralogy of stabilised soils change 
with curing, in order to account for engineering performance enhancements. A number 
of studies from both types of investigation are presented here.

21.8.1 Al-Tabbaa et al. – Cambridge University, UK

Some	of	the	first	studies	on	the	laboratory	characterisation	of	stabilised	soils	in	the	
UK	using	IBP-based	binders	were	those	by	Al-Tabbaa	and	Evans	(1998,	1999).	Their	
studies aimed to develop soil–grout mixtures that were suitable for stabilising soils 
(made ground, sands and gravels) in terms of strength and environmental remediation, 
which had been contaminated with organic compounds and heavy metals on a former 
chemical works site in West Drayton, Middlesex. There was also an emphasis 
on using as little cement/grout as possible to meet economic and environmental 
criteria. The binders used included CEM-I, PFA, bentonite and lime to increase 
soil pH. A soil–grout ratio of 5:1, a water–dry grout ratio of 0.42:1 and a soil–dry 
grout	ratio	of	5:1/7:1	were	always	maintained.	After	28	days	curing,	 the	mixtures	
tested	 reached	 unconfined	 compressive	 strength	 (UCS)	 values	 of	 350–1100	 kPa,	
leachate pH values of 6.5–10.5, reasonable wet-dry but poor freeze-thaw durability 
performances, low permeabilities of 0.2–2.0 ¥ 10–9 ms–1 and low Mv values of 2 ¥ 
10–6 m2/kN. These results suggested that the treatment methodology employed by 
Al-Tabbaa	 and	Evans	 (1998)	was	 appropriate	 for	 treating	 the	West	Drayton	 site.	
This	led	to	their	1999	paper,	which	simplified	(in	terms	of	the	contaminants	present)	
and homogenised the West Drayton site’s conditions, thereby allowing correlations 
to	be	made	between	the	1998	treatability	study	and	the	properties	of	 the	lab-scale	
in-situ	 treated	soil,	and	secondly	between	 the	 lab	and	field-scale	modelling	of	 the	
soil stabilisation conducted.

21.8.2 Hughes et al. – Newcastle University, UK

Hughes and Glendinning (2004) stabilised a site near Sandling in Kent (UK) 
characterised by 5 m of problematic peaty soils, which underlie a section of the 
Channel Tunnel Rail Link (CTRL). Given the poor ground conditions and the 
CTRL’s importance, stabilised soils were required to achieve minimum undrained 
shear	strengths	of	100	kPa	and	a	Young’s	modulus	of	10	MPa	after	28	days	(Hughes	
and Glendinning, 2004). The study’s main aim was to assess RG’s suitability 
when combined with GGBS as an alternative to lime/CEM-I, in terms of cost and 
engineering	performance.	Hughes	and	Glendinning	(2004)	conducted	both	field	and	
laboratory testing using a range of GGBS/RG ratios at a dosage of 200 kg m–3. Once 
27 DSM columns had been installed, Hughes and Glendinning (2004) conducted 
in-situ standard column penetration (SCPT) and cone penetration tests after 7 and 56 
days curing. Cores were recovered from the columns for laboratory testing; namely 
quick undrained unconsolidated triaxial, durability (wet-dry and freeze-thaw) pH 
and mineralogical analyses (XRD, SEM).
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 Hughes and Glendinning (2004) documented a good correlation between the 
in-situ SCPT and laboratory undrained shear strengths. However, there were a few 
exceptions where there was a poor correlation (Figure 21.14), whereby laboratory 
strengths were higher than the in-situ strengths. This may be attributed to continued 
strength development of laboratory samples between sample recovery and their 
testing (Hughes and Glendinning, 2004). Additionally, the unusually low laboratory 
strengths may be due to sample disturbance and weakening during transport.
 Using a GGBS–RG ratio of 75:25 produced the most impressive strengths, which 
met the required design criteria and exceeded those achieved by using CEM-I 
(Hughes and Glendinning, 2004). Durability results were also encouraging, as little 
damage was incurred to the columns and the GGBS–RG’s overall performance was 
comparable to CEM-I.
 Although pH may have an impact on DSM column strength development, pH 
values > 10.5 did not guarantee higher shear strengths (Hughes and Glendinning, 
2004). Humic acids within the peaty soils interfered with the soil–cement reactions 
(Hughes and Glendinning, 2004), which may explain the low pH and strength values 
of certain mixtures. Using an alkali activator is recommended to raise the pH of 
such samples and thus promote pozzolanic reactions.
 Further to their 2004 study, Hughes et al. (2011) investigated RG’s effectiveness 
in	terms	of	strength/stiffness	development	over	28	days	at	55%	RH	when	combined	
with GGBS, PFA and basic oxygen steel slag (BOSS). The RG–IBP ratios varied 
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Figure 21.14	Variations	in	undrained	shear	strengths	obtained	for	five	GGBS-RG	columns	
from in-situ SCPT and laboratory testing. Taken from Hughes and Glendinning (2004). 
Reproduced with permission from the Geological Society of London.
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between 9:1 and 5:5; whereby 1% calcium hydroxide was also added to ensure pH 
was > 10.5. UCS results revealed that the most effective mixture was RG–GGBS 
at a ratio of 10:90 and moisture content of 35%, which produced strengths of 39.7 
MPa. For the lower moisture contents tested by Hughes et al. (2011), RG–BOSS 
mixtures produced the highest UCS values, which produced highly brittle failures that 
could prove problematic when dynamically loaded. Although the highest strengths 
were achieved by RG–GGBS using a ratio of 10:90; Hughes et al. (2011) deemed 
the RG–GGBS ratio of 50:50 to be most favourable as it used as much IBP material 
as possible, whilst achieving high strengths.
 Further to the above, Hughes et al. (2011) assessed RG–GGBS’s performance 
in	 stabilising	 numerous	 UK	 soils,	 including	 an	 artificial	 alluvium,	 London	 Clay,	
Northumberland	 Glacial	 Till	 and	 Irish	 Moss	 Peat.	 For	 triaxial	 testing,	 confining	
pressures of 100 kPa and a strain rate of 1.23 mm/min were used. Samples were 
wet	and	dry	cured	for	up	to	112	days,	whereby	for	the	former	an	18	kPa	surcharge	
was	exerted	on	top	of	samples	to	simulate	realistic	confining	pressures	beneath	the	
water table.
	 For	stabilised	artificial	alluvium	samples,	soak-	and	dry-cured	samples	achieved	
strengths of ~ 2.7 MPa and 5 MPa, respectively (Figure 21.15). Their rate of stiffness 
development was slower than that for CEM-I stabilised samples. For stabilised till 
samples, these developed lower undrained shear strengths (0.5 MPa) than those recorded 
for CEM-I-stabilised samples (3 MPa); any considerable strength developments were 
only	observed	after	28	days.
	 Significantly	lower	shear	strength	values	were	obtained	for	stabilised	peat	samples,	
even when additional lime was incorporated. However, such results were expected 
given the high water and organic contents and low pH levels, which inhibit pozzolanic 
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by Hughes et al. (2011). Taken from Hughes et al. (2011). Reproduced with permission from 
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reactions. The highest undrained shear strength recorded after 14 days was 10 kPa 
for samples containing 30% lime. Similar to stabilised peat, negligible strength 
developments	were	observed	for	stabilised	London	Clay,	reaching	≤150	kPa	which	
was 10 times lower than that achieved by CEM-I samples. These results indicate 
that further work on binder chemistry and dosage is required for stabilising London 
Clay and soft organic peat soils.

21.8.3 Horpibulsuk et al. – Suranaree University of Technology, 
Thailand

Horpibulsuk et al. (2010) suggested that strength development within stabilised soils 
may be split into three zones (Figure 21.16(a)): 

1. an active zone within which the volumes of pores < 0.1 mm decreased through incorporating 
a binder and the development of cementitious minerals; 

2. an inert zone within which pore size distribution and volume of cementitious minerals 
undergo negligible change with increasing cement dosage and hence minimal strength 
enhancements; and 

3.	 a	deterioration	zone	where	the	amount	of	pore	water	present	is	insufficient	for	hydration	
given the relative excess of binder.

The cluster theory states that there are two pore types within stabilised soils: inter- 
(>0.01 mm) and intra-aggregate (<0.01 mm) (Horpibulsuk et al., 2010). Immediately 
post-mixing, the volume occupied by inter-aggregate pores decreases due to clay–
cement agglomeration formation whilst the volume of larger inter-aggregate pores 
increases. With cementitious mineral growth, inter-aggregate pores become occupied 
and the soil’s total pore volume decreases. Horpibulsuk et al.	(2010)	confirmed	this	
after 7 days curing, where large pore volumes and total pore volumes within samples 
decreased as the volume of small pores (<0.01 mm) increased due to cementitious 
mineral growths (Figure 21.16(b)).
 Horpibulsuk et al. (2011) investigated UCS development of PFA-biomass ash 
stabilised	Bangkok	clay,	whereby	the	effects	of	various	water	contents	(89,	119	and	
149%), cement (0–30%) and PFA/biomass ash (0–60%) dosages were investigated 
for curing periods of up to 120 days at 20°C. An optimum PFA content of 25% 
produced	the	highest	strengths	(1900	kPa	for	89%	moisture	content)	after	28	days.	
Using this PFA dosage was also the most economic mixture, as it reduced the 
amount of binder required to stabilise the soil by 16% compared with using CEM-I. 
Horpibulsuk et al. (2011) observed that the relationship between sample strength, 
their clay-water/cement ratio and curing times was useful in estimating laboratory 
strengths and the required cement dosages within soils of different in-situ	and	field	
moisture contents (Figure 21.17).
 PFA-stabilised soil mixes are expected to achieve strengths of 0.6–3.0 MPa after 
28	days	(Horpibulsuk	et al., 2011). In relation to CEC, ash, silt and sand particles 
within	such	mixtures	are	non-interacting	particles	given	 their	 low	specific	surface	
areas and non-electrical nature, whereas cement and clay particles are able to undergo 
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Figure 21.16 (a) Three zones of strength development within cemented soils; (b) chart showing 
pore size distribution for samples stabilised with 10% CEM-I. Reprinted from Horpibulsuk 
et al. (2010), Copyright © 2010, with permission from Elsevier.
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physicochemical interactions with soil water. As a result of the clay’s interactions, a 
micro-fabric develops which strengthens when cement is mixed into the soil, thereby 
creating large clay–cement agglomerations (Horpibulsuk et al. (2011).
 Although PFA is silica and alumina rich, its pozzolanicity is very low. This 
contrasts with how many previous authors and industrial standards have characterised 
PFA as having good pozzolanicity levels (e.g. ASTM D5239-04). Rather than the 
conventional pozzolanic strength gain mechanism of Ca(OH)2 produced via hydration 
by cements, PFA is only able to disperse large clay–cement agglomerations. This 
leads to increases in the reactive surface area of cement particles and subsequent 
strength enhancements. Horpibulsuk et al.	 (2011)	 confirmed	 this	 through	 the	 use	
of SEM, mercury intrusion porosimetry and thermal gravimetric analyses. Thus, 
Horpibulsuk et al. (2011) proposed a new hypothesis on how strength develops within 
blended cement–clay admixtures, whereby the strengths achieved depend solely on 
the clay-water/cement ratio. Hence, given PFA’s poor pozzolanicity, the equivalent 
cement content within a stabilised soil depends on the dispersing potential of the 
material, which is controlled by the PFA content (Horpibulsuk et al., 2011).

21.8.4 Ahnberg – Swedish Geotechnical Institute

Many previous laboratory studies which have examined the strength of stabilised 
soft soils have used UCS, due to its simplicity, low cost and usefulness in comparing 
the	effects	of	different	binders/other	factors	in	influencing	their	strengths.	However,	
Ahnberg (2007) amongst others believes that to develop a more detailed understanding 
of stabilised soil’s mechanical behaviour, triaxial testing is more appropriate given 
that they fail in shear.
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Copyright © 2011, with permission from Elsevier.
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 Little literature exists on yield stresses within stabilised soils and their effects on 
strength	behaviour.	Yield	stresses	within	stabilised	soils	are	 largely	 influenced	by	
cementation (Ahnberg, 2007). However, stresses acting on stabilised soils during 
curing also play a role. To examine the impact of these factors, effective stress 
path and shear strength behaviour of stabilised soils, Ahnberg (2007) carried out 
consolidated drained and undrained triaxial testing on two stabilised Swedish post-
glacial	clays,	characterised	by	moisture	contents	of	80–90%,	plastic	and	liquid	limits	
of	24%	and	68%	respectively,	high	clay	contents	(>60%),	low	organic	contents	(1%),	
sensitivities	of	20–25	and	low	undrained	shear	strengths	(8–15	kPa).
 The dry binder mixtures used by Ahnberg (2007) included CEM-II, quick lime, 
CEM-II+quick lime, CEM-II+GGBS, CEM-II+PFA and GGBS+quick lime, where 
the composite binders comprised a 50:50 ratio of each material. The binder dosage 
used for both soils was 100 kg/m3. Ahnberg (2007) used two curing methods; most 
samples	were	stored	within	sealed	plastic	tubes	and	cured	for	1,	28	and	360	days	at	
8°C	according	to	Swedish	testing	standards.	However,	some	CEM-II	and	quick	lime-
stabilised samples were cured within triaxial cells under numerous vertical stresses. 
Prior to shearing, Ahnberg (2007) mounted samples within the triaxial cells and 
subjected them to K0	consolidation	and	curing	under	the	same	stresses	for	28	days,	
where	effective	confining	pressures	of	20–60	kPa	and	vertical	effective	stresses	of	
40–120 kPa were applied. For comparison, Ahnberg (2007) also stored non-stressed 
stabilised	samples	for	28	days	which	were	saturated	from	both	ends.	Given	stabilised	
soil’s high stiffnesses and low permeabilities, Ahnberg (2007) saturated samples by 
using	back	pressures	of	≥400	kPa.	Subsequently,	samples	were	consolidated	for	7.5	
h to achieve a K0 of 0.5. For shearing, a constant strain rate of 0.02%/min was used 
for all tests. A variation in shear strength was recorded for the different stabilised 
mixtures;	ranging	from	50	to	1500	kPa	(Figure	21.18).

Figure 21.18 Measured effective stress paths in the s–t plane for stabilised Linköping clay 
mixtures.	Taken	from	Ahnberg	(2007).	©	2008	Canadian	Science	Publishing	or	its	licensors.	
Reproduced with permission.
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 Samples which had been consolidated at stresses lower than their yield stresses 
behaved in an overconsolidated manner, whereas those which had been consolidated 
at stresses higher than their yield stresses behaved as normally consolidated soils. The 
majority of yield stress values were evaluated from oedometer tests, which depicted 
a stress dependency of stabilised soil’s undrained shear strength behaviour.
 Ahnberg (2007) recorded high effective friction angles (30–36°) and effective 
cohesion values (up to 175 kPa). Such increases in effective cohesion were attributed 
to simultaneous increases in undrained shear strength. However, Ahnberg (2007) 
noted this did not always apply, namely for lime-stabilised mixtures where the use 
of lime had negligible strengthening effects. Such poor performances are common 
when using high lime dosages within soils containing high moisture contents. Locat 
et al.	(1990)	confirmed	that	high	lime	dosages	result	in	long-term	strength	increases	
only for soils with high moisture contents (Figure 21.19).
 Drained triaxial tests revealed that yield points for lower strength samples were 
recorded at low strains, whereas failure occurred at much greater strains. However, 
Ahnberg (2007) noticed that yielding became less distinguishable within higher 
strength samples, where it occurred at stresses and strains close to failure.
	 Although	 significant	 variations	 in	 strength	 were	 seen	 by	 Ahnberg	 (2007)	 due	
to factors including soil type, binder type and curing period, relatively similar 
stress–strain behaviour was recorded for the different stabilised mixtures. This was 
linked to samples’ degree of overconsolidation. For samples under drained conditions 
which failed at smaller strains, large reductions in shear strength with increasing 
strain post-failure were seen. Ahnberg (2007) noted this behaviour for samples that 
had been consolidated at lower stresses than their yield stresses.
 Under undrained conditions, Ahnberg generally recorded little changes in deviator 
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Figure 21.19 A mechanical conceptual model of shear strength development within lime-
stabilised sensitive clays at both low and high moisture contents. (LWC: low water content; 
HWC: high water content; P: Perret model for silty soils.) Taken from Locat et al. (1990). © 
2008	Canadian	Science	Publishing	or	its	licensors.	Reproduced	with	permission.
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stress post-failure. The strains experienced at failure for normally consolidated 
untreated and stabilised samples were similar, as both experienced near-perfect 
plastic behaviour with no considerable strength degradations post-failure (Ahnberg, 
2007). For highly overconsolidated samples, brittle behaviour was experienced at 
small	strains,	followed	by	significant	strength	degradation	post-failure.
	 Ahnberg	(2007)	identified	a	‘phase-transformation’	point	during	undrained	tests	
where changes in pore pressure were zero and the stress paths of overconsolidated 
samples changed direction to follow the critical state line. Ahnberg interpreted this as 
depicting a yield surface and that Larsson’s (1977) yielding model closely described 
this behaviour.
 Ahnberg (2007) assumed that the effects of increased external stresses are related 
to the compression of the stabilised soil, inferring that increased stresses due to 
external loads ought to be applied shortly after stabilisation. This ensures that the 
material becomes compressed, allowing for cementation and increases in yield and 
overall shear strength to occur.

21.8.5 Wilkinson et al. – Department of Transport/Monash 
University, Australia

Wilkinson et al. (2010b) studied pH, plasticity and undrained shear strength 
development of various soil–binder mixtures with curing. Four soil types were 
stabilised; two high plasticity (Ginifer and Leeville), one low plasticity (Boambee) 
and one engineered clay soil (Table 21.4). The binders used included lime, lime-
activated GGBS and lime activated PFA, which were added to the soils at a dosage 
of 10% by dry weight.

Table 21.4 Summary of the geotechnical, chemical, CEC and 
mineralogical characteristics of the soils stabilised by Wilkinson 
et al. (2010a,b)

Soil Plasticity 
index (%)

Clay 
mineralogy

Cationic 
exchange 
capacity 
(meq/100 g)

pH at 1:3 
soil/water 
ratio

Organic 
carbon 
content (%)

Ginifer 68.8	(high) Smectite 
dominant

33.1 8.25 0.08	(low)

Leeville 47.9 (high) Smectite 
dominant

18.1 5.38 1.22 (high)

Boambee 31.1(low) Kaolinite 
dominant

6.0 4.45 0.35 (high)

Engineered 
soil

59.0 (high) Kaolinite 
dominant

18.2 8.2 0

Source: Reproduced with permission from the Institution of Civil Engineers.
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 Davidson et al. (1965) determined that for pozzolanic reactions to occur within 
stabilised soils, a minimum pH of 10.5 was required. Based on the four soils’ pH values 
in Table 21.4, each required alkali activation. Initial pH values post-stabilisation all 
exceeded 12 but degraded towards 11.5 over one year. Hence, pozzolanic reactions 
could occur within all samples and a relationship existed between decreasing soil pH 
with increasing strength as curing progressed. The mechanism by which this occurs 
involves	calcium	hydroxide	acting	as	an	electrolyte	 to	 fuel	modification	 reactions	
and as a caustic agent, allowing stabilisation to occur through increasing pH for 
pozzolanic reactions (Rogers and Glendinning, 2000; Wilkinson et al., 2010b). 
Pozzolanic reactions then consume hydroxyl ions from soil and binder particle 
surfaces, which combine with pore water to precipitate cementitious minerals.
 Wilkinson et al.’s (2010b) results show that the most successful binder in the 
short and long term was lime-activated GGBS (Figure 21.20). Ginifer soil, which 
had been stabilised with this binder, produced the highest undrained shear strengths 
out	of	all	twelve	mixtures	tested,	where	388	kPa	was	achieved	after	28	days.
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Figure 21.20 Undrained shear strength development of all stabilised soil mixtures tested by 
Wilkinon et al. (2010b): (a) Ginifer, (b) Engineered clay, (c) Leeville, (d) Boambee. Taken 
from Wilkinson et al. (2010b). Reproduced with permission from the Institution of Civil 
Engineers.
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 Activated PFA and lime binders exhibited similar performances within smectite-
based clays, whereas activated PFA produced preferable performances over lime 
for the kaolinite-dominated soils. Work by Bell (1996) on the lime stabilisation of 
clay soils determined that smectite has higher short-term pozzolanicity compared 
with kaolinite, which can be attributed to smectite’s higher surface area and CEC. 
These characteristics along with the higher organic carbon content of the Ginifer 
soil may be the root causes behind the GGBS-activated engineered soil producing 
higher strengths than the GGBS-activated Ginifer soil after 1 year curing.
 Plasticity testing revealed that clay particles had been altered during cementation 
(as	confirmed	by	SEM	imagery),	as	the	smectite-bearing	soils	demonstrated	reductions	
in PI values due to smectite consumption. Contrastingly, kaolinite-bearing soils 
exhibited increases in PI values as cementation occurred.

21.8.6 Verástegui Flores et al. – Ghent University, Belgium

A	triaxial	study	was	conducted	by	Verástegui	Flores	and	van	Impe	(2009)	on	artificially	
cemented kaolin clay samples, in order to distinguish between the material behaviour 
of stabilised and untreated kaolin. Untreated samples had a moisture content of 57.7% 
to simulate a very soft soil. Verástegui Flores and van Impe (2009) used a more 
advanced triaxial set-up than Ahnberg (2007), which involved the use of bender 
elements to gain insights into the small strain stiffness behaviour of cemented soils. 
The binder used was CEM-I at dosages of 5–20% by dry mass.
 Once the samples were saturated, Verástegui Flores and van Impe (2009) isotropically 
consolidated untreated samples to an effective stress of 50 kPa prior to shearing. Treated 
samples containing binder dosages of 10% and 20% were isotropically consolidated 
under effective stresses of 100 kPa and 300 kPa, respectively. During consolidation, 
values of initial shear stiffness (G0) were recorded through the use of bender elements; 
whereby shear waves were generated by 1 cycle of a sinusoidal electrical pulse at 
a frequency of 10 kHz (Verástegui Flores and van Impe, 2009). Initially high G0 
values were observed to decrease with increasing isotropic consolidation stresses 
to a minimum value, straight after which they increased. Verástegui Flores and van 
Impe (2009) stated that this behaviour is typical of non-cemented frictional soils, 
and that the transition from G0 decreasing to increasing again denotes the point at 
which the material’s structure degrades from cemented to non-cemented behaviour, 
defining	the	yield	stress	(p¢y) (Figure 21.21(a)).
	 At	low	confining	pressures,	shear	strength	behaviour	was	influenced	by	the	level	
of	cementation;	whereas	at	higher	confining	pressures	the	behaviour	was	influenced	
by isotropic consolidation stresses. All treated samples produced a linear peak failure 
envelope,	which	was	located	above	that	defined	for	untreated	samples	(Figure	21.21(b)).	
Based on this observation, Verástegui Flores and van Impe (2009) interpreted that 
an unbound granular macrostructure existed within cemented samples. Verástegui 
Flores	and	van	Impe’s	(2009)	findings	should	therefore	encourage	the	use	of	bender	
elements on soils stabilised with alkali-activated IBPs in the future, to gain further 
insights into their mechanical behaviour at small strains.
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Figure 21.21 (a) Bender element measurement of G0 for CEM-I stabilised kaolin mixtures; 
(b) Effective Cambridge stress path plot of treated and untreated kaolin samples. Reprinted 
from Verástegui Flores and van Impe (2009). Copyright © 2009, with permission from IOS 
Press.
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21.8.7 Sargent et al. – Newcastle University, UK

Sargent et al. (2013) investigated the mechanical strength and durability of an 
artificial	silty	sand	stabilised	with	various	alkali-activated	IBP	binder	mixtures.	The	
artificial	silty	sand	replicated	alluvial	soils	typically	found	in	the	UK,	which	present	
difficult	ground	conditions	for	construction	purposes.	The	soil	was	characterised	by	
a gravimetric moisture content of 15%, PI of 12.02, CEC of 1.96 meq/100 g and a 
surface area of 2.275 m2/g.
 The IBPs used by Sargent et al. (2013) were PFA, GGBS and RG, where each 
was activated and tested individually and in combination with each other. Hughes 
et al. (2010, 2011) revealed that the use of lime as an alkali activator does not 
consistently	result	in	improved	engineering	performance,	due	to	insufficiently	high	
pH values. Thus, based on work by Palomo et al. (1999) and Hughes et al. (2010, 
2011), Sargent et al.	 (2013)	used	an	alkali	activator	comprising	NaOH	flakes	and	
Na2SiO3 solution.
 UCS results presented in Figure 21.22 reveal that activated GGBS samples exhibited 
the	highest	and	most	rapid	strength	improvements	of	6	MPa	after	28	days	curing,	
which was twice the strength of CEM-I. Other mixtures which showed encouraging 
strength results were activated GGBS–RG and GGBS–PFA with strengths of 5 and 3.5 
MPa, respectively. The behaviour of the activated GGBS samples after each curing 
period upon failure was brittle, compared with the more ductile behaviour observed for 
other mixtures. Given that the soil had a low clay–high sand contents, this presented 
a limited number of sites for cation exchange and subsequent hydration/pozzolanic 
reactions to occur. Thus, activation within certain mixtures overcompensated for 
the lack of cation exchange surfaces available by increasing pH, which led to the 
dissolution of silica from the clay particles and subsequent formation of cementitious 
gels.
 Sargent et al. (2013) also conducted oedometer testing on the aforementioned 
mixtures; whereby, according to Tomlinson (2001), results in Figure 21.23 show 
that each binder improved the soil’s initial high level of compressibility to at least 
low to medium levels.
 Alkali-activated specimens resulted in much greater improvements, particularly 
those containing GGBS–PFA due to high stiffness levels. Although the activated 
and non-activated PFA–RG samples produced lower Mv values than those achieved 
by the untreated soil after each loading stage, their compression index values were 
still comparable with that for the silty sand. Hence, rather than creating cementitious 
bonds, the PFA–RG binder acted as a bulking agent.
 Durability testing revealed that the addition of activated GGBS or GGBS–PFA 
produced the most enhanced performances (Figures 21.24 and 21.25). These samples 
were dense and characterised by low porosities/permeabilities, which reduced the 
likelihood of water absorption and consequent sample degradation. RG and PFA–RG 
binders (activated or not) were the least durable, which was linked with RG’s 
preparation technique, whereby a non-uniform coarse-grained powder was produced. 
The RG was less dense and more permeable than GGBS or PFA, which would have 
allowed water to permeate through samples and result in disintegration.
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Figure 21.22 UCS development with increasing curing time for (a) individual and (b) combined 
IBP binders in both controlled (C) and alkali-activated (AA) states. Reprinted from Sargent 
et al. (2013), Copyright © 2013, with permission from Elsevier.
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 The addition of constituents including sodium hydroxide and sodium silicate to 
existing commercial binders would have an associated cost and add to the complexity 
of DSM processes. Given that the sodium silicate used by Sargent et al. (2013) was 
in liquid form, it would not be applicable to dry DSM. Hence, substituting this with 
an alternative high alkalinity waste-based powder would be preferable. Habert et al. 
(2011) suggest that sodic slags could be viable replacements.
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combination binders during wet-dry durability testing. Reprinted from Sargent et al. (2013), 
Copyright © 2013, with permission from Elsevier.
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21.9 Recent research into the mineralogical and 
microstructural characteristics of alkali-activated 
binders for soil stabilisation

21.9.1 Al-Tabbaa et al. – Cambridge University, UK

Following	 their	 1998	 study,	 Al-Tabbaa	 and	 Evans	 (1999)	 used	 XRD	 and	 SEM	
techniques to examine the microstructural and physico-chemical characteristics of 
the	same	stabilised	mixtures	after	7	and	28	days	curing.
	 XRD	 and	 SEM	 results	 (Figure	 21.26)	 confirmed	 the	 presence	 of	 hydrating	
cementitious compounds, and that the presence of most contaminants within the 
soil–grout mixtures did not inhibit the development of cementitious minerals. However, 
the presence of lead nitrate appeared to inhibit cementitious mineral growth as much 
as mineral oil and lead nitrate combined (Al-Tabbaa and Evans, 1999).
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Figure 21.26 SEM micrographs of West Drayton soil in both uncontaminated and contaminated 
states	after	7	and	28	days	curing.	Adapted	from	Al-Tabbaa	and	Evans	(1999).	Reproduced	
with permission from the Institution of Civil Engineers.

21.9.2 Hughes et al. – Newcastle University, UK

In addition to their geotechnical testing, Hughes and Glendinning (2004) conducted 
SEM and XRD analyses on samples recovered from the 27 DSM columns installed. 
XRD analyses revealed no evidence of ettringite or thaumasite within any of the 
samples, indicating that the GGBS–RG columns were not susceptible to sulphate attack 
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for up to 56 days post-treatment. However, the detection of hydrated cementitious 
minerals within samples was not possible by using XRD, due to their amorphous 
nature.
	 SEM	 techniques	 (including	 the	 EDS	 point	 elemental	 analysis	 tool)	 identified	
hydrated	 cementitious	minerals	 infilling	 void	 spaces	 due	 to	 pozzolanic	 reactions.	
Some of the SEM micrographs taken showed the presence of a few needle-shaped 
minerals (Figure 21.27), which suggested the presence of ettringite/thaumasite. 
However, the SEM-EDS system determined these minerals as RG and posed no 
threat towards the soil’s mechanical structure.
 Hughes et al. (2011) also conducted XRD and SEM analyses on treated and 
untreated	 samples	 of	 artificial	 silty	 sand,	 Northumberland	 till,	 London	 Clay	 and	
Irish peat (Table 21.5). From Hughes et al.’s (2011) SEM-EDS analyses on polished 
sections of the mixtures in Table 21.5, little mineralogical differences existed between 
samples containing RG–GGBS or CEM-I. Hughes et al. (2011) did not recommend 
the use of the EDS tool, as it can only identify elements with atomic numbers > 5, 
and is thus unable to detect hydrogen.
 The effectiveness of RG–GGBS in producing improved engineering performances 
was	 influenced	 by	 soil	mineralogy	 and	 pH.	 For	 the	 artificial	 alluvium	 tested,	 the	
addition of lime was needed to raise the pH to > 10.5. In contrast, the mineralogy 
(specifically	sulphate	content)	of	the	Northumberland	glacial	till,	peat	and	London	
Clay	caused	pH	levels	to	decrease	with	curing,	where	the	lime	added	was	insufficient	
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Gypsum

Matrix

500 mmBH69-3 ¥ 100

Figure 21.27 SEM micrograph of a polished sample section, which has been EDS analysed. 
Taken from Hughes and Glendinning (2004). Reproduced with permission from the Geological 
Society of London.
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to raise pH levels, resulting in the unsuccessful activation of the RG–GGBS. Although 
the strengths achieved were lower compared with CEM-I, Hughes et al. (2011) 
believed that RG–GGBS should still be considered as a sustainable alternative to 
CEM-I	which	meets	construction	specifications.	
 Wax-sealing samples for curing was more effective in preventing sample evaporation 
compared	with	cling	film	wrapping	samples,	as	adopted	by	Rahman	et al.	 (2008).	
Hughes et al.’s (2011) RG preparation method was more effective than that adopted 
by Rahman et al.	(2008)	in	producing	higher	strengths,	which	involved	oven	drying	
the	moist	RG	filter	cake	at	40°C	and	then	manually	grinding	it	into	a	powder.	The	
strengths of activated GGBS mixtures exceeded those achieved by CEM-I. Hence, 
the performance of the activated GGBS may conceal any effects due to the presence 
of RG.

21.9.3 Wilkinson et al. – Department of Transport/Monash 
University, Australia

Similar to Hughes et al. (2004, 2011), Wilkinson et al. (2010a,b) investigated 
the use of lime-activated PFA and GGBS to stabilise numerous Australian clayey 
soils. SEM and XRD were used to examine mineralogical changes within stabilised 
mixtures at various curing periods up to 1 year. SEM images revealed the occurrence 

Table 21.5 Summary of mineral phases observed in each sample 
analysed by Hughes et al. (2011) using XRD

RG-GGBS stabilised CEM-I stabilised

Dry-cured Soak-cured Dry-cured Soak-cured

Artificial	
alluvium

Kaolinite, 
Gypsum, 
Ettringite, 
Quartz and 
C-S-H

Kaolinite, 
Gypsum, 
Ettringite, 
Quartz and 
C-A-O-H

Kaolinite, 
Portlandite, 
Calcite, Quartz, 
C-S-H and C-A-
O-H

Kaolinite, 
Portlandite, 
Calcite, Quartz, 
Calcium Silicate 
and C-A-O-H

London Clay Gypsum, 
Ettringite, 
Quartz and 
Muscovite

– Kaolinite, 
Calcite, 
Ettringite, 
Quartz, 
Muscovite and 
C-S-H

Ettringite, 
Quartz, 
Muscovite and 
Calcite

Northumberland 
Glacial Till

Kaolinite, 
Gypsum and 
Quartz

Kaolinite, 
Gypsum, 
Ettringite, 
Quartz and 
C-S-H

Kaolinite, 
Portlandite, 
Calcite, Quartz 
and C-S-H

Kaolinite, 
Portlandite, 
Calcite, Quartz 
and C-S-H

The symbol (–) denotes no sample was analysed.
Reproduced with permission from the Institution of Civil Engineers.
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of	flocculation	and	agglomeration	once	 they	had	been	stabilised.	Wilkinson	et al. 
(2010a) also observed the development of neoform products including AFt (aluminate 
ferro	tri-)	phases	(ettringite	and	thaumasite;	Figure	21.28),	calcium	hydroxide	(Figure	
21.28(b)),	 AFm	 (aluminate	 ferrite	 mono-)	 phases	 (i.e.,	 strätlingite	 and	 calcium	
monosulphate hydrate; Figure 21.29(a)) and C-S-H (Figure 21.29(b)), where these 
products grew within pore spaces binding the soil structure together.
 The abundance of AFt, AFm and C-S-H mineral phases increased with curing, 
where	C-S-H	minerals	were	most	abundant	after	182	days	(Wilkinson	et al., 2010a). 
XRD	analyses	also	confirmed	the	changing	mineralogy	of	samples	with	time	(Figure	
21.30).

(a) (b)28 GinFA
Clay matrix

AFt
cluster

5 mm

10 mm

Figure 21.28 SEM images of (a) AFt phase ettringite and (b) CH minerals. Taken from Wilkinson 
et al. (2010a). Reproduced with permission from the Institution of Civil Engineers.

(a)

(b)

6MEngFAClay matrix
Clay matrix

Slag particle

Type II C–S–H

AFm

10 mm10 mm

AFm phases

Figure 21.29 SEM images of (a) AFm phase and (b) type II C-S-H minerals. Taken 
from Wilkinson et al. (2010a). Reproduced with permission from the Institution of Civil 
Engineers.
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	 Overall,	the	activated	PFA	and	GGBS	were	seen	to	influence	the	type	and	form	
of growing mineral phases. Finally, soil organic content was observed to hinder 
cementitious mineral growths and thus subsequent strength developments.

21.9.4 Sargent et al. – Newcastle University, UK

Previous	 studies	 have	 shown	 that	 a	 soil’s	 pH	may	 strongly	 influence	 its	 strength	
development, as higher UCS values (>1 MPa) are achieved by alkali-activated samples 
whose	pH	values	are	>	10.5.	pH	testing	after	28	days	showed	that	alkali	activation	was	
required to ensure that each mixture reached a minimum pH of 10.5 for pozzolanic 
reactions	 to	 occur.	Whilst	 sufficiently	 high	 pH	values	were	 recorded	 for	 samples	
which achieved high UCS values (GGBS and GGBS–PFA), numerous samples 
with high pH levels did not achieve high strengths (RG–AA and PFA–RG–AA). 
Oxidising reactions and subsequent pH reductions can hinder pozzolanic reactions 
and strength gains. It is therefore necessary to fully assess the quantity of activator 
to be added to stabilised soil mixtures prior to treatment to ensure that pH remains 
>	10.5	for	a	sufficient	curing	period	(Sargent	et al., 2013).
 Mineralogically, XRD analyses from Sargent et al.’s (2013) study provided 
evidence for the existence of C-S-H and calcium aluminium oxide hydrate minerals 
within certain activated samples. Thenardite was observed within a PFA–RG–AA 

Bragg angle (2q°), CuKa radiation

(d)

(c)

(b)

(a)

N
or

m
al

is
ed

 in
te

ns
ity

, l
x/l

m
ax

0 10 20 30 40 50

Q
, C

H
 (

1.
82

Å
)

K
, Q

 (
1.

99
Å

)

K
 (

2.
34

Å
)

K
 (

2.
56

Å
)

Q
 (

3.
34

Å
)

Q
 (

4.
25

Å
)

K
 (

4.
46

Å
)

K
 (

7.
19

Å
)

S
tra

t. 
(1

2.
8Å

)
C

-S
-H

 (
11

.3
3Å

)

C
4A

H
x, 

G
 (

7.
96

Å
)

K
 (

3.
57

Å
)

S
tra

t.,
 C

4A
H

x 
(4

.1
3Å

)
C

4A
H

x 
(4

.1
3Å

)

G
, C

4A
H

x 
(2

.8
8Å

)
C

H
, (

C
-S

-H
) 

ge
l (

3.
05

Å
)

Figure 21.30 XRD traces of samples analysed by Wilkinson et al. after various curing periods: 
(a) untreated clay at 0 days, (b) with hydrated lime at 6 months, (c) activated PFA at 1 year and 
(d) activated GGBS at 6 months. (K = kaolinite, Q = quartz, G = gypsum, C4AHx = calcium 
aluminate oxide (carbonate) hydroxide.) Courtesy of Wilkinson et al. (2010a). Reproduced 
with permission from the Institution of Civil Engineers.
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sample, which can cause sulphate attack and strength degradations within concrete 
(Rodriguez-Navarro et al., 2000). No thaumasite was observed within any samples; 
however, ettringite was observed within one GGBS–RG–AA sample. The presence 
of ettringite/thaumasite within calcium-based stabilised sulphate-bearing clay soils 
can cause structural distress (Little et al., 2005). However, in the case of Sargent 
et al.’s (2013) study and that by Wild et al.	(1998)	for	clay–lime–GGBS–gypsum	
systems with high lime–low GGBS compositions, Ettringite may strengthen soils.

21.9.5 Zhang et al. – Worcester Polytechnic Institute, USA/
Northwest A&F University, China

Similar to Sargent et al. (2013), Zhang et al. (2013) stabilised a low-plasticity 
synthetic clay soil in the laboratory and subjected it to UCS, volumetric strain, and 
mineralogical/microstructural	 testing;	 specifically	 XRD	 and	 SEM-EDX	 (energy	
dispersive X-ray spectroscopy). The stabiliser used for their study was metakaolin 
at	dosages	of	3–15%;	whereby	samples	were	cured	for	up	to	28	days	in	cling	film.	
For samples containing a Si/Al ratio of 1.7 and a 15% binder dosage, impressive 
28-day	UCS	values	of	31	MPa	were	achieved,	even	 though	cling-filming	samples	
for curing is less desirable than wax-sealing and the fact that Duxson et al. (2007) 
believe that metakaolin should not be used in geopolymers due to the large volumes 
of water required and the consequent increase in the material’s porosity.
 The use of SEM-EDX was successful in qualitatively identifying the presence of 
cementitious gels within samples and that sample homogeneity (and thus strength) 
was enhanced through increasing binder dosage. As shown in Figure 21.31, sodium 
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Figure 21.31	EDX	spectra	of	metakaolin	geopolymers	after	28	days	curing.	Reprinted	from	
Zhang et al. (2013), Copyright © 2013, with permission from Elsevier.
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was detected in all EDX analyses of metakaolin-stabilised samples, which is likely 
to be associated with the geopolymer gels (Zhang et al., 2013).
 Upon blending the metakaolin with the soil, the reaction was observed to be rapid 
due	to	the	metakaolin’s	fineness	and	high	amorphous	content	(Zhang	et al., 2013). 
Regarding XRD analyses, Zhang et al. (2013) recorded a negligible difference between 
stabilised and untreated samples, indicating that there was no reaction between the 
metakaolin and the soil minerals and that the strength enhancements were attributed 
solely to geopolymer gels. However, metakaolin is a costly material, which has been 
documented to be unsuitable for chemical stabilisation (Duxson et al., 2007) and 
must be used at high dosages (>11%) to produce comparable performances as using 
5% CEM-I (Zhang et al., 2013). Hence, other alkalis ought to be used for activating 
IBP-based geopolymers.

21.10 Conclusions and future trends

This chapter has presented a detailed review of the processes and materials typically 
involved in chemical soil stabilisation, in addition to the development of new more 
sustainable alkali-activated mixtures as alternatives to lime and CEM-I. The key 
points to note are summarised below:

•	 Factors	 including	 high	 levels	 of	 versatility,	 low	 dust	 and	 noise	 emissions	 make	 DSM	
techniques ideal for improving ground conditions characterised by soft clayey and/or organic 
soils. This technique has been used successfully in stabilising local ground conditions for 
numerous major engineering projects, including the construction of the CTRL and the 
repair of levees in New Orleans after Hurricane Katrina in 2005.

•	 To	ensure	that	the	soil	and	binder	react	and	that	maximum	engineering	improvements	will	
be achieved, a detailed understanding of the various binder materials available for use in 
chemical treatment is essential. Additionally, thorough assessments of the soil must be made 
in terms of particle size distribution, surface area/reactivity, mineralogical and chemical 
characteristics.	Soils	which	are	ideally	suited	to	chemical	treatment	contain	fines	(>10%	
clays of smectite or montmorillonite composition), low organic and sulphate contents as 
organics can interfere with cementation reactions and sulphates can produce unfavourable 
minerals including ettringite and thaumasite.

•	 Although	lime	and	CEM-I	have	been	used	in	previous	projects	and	produced	high	strengths	
and	durabilities,	there	are	numerous	environmental	and	financial	problems	associated	with	
their production and usage. The production of these materials incurs high costs due to their 
high levels of energy consumption and high greenhouse gas and carbon emissions. Hence, 
their continued use as binders is unsustainable and there becomes a need for identifying 
new	sustainable	binders;	specifically	in	terms	of	lower	energy	consumption,	greenhouse	
gas emissions, production and transport costs. To ensure that such materials are going to 
be competitive, they should provide engineering performances that are either comparable 
or surpass those of CEM-I and lime within similar curing times.

•	 Research	into	developing	new	alternative	materials	has	been	ongoing	since	the	mid-1990s.	
One of the most preferred routes for selecting new binders has been recycling IBPs to 
form geopolymers. Such binders could be substituted for CEM-I and lime with only 
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minimal	modification	to	existing	plant	and	equipment	or	a	reduction	in	the	efficiency	of	
the installation process.

•	 Recent	laboratory	and	field-based	research	has	demonstrated	that	IBPs	have	great	potential	
as sustainable lime/CEM-I replacements. However, the inclusion of alkali activators is 
necessary to enhance the rates at which their mechanical properties are improved by 
increasing pH. This thereby promotes the conditions required for pozzolanic reactions 
and cementitious bonding to occur. Alkali-activated GGBS is known to produce excellent 
short- and long-term engineering performance, which comfortably surpass those exhibited 
by lime and CEM-I.

•	 For	any	chemical	soil	stabilisation	project	involving	the	use	of	alkali-activated	mixtures,	
one should be aware that the cost of producing alkali activators is quite high. It is common 
for geopolymer components to come from various locations, meaning that the distances 
between sourcing plants and the stabilisation site can be considerable. Given that modern 
transportation costs are high, careful planning must be conducted to keep the aforementioned 
distances down to a minimum. This will ensure that the use of geopolymers remains more 
sustainable and competitive than lime or CEM-I.
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22Alkali-activated cements for 
protective coating of OPC 
concrete
Z. Zhang, H. Wang
University of Southern Queensland, Toowoomba, QLD, Australia

22.1 Introduction

Existing OPC concrete structures, particularly with steel reinforcements within 
the structures, can experience various problems under aggressive conditions. For 
example, almost all concrete structures suffer from alkalinity neutralization due to 
slow carbonation of hydrated cement in contact with wet air conditions. The concrete 
pipes in chemical engineering plants and waste treatment plants are suffering from 
chemical erosion and thermal attacks by high or low pH substance and high temperature. 
Marine concrete structures are suffering from salt water attacks, involving wave 
scouring, chloride and sulphate corrosion and carbonation at splash and tidal zones. 
Extending the service life of OPC concrete structures under rigorous conditions is 
an important aspect in support of the sustainable development of today’s cement 
and concrete industry.  
 The improvement of durability of marine concrete structures, particularly their 
resistance to Cl–, SO4

2– and Mg2+, has become the focus of civil engineering and 
material sciences due to the fast development of marine constitution (Binici et al., 
2008; Val and Stewart, 2003). Significant progress has been made in last decades 
to develop OPC concretes with low permeability and high corrosion resistance by 
optimizing the proportion of cement, secondary cementitious materials, such as slag and 
silica fume, and the packing of aggregates. The development of new water-reducing 
agents can reduce the water requirement of concrete by a large extent, consequently 
reducing the porosity and permeability of the concrete structures. However, these 
measures are only available for new structures. For existing structures, replacing 
the deteriorated concrete with new concrete or composites (mainly resin based) is 
the common option. 
 Applying a layer or several layers of coatings can be a cost-effective alternative 
to stop, or at least hinder, the immigration of corrosive fluids, so as to prolong the 
service life of existing OPC concretes. In general, there are three categories of 
protective surface treatments: (1) coating the surface with a thin or thick polymer 
film, (2) sealing the surface by blocking the front pores, and (3) impregnating the 
surface by water-repellent agent (Dai et al., 2010). Currently many types of coatings 
are available for concrete: epoxy coatings and acrylic and polyurethane penetrating 
sealers. The durability of conventional organic coating materials, which are usually 
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a thin layer of 100–400 mm placed on the concrete surface, is seriously questionable 
because of their quick ageing under UV and sea wave conditions, although it has 
been evaluated that their service life may reach up to 10 years (Huang et al., 2002). 
It has been proved that silane-based surface impregnation agents (penetration depth 
>5 mm) are effective in reducing water absorption and prevent chloride penetration 
of uncracked concrete and reinforced concrete structures, while sodium silicate-based 
pore blockers are not effective (Dai et al., 2010). The use of polymer impregnated 
permanent coating (thickness of 25 mm) has proved to be one of the effective 
solutions to protect and retrofit old and new concrete structures under aggressive 
conditions (Bhutta et al., 2013). 
 Developing inorganic coating for OPC concretes has been reported by Balaguru 
(2002). The inorganic coatings by alkali-activated metakaolin incorporated with 
carbon and nylon fibres can be applied on various concrete surfaces in the ambient 
temperature range of 40–90°F (4.4–32.2°C), and were proven to be useful in improving 
the durability of concretes under outdoor conditions (Balaguru et al., 2008). This 
chapter presents the development of alkali-activated metakaolin (AAM) as a new 
coating material to protect OPC concretes that are exposed to marine conditions – a 
common corrosive environment. Applying AAM on OPC concrete surfaces could be 
an alternative solution to provide a more durable and cost-effective coating layer. 
The study presented in this chapter includes laboratory investigations and on-site 
trial works, some of which have been reported by the authors (Zhang et al., 2010a, 
2010b, 2012; Zhu et al., 2013). The laboratory investigations include the preparation 
of AAM pastes at different slag contents and liquid/solid ratios, accelerated corrosion 
tests using concentrated seawater, mechanical test and microstructure analysis of 
AAMs and concrete and their interfaces. On-site trials were performed at Hangzhou 
Bay (Shanghai, China), where severe degradation of OPC concretes is observed.

22.2 Basic properties of alkali-activated metakaolin 
(AAM) coating 

As a coating material, particularly for existing OPC concrete structures in contact 
with corrosive fluids, AAM coatings must meet at least four requirements: suitable 
setting time, strong bonding with the substrate, low permeability and low shrinkage. 
For the purpose of application on marine concretes, the setting time needs to be 
shorter than 6 hours (approximately half of tidal time). The coating is expected to 
have sufficient bond strength after finally setting to resist the wave motions. 

22.2.1 Setting time of AAM binders

The setting time of AAM depends on the nature of the solid precursor, the type and 
concentration of activator and curing temperature. When metakaolin is mixed with 
slag to form blend solid materials, the setting time is significantly affected by the slag 
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content. Figure 22.1 shows the initial and final setting time of AAM binders activated 
by a sodium silicate (modulus SiO2/Na2O Ms = 1.2) solution under 25°C ambient 
conditions. Without slag addition, the initial setting time of AAM paste is 75 min 
and the final setting is around 160 min. The substitution of slag shortens the setting 
time of AAM pastes. When slag content is up to 50%, the initial and final setting 
times are 35 and 55 min, respectively. The large reduction of setting time is due to 
the quick formation of calcium-containing aluminosilicate gels after the dissolution of 
slag in alkaline activation solution. The quick setting of alkali-activated slag (AAS) 
binders has been observed in many other conditions, such as high temperature (Zhu 
and Yao, 2013) and low Ms (Aydın and Baradan, 2014). It should be noted that setting 
too quickly can also be an issue for engineering applications (Pu, 2010). Therefore, 
it is suggested that if no additional setting control additive is used, the slag content 
should be controlled at a low ratio (<30% is recommended). 
 When fly ash is incorporated into the AAM systems, the setting time can also 
be changed. Being prolonged or shortened will depend on the substitution ratio 
and particularly the nature of fly ash. For example, when the fly ash is of low-Ca 
(usually Class F), the setting time will be prolonged (Zhang et al., 2014); however, 
when a high-Ca fly ash is incorporated, the setting time might be shortened. This 
is observed in the manufacturing of alkali-activated fly ash-based concretes, the fly 
ash containing high calcium content, generating very quick setting (Diaz-Loya et al., 
2011). 
 The setting time of AAM binders is significantly affected by reaction temperature. 
Figure 22.2 shows the setting time of alkali-activated metakaolin/slag (90/10) binders 
at different temperatures. A small increase in temperature from 20 to 25°C significantly 
shortens the setting. At 35°C the binder will set within 1 h. The temperature range 
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Figure 22.1 The effects of slag substitution on the setting time of AAM binders at 25°C. The 
activator is sodium silicate solution with Ms = 1.2 and concentration = 35% (reprinted from 
Zhang et al., 2010a, Copyright © 2010, with permission from Elsevier). 
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Figure 22.2 The effects of reaction temperature on the setting time of AAM binders. The 
activator is a sodium silicate solution with Ms = 1.2, concentration = 35%. The solid raw 
material is a blend of metakaolin/slag (90/10) (reprinted from Zhang et al., 2010a, Copyright 
© 2010, with permission from Elsevier). 

chosen for study is very typical for subtropical areas, and the results suggest that this 
type of inorganic coating is applicable with relatively wide tolerance of temperature. 
However, slow setting of AAM coatings at temperatures lower than 20°C needs some 
attention for successful application, and might need to look at other alkali-activated 
binder alternatives. 
 Setting behaviour of fresh paste is an important engineering property for AAM to 
be used as protective coatings for marine concrete. On one hand, it needs a sufficient 
time for mixing and coating. Quick setting, at less than 30 min (Davidovits, 1996), 
or flash setting can result in difficulty for the coating layer wetting and penetrating 
into the OPC concrete substrate. On the other hand, the final setting time of the 
coating layer should not be longer than 6 h limited by the tide frequency if it is 
constructed in marine applications. For a certain outdoor temperature range, it is 
possible to adjust the setting time into this window by changing the slag content, 
alkali concentration and Ms (Aydın and Baradan, 2014; Hu et al., 2008). 

22.2.2 Bond strength of AAM binders to cement substrates 

The bond strength between AAM binder and OPC substrate is one of the 
key engineering properties. In particular, it requires the coating layer to be 
strongly adhesive to the substrate after final setting to resist the scrub of seawater  
waves. 
 Figure 22.3 shows the bond strength between AAM and OPC substrate as determined 
under laboratory simulation conditions. The bond strength is measured by pulling 
apart the ‘dog-bone’ specimens with half AAM binder and half OPC mortar or paste, 
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as shown in Figure 22.4(a). The bond strength is in the range of 0.5–1 MPa after 
24 h of application of AAM binder on the OPC substrate. The final bond strength 
after 28 days of curing is 1.5–2.5 MPa, which is consistent with the results by other 
researchers who used a similar testing method (Hu et al., 2008). Much lower bond 
strength (<0.2 MPa) has also been reported (Vasconcelos et al., 2013). The bond 
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Figure 22.3 Bond strength of AAM binder to OPC mortar (a) and paste (b). The three curing 
conditions are in laboratory air at RH = 90 ± 5%, 20 ± 2°C, immersed in concentrated seawater 
and dry–wet cycle for 12 h in air and 12 h immersed in seawater (reprinted from Zhang et al., 
2010a, Copyright © 2010, with permission from Elsevier).
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Figure 22.4 Patterns of bond strength testing: (a) the sample for tension testing (Zhu et al., 
2013); (b) sketch of sample for compression testing (Ueng et al. 2012); (c) the sample for 
compression testing (reprinted from Pacheco-Torgal et al., 2008, Copyright © 2008, with 
permission from Elsevier).

strength in the very early stage (<24 hours) has not been tested. However, on-site 
inspection (illustrated in Section 22.4.2) indicates that the AAM coating layer can 
strongly bond to OPC concrete within 6 h to resist the wave motions. 
 In fact, the force of seawater waves is in compression and shearing, rather 
than in tension. The assessments by compression testing may provide more 
useful information. It was reported that in compression mode (as shown in Figure 
22.4(b)), the shear bond strength of slant prisms with geopolymer and concrete 
joints at a 60° angle of cross section is 10–20 MPa (Pacheco-Torgal et al., 2008; 
Ueng et al., 2012). Such a bonding is strong enough to resist wave impact in  
service. 
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22.2.3 Permeability of AAM binders in comparison with 
hydrated OPC

The permeability of AAM binders depends on many factors, such as liquid/solid 
ratio, reaction/curing conditions and the nature of blended materials. Generally, 
AAM binders have extremely low permeability because of their dense matrix and 
complex pore structures (Zhang et al., 2010a). The permeability coefficient of binders 
by sodium silicate activation of metakaolin at room temperatures as determined by 
Darcy method under high hydrostatic pressure (20 MPa) is around 1 ¥ 10–6 mm2, 
which is only 1/100 to 1/10 of well-hydrated OPC binders. For those specimens 
cured by seawater, the permeability coefficient can be even lower, 0.8–0.9 ¥ 10–6 
mm2. More detailed information can be found in Chapter 9. 

22.2.4 Shrinkage of AAM binders under laboratory conditions

Shrinkage could be one of the most challenging problems for the application of AAM 
binders and other alkali-activated materials. The total shrinkage of cement-based 
materials includes two parts, namely autogenous shrinkage and drying shrinkage. The 
autogenous shrinkage of AAM binders is not high, even at high reaction temperatures, 
as determined by measuring the length change of AAM specimens in water (Zhang 
et al., 2009). However, the drying shrinkage of AAM binders is large under low 
humidity conditions. This is because of the high liquid requirement (usually >0.5) 
and the continuous release of water molecules from aluminosilicate gel pores of 
hardened AAM binders. High temperature curing at 80°C without cover may even 
cause cracks on the surface of specimens (Zhang et al., 2009). Figure 22.5 shows 
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Figure 22.4 Continued
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the shrinkage of AAM binders under different conditions. The volume shrinkage of 
binders ranges from 0 under seawater curing to 0.21% under air curing condition. 
Apparently environmental humidity is a key factor that affects the volume stability. 
By adding 0.4% polypropylene (PP) fibres and 1–2% MgO-based expansion agents, 
dry shrinkage can be successfully controlled, at least under the laboratory conditions 
(RH = 90 ± 5%) (Zhang et al., 2010a).

22.3 Durability/stability of AAM coating

Durability is a comprehensive property for the material to meet its designed requirement 
in service. It can be evaluated using one or multiple parameters. For cement and 
concrete, durability is affected by chemical attacks, chloride penetration, alkali 
aggregate reaction, carbonation and some other property degradation under certain 
conditions.  Durability is one of the most concerning issues for alkali-activated 
cements. Much of the published literature reports the excellent durability of alkali-
activated fly ash (AAFA) and alkali-activated slag (AAS) products under extreme 
conditions, such as acid, sulphate and seawater (Bakharev et al., 2003; Bakharev, 
2005a, 2005b; Fernández-Jiménez et al., 2007; Fernández-Jiménez and Palomo, 
2009). The following sections present the durability of AAM binders under seawater 
and hydrothermal conditions. 
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Figure 22.5 Shrinkage of AAM binder under different curing conditions. The AAM binder 
is formed by sodium silicate activation of a blend of metakaolin/slag (90/10) under room 
temperature (reprinted from Zhang et al., 2010a, Copyright © 2010, with permission from 
Elsevier).
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22.3.1 Durability of AAM binders in contact with seawater

The durability of AAM binders is assessed using the change of the compressive 
strength after the material contact with concentrated seawater. As shown in Figure 
22.6, AAM binders exhibit excellent corrosion resistance. The seawater cured 
specimens reach 25.9 MPa after 1 day of curing and the dry–wet cycle cured samples 
obtained 38.6 MPa. After 60 days of curing, the seawater cured specimens reached 
up to 74.6 MPa, which is only 4.8 MPa and 7.0 MPa lower than the dry–wet cycle 
cured and air cured specimens. Unlike under seawater curing conditions, the dry–wet 
cycle cured specimens show a similar trend in strength development as the air cured 
samples even after they experienced periodic immersion in concentrated seawater. 
It indicates that the dry–wet cycle, which simulates real seawater contact, has very 
limited influence on strength development. These data indicate that the AAM binders 
have excellent  stability under seawater conditions. 
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Figure 22.6 Compressive strength development of AAM binders in contact with seawater 
(reprinted from Zhang et al., 2010a, Copyright © 2010, with permission from Elsevier).

22.3.2 Stability of AAM binders exposed to hydrothermal 
conditions

When AAM binders are exposed to hydrothermal conditions, the transformation of 
aluminosilicate gels to zeolites or other more ordered structure causes re-organization 
of the local structure. It has been noticed that such structural change has a negative 
effect on the mechanical properties (Lloyd, 2009). The compressive strength of 
AAM binders under different hydrothermal conditions is shown in Figure 22.7. The 
room temperature air cured specimens (AC) achieve 60 MPa after 7 days, 90% of 
the 28-day strength. When being cured at 80°C in steam, the specimens gain higher 
strength in the first 7 days but lose strength at 28 days. The elevated temperature 
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can accelerate the alkali activation in the first few days but has a negative influence 
on the mechanical properties if the samples are exposed to steam condition for 
too long (Zhang et al., 2009; Rovnanik, 2010). High temperature water bath cured 
specimens show higher strengths than the steam cured specimens. This suggests the 
importance of water in retaining the mechanical property. The strength degeneration 
is attributed to the loss of structural water (Zhang et al., 2009) and the increased 
porosity and pore size (Rovnanik, 2010; Muñiz-Villarreal et al., 2011). Testing on 
95°C aged AAM binders shows that the phase change from amorphous to crystalline 
(zeolite Na-P1 and sodium chabazite) has a direct linkage to the compressive strength 
degradation (Lloyd, 2009). 
 The change of pore structure and phase transformation in AAM binder exposed to 
hydrothermal conditions has negative influences on its bonding behaviour to hydrated 
cement. Figure 22.8 shows the change of bond strength in tension of AAM binder 
and hydrated cement substrate. The binder composition and curing conditions are 
the same as described in Figure 22.7. Under the conditions of air curing (AC), the 
bond strength is 1.3 MPa at 7 days and increases to 1.5 MPa at 28 days. Under the 
conditions of steam curing and water bath curing at 80°C,  the bond strength is 2.5 
and 1.2 MPa at 7 days, and decreases by 31% and 37%, respectively, when the curing 
is extended to 28 days. The reduction of bond strength after hydrothermal curing 
indicates that special attention should be paid to the stability of metakaolin-based 
coatings when they are used as bonding and coating materials for OPC concrete at 
high temperatures or under hydrothermal conditions.
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Figure 22.7 Compressive strength development of AAM binders under hydrothermal 
conditions. The specimens are formed by sodium silicate solution (Ms = 1.2, concentration 
= 35%) activation of metakaolin and set and harden at 20 ± 2°C, RH of 95 ± 5% for 1 day. 
The followed curing/aging conditions are AC = 20°C air curing at relative humidity of 95 
± 5%; SC = 80°C sealed curing in plastic bags; and WC = 80°C water curing in water bath 
(reprinted from Zhu et al., 2013, Copyright © 2013, with permission from Elsevier).
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22.4 On-site trials of AAM coatings

The following sections illustrate the working procedures and the coating inspection 
at on-site conditions. The reaction products after 6 months of service were 
examined. 

22.4.1 AAM coating procedures

The outdoor trials using AAM binders as a coating material for OPC concrete were 
performed at Shanghai Jinshan coast (Hangzhou Bay, N30.705239, E121.334724). 
The large temperature change between summer and winter is the reason for selecting 
this location in order to examine the stability of the coating. The field experiment 
started from 20 August 2010 (middle of summer) and the observation lasted for 6 
months till 20 February 2011 (middle of winter). During this period, the on-site 
temperature varied from 38°C (highest in summer) to –4°C (lowest in winter). 
 The OPC concrete sea wall and accropodes on the coast were built in 2004 and 
degraded very quickly due to salt water attack, as shown in Figure 22.9. Many cracks 
and peel off appear at the surface of the concrete due to the periodical corrosion 
by seawater in just 6 years. The accropodes have exposed coarse aggregates and 
the steel links in the accropodes have been badly rusted by seawater. Three typical 
accropodes on the coast were chosen as the concrete substrate for coating: the first 
one did not contact with seawater (dry condition), the second one was on the back 
to the wave shock, and the third was facing on the wave shock. 
 The composition of the AAM coating is shown in Table 22.1. The coating work 
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Figure 22.8 Bond strength of AAM binder to hydrated cement under hydrothermal conditions. 
Curing conditions as in Figure 22.7 (reprinted from Zhu et al., 2013, Copyright © 2013, with 
permission from Elsevier).
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(a)

(b)

Figure 22.9 Field experiment location (a) and the deteriorated accropodes (b) on the coast. 

Table 22.1 Composition of alkali-activated metakaolin coating

Metakaolin Slag Activator PP fibre MgO

Mass% 42.97 7.52 47.17 0.39 0.95

Characteristics 14.1 m2/g 0.65 m2/g Na2O·1.2SiO2; 
concentration 
= 35%

Diameter = 35 mm; 
length = 19 mm

Reactivity 
= 87%
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was performed in the afternoon of 20 August 2010, a cloudy and windy day. On 
the coast, the temperature was 26°C, the wind was Grade 7 (13.9–17.1 m/s) and 
the relative humidity was about 65%. After ebb tide, the second and third surfaces 
were scrubbed with a steel wire brush to remove the sea shells and the loose mortar 
(Figure 22.10(a)), and allowed to naturally dry for 30 min. The AAM slurry was 
manually coated on the surfaces to a thickness of 3–5 mm with a putty brush (Figure 

(a)

(b)

Figure 22.10 Work procedures for placing AAM coating layer on OPC concrete exposed to 
marine conditions: (a) clean surface; (b) coat after 30 min of natural drying; (c) cover with 
wet straw mats after initial setting; (d) remove the cover after two tidal cycles. 
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22.10(b)). After the initial setting (about 30 min), the coatings were covered with 
wet straw mats (Figure 22.10(c)). It was noted the final setting time under natural 
marine condition was within 4 h, which is shorter than the half tidal cycle of 6 
h. After solidifying for two tidal cycles (Figure 22.10(d), the coating layers were 
immersed in seawater twice during the 12 h), the straw mats were removed to allow 
the coatings to be hardened under ambient conditions. The coatings were observed 
daily during the first month to record any changes in appearance. 

(c)

(d)

Figure 22.10 Continued
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22.4.2 The inspection and examination of the solidified coating 
layer

After 24 h of setting and hardening, the coating layers changed from soil-red to 
azury, which is the typical colour of alkali-activated slag. The slag fraction of the 
metakaolin/slag blend as the solid raw materials was 12%. The composition of the 
coating is shown in Table 22.1. Figure 22.11 shows that the solidified layers on 
surface II and surface III (at a position where immersed in seawater periodically) 
were smooth except for some impression from the straw. However, shrinkage caused 
micro-cracks to appear in the first 24 h for the two coatings with thickness of 3 mm 

(a)

(b)

Figure 22.11 AAM coating layers with varied thickness on the three substrates after 24 h: 
(a) 3 mm on dry substrate I; (b) 5 mm on substrate II facing the wave shock; (c) 3 mm on 
substrate III back of wave shock. 
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(c)

Figure 22.11 Continued

on surface I (dry all the time) and surface III (periodically immersed in water but 
back to wave). 
 Figure 22.12 shows the solidified coatings on the three substrates after 24 h. After 
7 days of exposure under the marine conditions, all of the three coatings turned 
back to the original soil-red of AAM slurry. After 180 days, many of the micro-
cracks were observed on the 3 mm thick coatings that were applied on surface I and 
surface III. In contrast, there were fewer micro-cracks on the 5 mm thick coating 
applied on surface II and they were not in a crossing pattern. Small amounts of 

Figure 22.12 Hardened coatings on OPC concrete substrates after 180 days. 
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white salt crystallized phases were observed on the surface of coatings in contact 
with seawater. 
 To test the bonding with concrete, the coating was tapped with a hammer. All 
coating chips scraped some mortar, as shown in Figure 22.13, which implied that 
the interface between the AAM coating and the concrete substrate was stronger than 
the substrate. 
 The strong bonding between AAM coating and OPC concrete substrate is due 
to the reaction of alkali activator and the hydrated cement. Figure 22.14 shows the 

Figure 22.13 Examination of the bonding between AAM coating layer and OPC concrete 
after 180 days of exposure under marine tidal conditions. 

Figure 22.14 The oblique section of AAM coating on OPC paste substrate.
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section of AAM coating on a hydrated cement paste substrate. A thin layer (~1 mm) 
of light grey products is observed on the surface of the cement paste. This thin layer 
could be formed due to the reaction of hydrated cement, or just a layer of carbonated 
cement paste, with alkali activator solution. 
 The backscattered electron (BSE) image of the interface (Figure 22.15) shows 
that the colour from AAM coating layer to cement paste changes gradually, which 
indicates the gradual change of elemental compositions and the chemical reaction 
that occurred between coating and substrate.

Cement paste

AAM binder

Figure 22.15 Backscattered electron (BSE) image of the interface between AAM coating 
and cement paste substrate (reprinted from Zhang et al., 2010b, Copyright © 2010, with 
permission from Elsevier).

22.5 The potential of developing other alkali-activated 
materials for OPC concrete coating 

The development of alkali-activated cements for OPC concrete coating is still at a 
very early stage. The high viscosity of AAM coating can be an issue. In comparison, 
alkali-activated fly ash, slag or their blends have much better workability. High 
workability, in particular spreadability, enables easy application, either by manual 
or machinery coating methods. 
 For all alkali-activated coatings, setting time needs to be carefully considered. 
As discussed above, a suitable setting window is critical for successful application. 
The setting of alkali-activated low-Ca fly ash (AAFA) is usually very slow under 
room temperature conditions. It may take 24 h and in some cases several days, while 
high-Ca fly ash can give quick setting, from several minutes to a few hours (Diaz-
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Loya et al., 2011; Jumrat et al., 2011). Increasing curing temperature can shorten 
the setting time of AAFA binders (Hardjito et al., 2008), but it is not very practical 
for on-site work. Addition of chemical admixtures (Allahverdi and Ghorbani, 2006) 
could be more practical. The potential of developing AAFA-based coating is actually 
limited. This is because the AAFA binders are usually more porous and permeable 
than OPC paste (Ma et al., 2013), which is not suitable as a protective layer. 
However, it has some potential for other applications, such as as a fire-resistant layer 
or for plain concretes (without steel reinforcement) where low permeability is not  
required. 
 It is also possible to develop alkali-activated slag (AAS) binders as coating 
materials for OPC concretes (Hu et al., 2008). The control of setting behaviour of 
AAS binders is also critical for their applications (Aydın and Baradan, 2014; Pu, 
2010; Zhu and Yao, 2013). Setting time of AAS binders depends on many factors, 
such as the reactivity of solid raw materials and the activators. Addition of low-Ca 
fly ash can delay the setting of AAS; however, it also increases the porosity and 
permeability (Provis et al., 2012; Ismail et al., 2013). A special setting-retarding 
agent was reported to be able to delay the setting of AAS systems without negative 
influences on their long-term mechanical properties (Pu, 2010). Alkali activator type 
and Ms were reported to have significant effects on the setting time of ASS pastes 
(Aydın and Baradan, 2014).  

22.6 Conclusions and future trends 

The laboratory research and small-scale on-site trials have shown that alkali-activated 
metakaolin (AAM) can be applied as an inorganic coating for the protection of 
existing marine concrete structures. The setting time of AAM coating can be adjusted 
by changing the slag substitution. The bonding between the coating and the aged 
OPC is very strong, 1–3 MPa in tension and >20 MPa in shearing/compression. 
The excellent corrosion resistance of AAM coatings against seawater and their 
extremely low permeability (only 1/10 to 1/100 of cement paste) provide durable 
effective protection of OPC concretes exposed to marine conditions, particularly at 
tidal zone. 
 The development of alkali-activated coating materials is still at a very early stage. 
There are several technical problems that need to be solved. One of the problems is 
the high viscosity of AAM coatings. Regardless of the low workability, high viscosity 
will cause immature wetting on substrate surface, particularly when the surface is 
coarse and porous. Other types of alkali-activated cements may have low viscosity, 
such as AAS; however, systematic research is lacking regarding other properties. 
Another problem is the high shrinkage. Using lower liquid/solid ratio, polymer 
fibres and MgO-based expansion agents can reduce the shrinkage effectively under 
laboratory conditions. However, under outdoor conditions shrinkage cracks may occur 
within the first 24 h. This is mainly due to the quick loss of water during setting 
and solidification at an early age. Increasing the thickness of coating is beneficial in 
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reducing shrinkage but is not cost-effective and is still not able to produce crack-free 
coatings. Therefore, in future R&D, works regarding setting and shrinkage control 
are both important. Developing new coating equipment and machinery is also an 
important aspect. Other works, including understanding of the interaction between 
coating layers and substrate, the coating resistance to thermal shock, and chemical 
attacks, are also interesting to industry. 
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23.1 Introduction

Worldwide infrastructure rehabilitation costs are staggering. For example in the United 
States the needs are estimated to be over 1.6 trillion dollars over the next five years, 
where about 27% of all highway bridges are in need of repair or replacement, and the 
corrosion deterioration cost due to deicing and sea salt effects is estimated at over 150 
billion dollars (Davalos, 2012). In the European Union nearly 84,000 reinforced and 
prestressed concrete bridges require maintenance, repair and strengthening with an 
annual budget of £215 million, and that estimate does not include traffic management 
costs (Yan and Chouw, 2012). In the US alone the costs in wasted fuel and lost time 
due to traffic congestion are as much as 50 billion dollars (Schlangen and Sangadji, 
2013). However, others mention a much higher cost, as much as 100 billion dollars 
(Report, 2012). Many of the degraded concrete structures were built decades ago when 
little attention was given to durability issues (Hollaway, 2011). The importance of 
durability in the context of eco-efficiency of construction and building materials has 
been rightly put by Mora (2007), when he stated that increasing concrete durability 
from 50 to 500 years would mean a reduction in its environmental impact by a factor 
of 10. Materials with low durability require frequent maintenance and conservation 
operations or even its integral replacement, being associated with the consumption 
of raw materials and energy. The ‘Law of Fives’ cited by Delatte (2009) states that 
$1 spent on design and construction is equivalent to $5 spent as damage initiates and 
before it propagates, $25 once deterioration has begun to propagate, and $125 after 
extensive damage has occurred. This concept highlights the importance of acting 
as sooner as possible to prevent concrete structures from reaching that level when 
extensive damage has occurred and the rehabilitation costs grow exponentially. In 
that context, to assess if current repair materials are effective in addressing concrete 
infrastructure rehabilitation needs is of paramount importance. Very few studies in 
the alkali-activated field have addressed the rehabilitation of deteriorated concrete 
structures. One possible explanation for the aforementioned gap relates to the fact 
that most alkali-activated research groups belong to the field of materials science and 
not to the field of civil engineering. This shows the importance of a review paper 
that could highlight the importance of this area.
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23.2 Concrete patch repair

The patch repair method is widely used to restore the original conditions of concrete 
structures (Emmons and Vaysburd, 1994, 1996). In order to ensure the structural 
compatibility, Morgan (1996) states that repair mortar must meet the requirements 
defined in Table 23.1. 
 Figure 23.1 shows the disadvantages related to the use of composite materials 
with different modulus of elasticity. Still according to Morgan (1996), the repair 
mortars must comply with several requirements in order to ensure the compatibility 
with the concrete substrate (Figure 23.2).

Table 23.1 Structural compatibility – general requirements for 
repair mortars

Properties Relation between the repair mortar (Rp) 
and the concrete substrate (Cs) 

Strength in compression, tension and 
flexure

Rp ≥ Cs

Modulus in compression, tension and 
flexure

Rp ~ Cs

Poisson’s ratio Dependent on modulus and type of repair

Coefficient of thermal expansion Rp ~ Cs

Adhesion in tension and in shear Rp ≥ Cs

Curing and long-term shrinkage Rp ≥ Cs

Strain capacity Rp ≥ Cs

Creep Dependent on whether creep causes desirable 
or undesirable effects

Fatigue performance Rp ≥ Cs

Source: Morgan, 1996, Copyright © 1996, with permission from Elsevier.

(a) Load perpendicular to the interface (b) Load parallel to the interface

High modulus

Low modulus

Low 
modulus

High 
modulus

Figure 23.1 Mechanical behaviour of materials with different modulus of elasticity: (a) load 
perpendicular to the interface; (b) load parallel to the interface.
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 Several modes of repair failure were recently reported by Kristiawan (2012). The 
principal modes of repair failure were cracking (32%), debonding (25%), continued 
corrosion of embedded reinforcement (22%), alkali aggregate reaction (4%) and 
others (17%). Concerning cracking, which is the most important repair failure in 
most cases it could be due to restrained shrinkage (Pattnaik and Rangaraju, 2007). 
Figure 23.3 shows the cracking behaviour of repair mortars due to differential 
shrinkage between the reparation layer and the substrate concrete, which is a very 
heterogeneous and complex process.

Durability of concrete repair

Production of durable 
repairs

Selection of compatible 
materials

Chemical 
compatibility

Permeability 
compatibility

Dimensional 
compatibility

Geometry of 
sections

Modulus of 
elasticity

Drying 
shrinkage

Thermal 
expansion

Creep

Electrochemical 
compatibility

Figure 23.2 Factors that influence the durability of repair mortars (reprinted from Morgan, 
1996, Copyright © 1996, with permission from Elsevier).

Figure 23.3 Development of cracking in a concrete reparation (reprinted from Sciumé et al., 
2013, Copyright © 2013, with permission from Elsevier).
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 ASTM C928 (2004) recommends that air shrinkage performance should not 
exceed 0.15% of the initial length. However, since cracking is also affected by creep 
and elastic modulus, a single shrinkage magnitude approach like the one previously 
mentioned in Table 23.1 is insufficient to prevent it. According to Kristiawan (2012) 
the most suitable way of reproducing the restraint of the patch repair system is by 
using the ring test. The ring test is commonly used to assess restrained shrinkage 
(Khan, 2013) and provides a useful qualitative comparison of the cracking performance 
of repair mortars (Beushausen and Chilwesa, 2013). This test is standardized by 
ASTM C1581 (2007) and its application encompasses the assessment of the time 
to first cracking, the number and the width of cracks. More information on the ring 
test can be found in the work by Hossain and Weiss (2006) who study restrained 
ring specimens tested using different geometries and boundary conditions. Mirza 
et al. (2014) analysed 40 different concrete repair mortars (15 cement-based, 11 
polymer-modified cement-based, 14 epoxy-based) stating that freezing–heating cycle 
durability test is of paramount importance for the selection of the most suitable repair 
materials in severe climatic conditions, which means that thermal compatibility with 
the base concrete is also a very important parameter concerning the choice of repair 
mortars.
 Rapid adhesion to the concrete substrate is a fundamental property of patch repair 
mortars, allowing the structure back into service. The adhesion in repair systems is 
a complex phenomenon resulting from a synergic effect of the surface roughness of 
concrete substrate, the presence of microcracks in the near-surface layer and deteriorated 
grains of aggregate as well as processing properties of repair materials, including 
interfacial tension between the bond coat and/or repair materials (Garbacz et al., 
2005). The application of the patch repair mortar is therefore preceded by cleaning 
(with a wire brush) the concrete surface to remove pieces of degraded concrete. 
Moreover, as the roughness of the concrete substrate affects the performance of 
most patch repair mortars, it becomes necessary to artificially increase its roughness 
(most of the time using sand-blasting), regardless of the cleaning operation. 
 Most patch repair mortars fall into two categories, the mortars based on organic 
binders (epoxy resin or polyester) and those based on inorganic binders like Portland 
cement, which are available commercially as a pre-pack mixture of Portland cement, 
aggregates, silica fume, fibres and other additives. Cement-based repair mortars 
show improved adhesion when the surface of the concrete substrate was previously 
wetted. However, epoxy-based repair mortars show poor adhesion in moist surfaces. 
Murray (2009) mentioned that latex-modified patch repair mortars are used widely 
and successfully. However, the latter are more cost effective and less toxic. According 
to Pacheco-Torgal et al. (2012) the toxicity of building materials is a crucial issue 
under the recently approved Regulation (EU) 305/2011 related to the Construction 
Products Regulation (CPR) which has been in effect since 1 July 2013.
 Recent investigations in the field of alkali-activated binders reveal a third category 
of mortars with high potential to be used in the field of concrete patch repair 
(Pacheco-Torgal et al., 2007, 2008). Since the adhesion to the concrete substrate 
is a crucial property of the repair mortars, some results related to the comparison 
between alkali-activated mortars and commercial products for the repair of concrete 
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structures are presented. The adhesion strength was evaluated using the slant shear 
test. The slant shear test uses square prisms made of two halves, one of the concrete 
substrate and one of the repair material, tested under axial compression. The adopted 
geometry for the slant shear specimens was a 50 ¥ 50 ¥ 125 mm3 prism with an 
interface line at 30º to the vertical. Bond strength was calculated by dividing the 
maximum load at failure by the bond area and was obtained from an average of 
four specimens determined at the ages of 1, 3, 7 and 28 days of curing. In order 
to increase the specific surface of the concrete substrate an etching procedure was 
carried out. The concrete surface was immersed in a 5% hydrochloric acid solution 
for 5 min and then carefully washed to ensure the removal of CaCl2 which results 
from the reaction between HCl and Ca(OH)2. The specimens were named after the 
repair materials and concrete substrate surface treatments. Specimens using concrete 
substrate repaired with commercial product R1 with and with no surface treatment 
were named respectively, R1-ES (etched surface) and R1-NTS (no treatment surface). 
Similarly, when the alkali-activated based binder was used to bond the two halves 
they were named GP-ES and GP-NTS, respectively. Slant specimens with substrate 
surface treatment as cast against metallic formwork, and as cast against wood 
formwork were also used with alkali-activated binder and were named GP-MF and 
GP-WF, respectively. The results of the effect of the several repair solutions on 
average adhesion strength are shown in Figure 23.4. 
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Figure 23.4 Adhesion strength using the ‘slant-shear’ test (reprinted from Pacheco-Torgal 
et al., 2008, Copyright © 2008, with permission from Elsevier).
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 It can be seen that the specimens repaired with the alkali-activated mortar present 
high adhesion strengths even at early ages. Specimens repaired with alkali-activated 
mortar with 1 day curing have higher bond strength than specimens repaired with 
current commercial products after 28 days curing. Specimens repaired with the 
alkali-activated mortar appear to be influenced not by the chemical treatment in 
sawn concrete surface substrates, but by the use of concrete surfaces as cast against 
formwork. Those kinds of surfaces are rich in calcium hydroxide but lack exposed 
coarse aggregates which could contribute to improve bond strength due to silica 
dissolution from the aggregate surface. The strength performance of commercial 
repair products is very dependent on curing time and this constitutes a serious 
setback when early bond strength is required. The results show that bond strength 
using repair product R2 is clearly influenced by the surface treatment. Even if the 
current commercial repair materials had the same mechanical performance as the 
alkali-activated binder, the cost of the cheapest one (R1) is still 6.9 times higher 
than the alkali-activated binder. 
 When comparing the cost to bond strength ratio, the differences are even higher, 
with the cost of the cheapest solution with current commercial repair products 
(R1-ES) being 13.8 times higher than the alkali-activated repair mortar (see Figure 
23.5). Still the assessment of the overall performance of the new mortars concerning 
structural compatibility and durability is yet to be fully investigated. 
 Other authors (Tahri et al., 2013) studied the development of alkali-activated 
repair mortars based on calcined Tunisian clays, reporting a very low modulus of 
elasticity and an excessive unrestrained shrinkage. Further studies (Tahri et al., 
2014) show that an acceptable unrestrained shrinkage can be obtained (Figure 23.6) 
when calcined Tunisian clays are partially replaced by fly ash or metakaolin and 
most importantly when the alkali-activator/binder mass ratio is reduced to 80% of 
the initial ratio.
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Figure 23.5 Cost-to-strength ratio after 28 days curing according to repair solution (reprinted 
from Pacheco-Torgal et al., 2008, Copyright © 2008, with permission from Elsevier).
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23.3 Strengthening concrete structures using fibre 
sheets

Different techniques can be used in strengthening of concrete structures. The 
most common are strengthening with fibre reinforced polymer (FRP) developed 
first in Japan (Fukuyama and Sugano, 2000; ACI, 2000; Badanoiu and Holmgren, 
2003) and the increase of element sections with new concrete (ACI, 1997). The 
bond between the concretes, steel and FRP is usually made with epoxy adhesives. 
An important property of the epoxy adhesives is the glass transition temperature 
(Tg). It is the temperature above which polymers change from relatively hard and 
elastic to viscous, rubbery-like behaviour. Due to this, some recommendations 
have suggested that epoxy resins should not be used at temperatures above their Tg 
and further that the selected materials should have a Tg of at least 20°C above the 
maximum expected service temperature. According to Gamage et al. (2006) both 
experimental results and finite element calculations show that epoxy adhesives should 
not be exposed at temperatures above 70°C in order to maintain the integrity of the 
strengthened elements. Past investigations (Aguiar et al., 2008) confirm that epoxy 
adhesives exhibit poor behaviour when subjected to increased temperatures, causing 
important bond deterioration. Epoxy resins also have low resistance to ultraviolet 
radiation (Bijen, 2000). This means that adhesive materials like alkali-activated 
binders known to possess high stability at high temperature, could be an alternative 
to epoxy resins. Balaguru et al. (2008) showed that concrete samples coated with 
carbon reinforced alkali-activated binder did not degrade even after 100 cycles of 
wetting and drying. 
 Probably the first experimental results related to the strengthening of concrete 
structures with alkali-activated binders were those published by Kurz et al. (1999). 
Those authors tested several OPC concrete beams reinforced by several carbon 
fabric layers reporting a 50% increase in the failure load. Unfortunately, absolutely 
no details on the composition of the alkali-activated binders were provided by the 
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authors. The only relevant details concern the use of heat cure at 80°C and the use 
of 94.8 kPa vacuum to enhance the adhesion. 
 Further details are disclosed in two US patents by Davidovits et al. (1998) 
and by Davidovits (1999). Accordingly the geopolymeric resin has the following 
composition: yM2O:Al2O3:xSiO2, where ‘x’ is 6.5–70, ‘y’ is 0.95–9.5 and M is Na, 
K or Na+K. The geopolymeric matrix uses silicious nanospheres with diameter less 
than 1 micron, preferably less than 500 nm and an alkaline poly(aluminosilicate) 
with the total formula of M4Si2AlO10 to M2Si4AlO16. The beams used a 43 MPa 
compressive strength concrete and the geopolymeric resin had a 15 MPa tensile 
strength. The bottom surface of the beams was roughened by grinding followed by 
sand blasting in order to remove the mortar layer. After preparation the resin was 
allowed to stand for 1–2 h before being used for the impregnation of carbon fabrics. 
The beams were primed with resin to avoid resin migration from fabric to concrete. 
After fabric placement the beams were allowed to dry for 24 h and heated to 80ºC 
(radiant heating) to cure the resin for 24 h (Davidovits, 1999). 
 Vasconcelos et al. (2011) studied the adhesion strength between CFRP sheets and 
metakaolin-based alkali-activated binders (Figures 23.7 and 23.8), reporting a much 
lower mechanical performance for alkali-activated binders when compared to the 
epoxy resin (Figure 23.9). The repair binders were a mixture of aggregates (three 
sand/binder mass ratio of 30%, 60% and 90%), metakaolin, calcium hydroxide and 
alkaline silicate solution. An activator with sodium hydroxide (14 m) and sodium 
silicate solution (Na2O = 13.5%, SiO2 = 58.7%, and water = 45.2%) was used with 
a mass ratio of 1:2.5. The authors mention that the low mechanical performance 
could be due to the fact that the CFRP sheet type was not prone to this kind of 
application. 
 Of course the results cannot be compared with the ones reported by Kurz et al. 
(1999) because of the absence of vacuum pressure. One may also add that the absence 
of heat curing could contribute to explaining the low mechanical performance of 
the beams strengthened with carbon fibres and alkali-activated metakaolin. It is 
well known that curing at elevated temperature has a remarkable influence on the 
setting and hardening of alkali-activated metakaolin. For a temperature of 10ºC 
Rovnanik (2010) reported a 4-day setting delay. More recent investigations confirm 
the importance of curing at elevated temperature to obtain a rapid setting and a 
high compressive strength (Muniz-Villarreal et al., 2013; Lancellotti et al., 2013). 
However, it is important to mention that Vasconcelos et al. (2011) decided not to 
use heating curing because it is a procedure that can hardly be replicated on in-situ 
conditions. Instead they used an alkali-activated mixture with a small amount of 
calcium hydroxide which is known to enhance the early mechanical strength of these 
materials (Yip et al., 2005, 2008). 
 The low adhesion between alkali-activated mortars and carbon fibre reinforcement 
was also reported by other authors (Menna et al., 2013). Those authors compared 
the flexural performance of 25 MPa reinforced concrete beams strengthened with 
high strength steel cord and carbon fibre (Figure 23.10) by using a metakaolin 
alkali-activated resin with a 98 MPa compressive strength after 28 days curing. 
No information on the tensile strength of the resin was provided. The solution 
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composition was Na2O.1.34SiO2.10.5H2O while the whole resin matrix was 
Na(SiO2)1.40AlO25.2H2O. Instead of coarse aggregates, Menna et al. (2013) used a 
pure quartz powder (maximum particle diameter 63 mm) with the same weight as 
metakaolin. The several layers used to attach the steel reinforcement to the concrete 
beams are shown in Figure 23.11. First a fluid alkali-activated resin without quartz 
filler was applied to the beam. Only then was the first resin layer placed, followed 
by the steel fibre and by a second alkali-activated resin layer. Finally a PVC layer 
was used to avoid water evaporation. The flexural results show that steel fibres were 

(a)

(c)

(e)

(b)

(d)

(f)

Figure 23.7 OPC concrete (20 MPa) slab preparation: (a) surface roughening; (b) CFRP sheet 
impregnation; (c) applying the alkali-activated mortar; (d) placing the CFRP sheet; (e and f) 
applying a second layer of alkali-activated mortar. (reprinted from Vasconcelos et al., 2011, 
Copyright © 2011, with permission from Elsevier).
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(a)

(c)

(b)

(d)

Figure 23.8 OPC concrete (20 MPa) beam preparation: (a) surface roughening; (b) CFRP 
sheet impregnation; (c) placing the CFRP sheet over the alkali-activated mortar; (d) applying 
a second layer of alkali-activated mortar (reprinted from Vasconcelos et al., 2011, Copyright 
© 2011, with permission from Elsevier).
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Figure 23.9 Flexural strength of OPC concrete beams reinforced with epoxy resin (FRP1) 
and with an alkali-activated binder (FRP2, FRP3, FRP4) (reprinted from Vasconcelos et al., 
2011, Copyright © 2011, with permission from Elsevier).
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able to increase the ultimate load capacity of the beams by about 100%. The beams 
reinforced with carbon fibres showed a load capacity not very different from the 
reference beam, thus meaning that the carbon fibres were useless. 
 SEM analysis (Figure 23.12) showed that the steel fibre is completely covered 
by the alkali-activated matrix, proving a strong interfacial interaction. It also shows 
a lack of impregnation of the carbon fibres, which explains the lower mechanical 
performance of the beams strengthened with those fibres. Still Menna et al. (2013) 

Steel cord

5 mm

Figure 23.10 Top: steel reinforcement; bottom: carbon fibre reinforcement (reprinted from 
Menna et al., 2013, Copyright © 2013, with permission from Elsevier).

Concrete beam
Primer
1st layer of geopolymer matrix
Reinforcement system
2nd layer of geopolymer matrix
PVC film

Figure 23.11 System layers (reprinted from Menna et al., 2013, Copyright © 2013, with 
permission from Elsevier).
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 (a) (b)

Figure 23.12 SEM micrographs of a sample of fibre reinforced alkali-activated mortars taken 
after the flexural strength test: (a) carbon system and (b) steel cord system. (reprinted from 
Menna et al., 2013, Copyright © 2013, with permission from Elsevier).

mentioned that a different carbon fibre sizing could have a better adhesion to the 
alkali-activated binders. Still it is yet to be explained why Davidovits reported such 
high performance when using carbon fabrics. Once again the heat curing hypothesis 
merits further study.
 Despite the high flexural performance of concrete beams reinforced with steel 
fibre and metakaolin alkali-activated mortar, this parameter is insufficient to allow 
for conclusive statements on the overall repair and strengthening performance of 
that mortar mixture. Therefore, further tests regarding compatibility and durability 
issues (as per Table 23.1 and Figure 23.1) must be carried out in order to validate 
these repairing solutions.

23.4 Conclusions and future trends

Worldwide infrastructure rehabilitation costs are staggering. Since the majority of 
the existing infrastructure is concrete based, this means that concrete infrastructure 
rehabilitation is a hot issue to be dealt with. The patch repair method is widely 
used to restore the original conditions of the concrete structures. Most patch repair 
mortars fall into two categories, the mortars based on organic binders or those based 
on inorganic binders like Portland cement. The former allow for a rapid repair and 
have no shrinkage problems, while the latter are more cost effective and less toxic. 
Alkali-activated repair mortars seem to be even more cost effective and due to their 
stability at high temperature, they can be an alternative to epoxy resins for structural 
retrofitting using FRP. They can also be used as low toxicity, cost-efficient lining 
materials for trenchless rehabilitation of concrete sewage pipelines. However, new 
and future investigations are needed related to their use in the field of concrete 



Performance of alkali-activated mortars for the repair and strengthening of OPC concrete 639

infrastructure rehabilitation. Investigations regarding compatibility and durability 
issues especbially concerning the assessment of restrained shrinkage, must be carried 
out in order to validate AA mortars as an effective repairing solution.
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24.1 Introduction 

Masonry units (MU) are a widely used construction and building material. Clay 
bricks and concrete blocks are two main types of MU. Since clay bricks are produced 
from clay with high temperature kiln firing and concrete from ordinary Portland 
cement (OPC) concrete, they both contain high embodied energy and have large 
carbon footprint. The growing concerns about the environmental impacts of MU 
production and global warming and the modern civilization’s need for sustainable 
development have urged scientists and engineers to develop alternative construction 
and building materials. Production of MU from waste materials has been studied 
by researchers (Chou et al., 2006; Morchhale et al., 2006; Roy et al., 2007; Liu 
et al., 2011). These methods to produce MU from waste materials either require 
high temperature kiln firing or use cement as the binder (Ahmari and Zhang, 2012; 
Zhang, 2013). Geopolymerization is a relatively new technology, which eliminates 
the need for extremely high temperatures.
 Geopolymers have proven to be one of the potential replacements for OPC and 
have superior advantages. It is believed that geopolymer cement was used to build 
the Egyptian pyramids by the ancient Egyptians. However, it was first classically 
established and systematically studied only in the early 1980s by Davidovits (1982, 
1991). Subsequently, geopolymers were studied by a number of researchers to reveal 
their physical, chemical, and mechanical properties (Alonso and Palomo, 2001; 
Xu and van Deventer, 2003; Duxson et al., 2005, 2007; van Deventer et al., 2006; 
Pacheco-Torgal et al., 2008; Dimas et al., 2009; Rattanasak and Chindaprasirt, 
2009). Geopolymers are inorganic binders produced from aluminosilicate-containing 
material such as fly ash (FA) and metakaolin (MK) in a highly alkaline solution, 
usually sodium hydroxide (NaOH) or sodium silicate (SS). After dissolution of SiO2 
and Al2O3 from solid aluminosilicate phase, silica and alumina oligomers are formed 
and then polycondensed to form a polymeric binder with an amorphous structure 
consisting of silica and alumina units. Depending on the ratio between Si and Al, three 
types of oligomers can be formed: polysialate (PS) (-Si-O-Al-O-), polysialate-siloxo 
(PSS) (Si-O-Al-O-Si-O), and polysialate-disiloxo (PSDS) (Si-O-Al-O-Si-O-Si-O); 
PSDS has the highest density and the lowest porosity. 
 The physical and mechanical properties of geopolymer binders can be tailored by 
adjusting the synthesis condition to meet the requirements of a specific application. 
The most important factors that determine the properties of geopolymers are reactivity 
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of initial materials, Si/Al and Na/Al ratios, type and concentration of alkali activator, 
and curing condition. The amorphous phase of the source material is primarily 
responsible for the generation of geopolymeric binders, although the crystalline phase 
may also partially participate in the reaction. Therefore, highly amorphous materials 
such as MK and FA are known as the most reactive materials for geopolymerization. 
Polycondensation at low Si/Al ratios primarily occurs between silica and alumina 
monomers leading to formation of PS, while at higher Si/Al ratios condensation 
initially happens between silica monomers followed by further condensation with 
alumina monomers (Silva et al., 2007). This results in PSS or PSD, which possesses 
more rigid microstructure. The optimum Si/Al ratio is between 2 and 3. Alkaline 
solution has two major functions in the geopolymerization process: dissolution of 
silica and alumina monomers and the cation acting as a charge-balancing agent for 
alumina units. As each alumina tetrahedral requires one Na+ to balance its charge, 
a Na/Al ratio of about 1 is optimal. Too high a Na/Al ratio (i.e., too high a NaOH 
concentration) might be helpful in dissolving more silica and alumina, especially in 
less reactive materials such as mine tailings (MT). However, the extra NaOH remains 
unreacted and after exposure to water dissolves and results in porous microstructure. 
SS is commonly used as the activator due to the availability of soluble silicate in 
the activator. The optimum SiO2/Na2O3 ratio in the activating solution varies from 
1.0 to 1.5 depending on the solid materials (Duxson et al., 2005; Guo et al., 2010; 
Ahmari et al., 2012b). Elevated curing temperature essentially favors dissolution 
of silica and alumina species and polycondensation. There is an optimum curing 
temperature above which the geopolymerization process is decelerated. The optimum 
curing temperature depends on the reactivity of source material and the NaOH 
concentration (Ahmari et al., 2012b). Generally, the optimum curing temperature 
is lower for more reactive source materials.
 One of the potential applications of geopolymers is the production of geopolymer 
masonry units (GMU) from waste materials. This is of particular importance for low 
reactive materials since heating is not feasible for the production of concrete in the 
field, but GMU can be easily produced in a factory under controlled conditions. 

24.2 Alkali activation of industrial wastes to produce 
masonry units 

GMU, both bricks and compressed blocks, can be produced from different types 
of wastes such as FA, MT, blast furnace slag (FS), and red mud (RM). A number 
of researchers have studied the properties of GMU from different types of wastes 
(Freidin, 2007; Arioz et al., 2010; Ahmari and Zhang, 2012, 2013a, 2013b; Chen 
et al., 2012; Kumar and Kumar, 2013). The production of conventional bricks 
includes the following steps:

1. Quarrying of clay or shale.
2. Processing and screening of the quarried material. 
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3. Mixing with water, forming/extruding, and cutting into standard-sized blocks.
4. Drying at room temperature (or in sunshine) for one to two days.
5. Kiln firing where the dried blocks are heated at extremely high temperatures up to 

1300°C.
6. Packing and transportation.

In the production of GMU, steps 1 and 5 are not required because waste material 
instead of natural quarried material is used and the geopolymerization process can 
be completed at significantly lower temperatures ranging from room temperature to 
slightly elevated temperatures such as 90°C, depending on the phase composition 
and reactivity of the material. Sustainability in terms of conserving natural source 
material due to utilization of waste material and lowering energy usage due to low 
temperature curing is a remarkable advantage of GMU. 

24.2.1 Fly ash (FA)

FA is one of the major potential waste materials for production of GMU due 
to its amorphous structure and fine particle size which yield high reactivity for 
geopolymerization. The amorphous structure of FA is due to the thermal history 
it has experienced in the power plant. High temperatures and subsequent sudden 
cooling break down the crystalline structures of coal minerals and lead to a disorderly 
structure.
 Freidin (2007) produced geopolymer blocks from Class F FA or a mixture of 
FA and bottom ash by using SS solution as the alkali activator. He investigated the 
effect of SS content, forming pressure and hydrophobic additive under different 
conditions. The results indicated that the GMU produced from FA and bottom ash 
met the requirements of Israeli Standard for conventional cement concrete blocks. 
He also investigated the enhancement of water stability of the FA-based GMU using 
different methods and concluded that short-term impregnation by a hydrophobic 
liquid of the siloxane group results in the most durable GMU blocks in water.
 Arioz et al. (2010) investigated the production of GMU using Class F fly ash, SS, 
and NaOH solution. The bricks were produced at a 30 MPa forming pressure and 
cured at various temperatures for different hours in oven and steam. The compressive 
strength of the produced GMU varied between 5 and 60 MPa. They did not observe 
any noticeable difference between the specimens cured under oven-dry and steam 
curing conditions. The curing temperature and duration showed a significant effect 
on the compressive strength, especially in short durations but not on the density. 
They reported that to produce a GMU with 25 MPa compressive strength at 40°C, 
6 h curing is required. 

24.2.2 Mine tailings (MT)

MT are waste materials generated from mineral processing operations. MT are fine 
particles and mainly constitute silica and alumina minerals and thus are suitable 
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for geopolymerization. Their phase and chemical compositions are variable and 
dependent on the properties of the mother rock and the mineral processing operations 
they have undergone. In general, MT are mainly crystalline material and thus it is 
relatively difficult to produce geopolymer binder from them. Pacheco-Torgal et al. 
(2008, 2010) and Pacheco-Torgal and Jalali (2010) conducted an extensive study on 
production of geopolymer concrete from tungsten mine waste. In order to improve 
the reactivity of tungsten mine waste, they dehydroxylated the mine waste by heating 
at 960°C during which the -OH- group is liberated from the chemical bonds and the 
molecular structure is transformed into a disordered one. 
 Ahmari and Zhang (2012, 2013a, 2013b) investigated the production of GMU from 
copper MT. They prepared small size cylindrical specimens of MT-based geopolymer 
brick activated by NaOH and cured at 60–120°C. The specimens were formed at 
varying pressures from 0 to 25 MPa and initial moisture contents from 10 to 18%. 
They reported 90°C as the optimum temperature for NaOH-activated MT and initial 
moisture content and forming pressure as the most important factors that affect the 
physical and mechanical properties of the MT-based GMU. The produced MT-based 
GMU produced met or exceeded the ASTM criteria for different applications of 
GMU. However, Ahmari and Zhang (2013b) reported substantial strength loss of 
MT-based GMU in water and nitric acid at pH 4. The durability of the MT-based 
GMU was enhanced by adding a small amount of cement kiln dust (CKD) (Ahmari 
and Zhang, 2013a). The physical and mechanical properties of MT-based GMU can 
also be enhanced by adding FS. Addition of other types of waste material to MT 
creates a hybrid geopolymer system, which can effectively improve the physical and 
mechanical properties and durability of MT-based GMU.

24.2.3 Furnace Slag (FS)

FS is another by-product of mining operations which results from the smelting or 
fire refining processes. It has been used as partial replacement for OPC, asphalt 
concrete aggregates, and construction bricks (Mobasher et al., 1996; Kirillidi and 
Frogoudakis, 2005; Asmatulaev et al., 2008; Arabani and Azarhoosh, 2012). FS can 
be used alone or mixed with other wastes such as MT to produce GMU. Studies 
in the authors’ laboratory indicates that pure MT-based GMU specimens exhibit 
an unconfined compressive strength (UCS) of approximately 25 MPa while pure 
FS-based GMU specimens show a UCS of about 75 MPa. This indicates the high 
reactivity of FS with respect to MT. Therefore, FS can be added to MT to enhance 
the properties of MT-based GMU. Kim and Kim (2012) studied the production of 
geopolymer binder from a mixture of FA and FS and noted that the compressive 
strength of the binder increases with higher FS content.
 Production of GMU based on a combination of FA and FS was studied by Mathew 
et al. (2013). A mixture of NaOH and SS was used as alkaline solution. Small cubic 
specimens were prepared by compaction at 13% water content and cured at ambient 
temperature for 28 days. Compressive strength up to approximately 5.0 MPa was 
reported. Radhakrishna et al. (2008) also studied GMU based on a combination of 
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FA and FS. NaOH and SS were used as alkali activator and water content was varied 
between 15 and 25%. Specimens were cured both at room temperature and 60°C. It 
was noted that with the increase in water content from 15% to 25%, the compressive 
strength decreased. They reported that the quality of FA, binder-to-aggregate ratio, 
molarity of the activator solution, fine aggregate type, and curing conditions are the 
important factors affecting the strength development in the geopolymer compressed 
blocks. Most FS contains substantial amount of calcium that can have an improving 
effect on the physical and mechanical properties of GMU due to the enhancement 
of geopolymerization and creation of C-S-H gel.

24.2.4 Metakaolin (MK)

MK is known as the most reactive material for the geopolymerization process due 
to its highly amorphous structure. It is obtained by heating kaolinite, a clay mineral, 
at high temperature and subsequent quick cooling. Although MK is favorable in 
comparison with different types of waste materials for geopolymer production, it 
originates from clay which needs to be quarried and produced through high temperature 
heating. Therefore, the sustainability of MK-based GMU is questionable. Mohsen 
and Mostafa (2010) studied the utilization of low kaolinitic clays (white clay, grey 
clay and red clay) to produce GMU. In order to produce MK, the raw clay materials 
were heated at 700°C for 2 h and ground before use. Both NaOH and mixture of 
NaOH and SS solutions were used as the alkali activator. The test specimens were 
formed at 15 MPa in a special steel mold and pre-cured at room temperature for 
24 h and then cured at different temperatures for different times (room temperature 
for 3 days, 75°C for 24 h, or 150°C for 24 h) before testing. The results indicated 
that the alkali activator type and the curing temperature are two major factors that 
determine the behavior of GMU. 
 Zivica et al. (2011) also studied production of GMU from MK activated with 
only NaOH. Small cubic specimens were prepared at 8% water content and formed 
at 200 MPa pressure. Then they were cured at 20°C and relative humidity of 95% 
for 24 h. The densifying effect of forming pressure along with low water content 
resulted in a compressive strength up to 148.0 MPa. It can be seen that MK is the 
most suitable material in terms of reactivity and low temperature curing. To reduce 
the usage of natural kaolinite and the required high temperature heating, MK can 
be combined with different types of waste materials to produce GMU.

24.2.5 Other types of wastes

Production of GMU is not limited to the usage of waste materials described above. 
Other types of waste materials have also been studied by researchers. For example, 
Diop and Grutzeck (2008) investigated the feasibility of producing GMU from 
aluminosilicate-rich tuff. They used NaOH solution as the alkali activator and prepared 
cylindrical specimens with a forming pressure of about 10 MPa. They studied the 
effect of both the NaOH concentration (4, 8 and 12 m) and the curing temperature 
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(40, 80 and 120°C). The results showed that the strength increased with the NaOH 
concentration and the curing temperature. Kumar and Kumar (2013) added up to 40% 
RM to FA and noted that the reactivity of FA was intensified due to the addition of 
RM. However, the improvement in setting time and compressive strength was only 
observed at 5–20% addition. He et al. (2013) investigated production of geopolymer 
binder from a mixture of rice husk ash (RHA) and RM and reported compressive 
strengths ranging from 3.2 to 20.5 MPa, the higher compressive strength with higher 
RHA content. GMU can also be produced from waste concrete resulting from 
demolition of old concrete structures. Ahmari et al. (2012a) studied the feasibility 
of producing geopolymer binder from waste concrete fines (WCF) blended with FA 
and found that the half and half mix proportion is the optimal mixture in terms of 
compressive strength. They reported a compressive strength up to 35.0 MPa for the 
WCF/FA-based geopolymer paste.

24.3 Physical properties of alkali-activated masonry 
units 

The physical properties that are used in most of the standards to quantify the 
suitability of GMU for construction purposes are bulk density, water absorption, and 
permeability. Lower bulk density and in the meantime higher compressive strength 
are the desired properties in order to minimize the dead load of, and maximize the 
strength of, masonry structures. The bulk density of GMU mainly depends on the 
forming pressure and the specific gravity of the constituting solid materials. FA 
has low specific gravity and is suitable for producing lightweight GMU. FA can be 
mixed with cenosphere (another by-product of coal burning in power plants) to even 
reduce the bulk density of GMU (Majrzak et al., 2007). On the other hand, FS has 
high specific gravity and thus it might not be a suitable source material if the weight 
of bricks is a concern. Mixing FS with other lower specific density wastes such as 
FA helps obtain a lower bulk density. Another alternative is to produce hollow core 
units. In this case, however, it would be difficult to provide forming pressure during 
the production of GMU. 
 Arioz et al. (2010) investigated the density of FA-based GMU cured at different 
temperatures for different periods of time. They did not find any remarkable influence 
of curing temperature and duration but reported that the density of specimens prepared 
under steam curing condition tend to be lower than those in oven-dry condition. The 
density for most of the specimens was 15 kN/m3 or lower. Kishan and Radhakrishna 
(2013) studied the production of GMU from a mixture of FA and FS and compared 
the bulk densities of GMU and Portland cement masonry units (CMU). Both types 
of masonry units exhibited increase in density with time but the GMU was lighter 
than the CMU. Ahmari and Zhang (2012) measured the bulk density of MT-based 
GMU prepared at different water contents and forming pressures. They observed that 
the bulk unit weight increased with both the initial water content and the forming 
pressure (Figure 24.1). The unit weight increased with the forming pressure because 
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higher forming pressure resulted in denser structure of GMU. However, this was 
true only up to a certain level because at too high a forming pressure, the water (i.e., 
the alkaline solution) was squeezed out of the matrix. The unit weight increased 
with the initial water content because higher water content meant a larger amount 
of NaOH at the same NaOH concentration. 
 Water absorption is an important criterion in many standards and is dependent 
on the microstructure and permeability of GMU. It can also be an indicator of the 
degree of geopolymerization because higher degree of geopolymerization generates 
larger amount of geopolymer gel and leads to denser microstructure and consequently 
lower water absorption. GMUs with lower water absorption tend to be more durable 
in harsh environments because corrosive chemicals are less likely to penetrate into 
the material due to the smaller pore size. The ASTM standards present different 
maximum limits on water absorption for various applications of bricks, ranging from 
8% for pedestrian and light traffic paving bricks to 25% for wall tiles. Ahmari and 
Zhang (2012) showed that the MT-based GMU prepared at 16% water content and 
different forming pressures exhibited water absorption of less than 5%. The increase 
in the GMU’s weight due to water absorption continued for about 4 days and then 
became negligible (Figure 24.2). 
 Freidin (2007) found that FA-based GMU without hydrophobic additives 
exhibited water absorption of 25% within 1 day while the addition of hydrophobic 
agent decreased the ultimate water absorption to less than 10%, which was reached 
after about one week. Mohsen and Mostafa (2010) studied GMU produced from 
low kaolinitic clays which were calcined at 700°C for 2 h. They used NaOH and 
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Figure 24.1 Bulk unit weight versus forming pressure for specimens prepared at different 
initial moisture contents and 15 m NaOH and cured at 90°C for 7 days (reprinted from Ahmari 
and Zhang, 2012, Copyright © 2012, with permission from Elsevier).
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a mixture of NaOH and SS as alkali activator. They reported that all specimens 
exhibited water absorption less than 17%, which is the minimum requirement for 
load-bearing masonry units according to ASTM C90. The specimens prepared with 
only NaOH exhibited higher water absorption than those prepared with NaOH 
and SS. This was because the specimens prepared with NaOH and SS showed a 
denser microstructure as indicated by SEM micrographs. The formation of a denser 
microstructure and thus the improvement of physical properties due to the addition 
of SS are because SS contains soluble silica species which facilitate the dissolution 
of alumina from the solid source material and thus promote the geopolymerization 
(Ahmari et al., 2012b).
 GMUs have higher humidity retention capacity than conventional MUs due 
to their pore size distribution. This makes GMU a good option for cooling 
applications in high temperature climates (Okada et al., 2009; Obonoyo et al., 2010). 
Excellent fire resistance, low shrinkage, low thermal expansion, and low thermal 
conductivity are other favorable characteristics of GMU. For example, GMUs have 
a thermal conductivity between 0.15 and 1 W/mK while conventional MUs have a  
thermal conductivity between 0.43 and 1.44 W/mK (Obonoyo et al., 2011). Cheng 
and Chiu (2002) measured the physical properties of FS-based geopolymer prepared 
with potassium hydroxide (KOH) and SS. The results indicated that the porosity 
of the geopolymer binder varied between 28.3 and 35.6%. To measure the fire 
resistance, a 10 mm thick geopolymer panel was exposed to 1100°C on one side and 
the temperature on the other side was measured after 35 min. By adding metakaolin, 
the fire resistance of the FS-based geopolymer was improved, with the measured 
temperature decreased from 350°C to 250°C. So a combination of different source 
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materials is an effective way to improve the properties of geopolymer products 
by providing the favorable characteristics from each source material. This can be 
further seen from the improvement of mechanical properties and durability of GMU 
discussed in the next sections.

24.4 Mechanical properties of alkali-activated masonry 
units 

Unconfined compressive strength (UCS) is the most commonly used mechanical 
property to describe the strength of GMU. It is a macro-scale property which is 
strongly dependent on the micro and nano-scale properties of geopolymer binders. 
The micro and nano-scale properties can be controlled by adjusting the factors that 
affect the geopolymerization process. The most important factors that affect the 
mechanical properties of geopolymers are degree of amorphicity of solid material, 
alkali type and concentration, Si/Al and Na/Al ratios, and curing time and temperature 
(Duxson et al., 2007; Dimas et al., 2009). 
 In the geopolymerization process, the amorphous phase of the source material 
mainly participates in the chemical reaction while the crystalline phase might only 
partially react to the activation solution. Quartz (SiO2) is the most abundant mineral 
of silica, which exists in most of the earth materials. However, it is one of the most 
stable minerals and usually remains unreacted during geopolymerization. Many 
researchers use a mixture of NaOH and SS as the activation solution because SS 
contains soluble silica units that can be immediately available for reaction. Ahmari 
et al. (2012b) showed that the addition of SS to NaOH substantially increased the 
UCS of MT-based geopolymer. They argued that there is an optimum SiO2/Na2O ratio 
of about 1–1.2 at which the highest UCS can be obtained. Similarly, the optimum 
SiO2/Na2O ratio for other types of source materials such as FS, FA and MK, as stated 
earlier, is between 1 and 1.5 (Ahmari et al., 2012b). Freidin (2007) showed that the 
UCS of FA-based GMU cured at room temperature increased from about 2 MPa to 
16 MPa when the amount of SS increased from 10 to 30% (by weight of the solid 
phase). However, addition of SS beyond the optimum level will lead to decrease of 
UCS because it prevents evaporation of water and formation of geopolymeric binder 
by precipitation of the Si-Al phase in the contact between the solid material and the 
activating solution (Cheng and Chiu, 2002; Lee and van Deventer, 2002). 
 The concentration of activation solution is important because at higher NaOH or 
KOH concentration more silica and alumina can be dissolved from the surface of 
solid materials. Zhang et al. (2011) reported that the UCS of geopolymer based on 
50% MT and 50% FA cured at 60°C for 7 days increased from approximately 3 MPa 
to over 12 MPa when the NaOH concentration went from 5 m to 15 m. Figure 24.3 
shows the SEM micrographs of geopolymer prepared from a mixture of 50% FA and 
50% MT at different NaOH concentrations. It is evident that a denser microstructure 
is created when the concentration is higher. 
 The Si/Al ratio also affects the mechanical properties of geopolymer. It is noted 
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Figure 24.3 SEM micrographs of geopolymer prepared with 50% FA and 50% MT, after 
7 days’ curing, and at (a) 5 m and (b) 15 m NaOH (FA = fly ash, MT = mine tailings, and 
GP = geopolymer) (reprinted from Zhang et al., 2011, Copyright © 2011, with permission 
from Elsevier).
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that the Si/Al ratio of geopolymer generated is not necessarily the same as the initial 
Si/Al ratio of the solid source material because some of the silicates such as quartz are 
crystalline and do not take part in the reaction. For example, Ahmari et al. (2012a) 
reported that the MT they used had a Si/Al ratio of 7.78 but the Si/Al ratio of the 
geopolymer binder after hardening was much lower. If the Si/Al ratio of the source 
material is far from the optimum one, it can be adjusted by adding other types of 
source materials. This is the reason that by adding FA to MT or WCF, the UCS of 
geopolymer increases (Zhang et al., 2011; Ahmari et al., 2012a). As for the Na/
Al ratio, the optimum value is close to 1 because sodium cations serve as charge 
balancing for alumina species and extra sodium will remain un-reacted and increase 
the pH of pore water. 
 The curing temperature has a great effect on the mechanical properties of 
geopolymer. Table 24.1 indicates that optimum curing temperature depends on the 
concentration of the activation solution and the reactivity of the source material. 
For example, FA has a lower optimum curing temperature than MT. Figure 24.4 
shows the relationship between UCS and curing temperature for MT-based GMU 
prepared at 12% initial water content and 25 MPa forming pressure and cured for 
7 days. The optimum curing temperature for MT-based GMU is about 90°C. This 
temperature is considerably lower than the kiln firing temperature for regular bricks. 
The curing time is also important for GMU; but since geopolymer gains most of 
its ultimate strength much faster than OPC, the curing time beyond a certain limit 
becomes insignificant. For example, the MT/FA-based geopolymer prepared with 
only NaOH gains its ultimate strength within 7 days (Zhang et al., 2011). Mathew 
et al. (2013) studied GMU based on mixture of FA, granulated blast furnace slag, 
and bottom ash activated with NaOH and SS solution and cured at room temperature. 
Since curing at room temperature was relatively slow, the specimens kept gaining 
strength until 28 days.
 The factors discussed above not only affect the mechanical properties of GMU 
but also other geopolymer products such as geopolymer concrete. The other two 
factors, initial water content and forming pressure, however, are more related to 

Table 24.1 Summary of optimum curing temperature reported in 
the literature

Source material Optimum curing 
temperature (°C)

NaOH 
concentration (m)

Reference

Metakaolin
Natural zeolite
Glass cullet
Class C fly ash
Class F fly ash
Class F fly ash
MT
MT

35
40
40
60
75
80
75
90

4.3
7
5–10
8.1
7.5
7
5 and 10
15

Yao et al. (2009)
Villa et al. (2010)
Cyr et al. (2012)
Guo et al. (2010)
Sindhunata et al. (2006)
Hou et al. (2009)
Ahmari et al. (2012b)
Ahmari et al. (2012b)

Source: Revised from Ahmari et al., 2012b, with kind permission from Springer Science and Business Media.
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GMU. The mechanical (and also physical) properties of GMU can vary significantly 
if the water content and forming pressure change. With a higher forming pressure, a 
greater UCS value is expected since the higher forming pressure packs the particles 
into a denser matrix. However, the forming pressure alone is not enough to improve 
the strength of GMU because sufficient amount of binder must exist to bind the 
packed particles to each another. There is a limit on the level of forming pressure 
because too high a forming pressure may lead to a significantly heavy GMU and, 
more importantly, the activation solution will be squeezed out of the matrix and 
the geopolymerization will be adversely affected. As shown in Figure 24.5, the 
UCS increases with higher forming pressure but the rate of increase becomes lower 
as the forming pressure increases. When the forming pressure is high enough, the 
UCS of MT-based GMU with initial water content greater than 10% decreases. 
The studies by Freidin (2007) on FA-based GMU also indicate that the forming 
pressure increases the UCS but the effect becomes smaller at higher forming 
pressure (Figure 24.6). The effect of water content on the UCS of GMU seems more 
noticeable than that of forming pressure. Sufficient amount of water is required 
for the formation of geopolymer binder linking the un-reacted or partially reacted 
particles. However, too much water leads to porous structure and consequently lower 
UCS. Zivica et al. (2011) produced GMU from MK at 8% water content and 300 
MPa forming pressure. A UCS of 146.6 MPa was obtained. They argued that the 
high densification and the low water content accounted for such a high compressive  
strength. 
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Figure 24.4 UCS versus curing temperature for GMU specimens prepared at 12% initial water 
content, 25 MPa forming pressure, and respectively 10 and 15 m NaOH concentrations (reprinted 
from Ahmari and Zhang, 2012, Copyright © 2012, with permission from Elsevier).
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24.5 Durability of alkali-activated masonry units 

The durability of GMU consists of the performance and resistance against different 
environmental impacts including freeze-thaw resistance and resistance to aggressive 
environments, which are discussed below.
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Figure 24.5 UCS versus forming pressure for MT-based GMU specimens prepared at different 
initial water contents and 15 m NaOH concentration and cured for 7 days at 90°C (reprinted 
from Ahmari and Zhang, 2012, Copyright © 2012, with permission from Elsevier).
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24.5.1 Freeze-thaw resistance

Freeze-thaw resistance is important in geographic locations where temperature may 
reach below zero. So far, however, very few researchers have studied the freeze-
thaw resistance of GMU. Liu and van Engelenhoven (2009) modified the method in 
ASTM C67 specifically for evaluating the freeze-thaw resistance of fired clay bricks 
in order to study the freeze-thaw resistance of FA bricks. For example, ASTM C67 
requires drying bricks at 110–115°C in the test, which does not affect fired clay 
bricks but it may change the properties of FA bricks. The tests indicated that the 
modified test yielded more meaningful and conservative results. 
 Liu et al. (2005) investigated different ways to enhance the freeze-thaw resistance 
of FA bricks, including using greater FA-to-water ratio, adding a small amount of 
fiber to FA before compaction, adding cement or lime to FA before compaction, using 
certain liquid sealants to coat the bricks, using higher forming pressure to produce 
denser bricks, increasing curing time, using a split mold in order to prevent tensile 
cracking when demolding with the regular process, and using air entrainment agent. 
They found that some of these methods, such as using optimum FA to water ratio, 
using higher forming pressure, increasing curing time, and adding Portland cement, 
increased the UCS of the bricks but were not effective in improving the freeze-thaw 
resistance. The reason is that these methods enhance the compressive strength of 
the FA bricks but the freeze-thaw resistance is closely related to the resistance to 
crack formation due to tensile stresses (Liu et al., 2005). Addition of air entrainment 
agent was the most effective method for enhancing the freeze-thaw resistance of FA 
bricks, which is the method commonly used for OPC concrete. The study showed 
that addition of only 0.2% air entrainment agent (by weight) increased the freeze-
thaw cycles from less than 40 to more than 50. The most recent study in the senior 
author’s lab also indicates that addition of air entrainment agent can enhance the 
freeze-thaw resistance of MT-based GMU.
 Majrzak et al. (2007) tested different properties including durability of FA bricks 
after addition of cenosphere. Cenosphere is a powdered material derived from FA 
of coal-fired power plants. It has light weight and consists of small hollow spheres 
filled with inert gas. Its specific gravity ranges between 0.4 and 0.8. Bricks containing 
0–20% cenosphere were tested to study the feasibility of reducing weight and 
improving freeze-thaw resistance of bricks. The results indicated that addition of 
10% cenosphere increased the freeze-thaw resistance cycles from slightly less than 
60 to over 120. 

24.5.2 Water and chemical resistance

The acid resistance of geopolymer binder has been studied by a number of researchers 
(Sindhunata et al., 2006; Bakharev, 2005; Temuujin et al., 2011). The results show 
better performance of geopolymer binder than OPC in corrosive environment. 
Bakharev (2005) investigated the durability of geopolymer in acidic condition 
and reported strength loss due to depolymerization of geopolymer gel. He used 
FA-based geopolymer prepared with NaOH, SS, and mixture of NaOH and KOH, 
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respectively. The specimen activated with mixture of NaOH and KOH exhibited 
the best durability in 5% acetic acid after 6 months (38.3% strength loss) while 
OPC lost 90% of its strength. The specimen activated with only NaOH had the best 
durability in 5% sulfuric acid solution with only 17.5% strength loss while OPC 
deteriorated completely. Temuujin et al. (2011) reported approximately 80 and 90% 
weight loss and 20 and 30% reduction in UCS for FA-based geopolymer immersed 
respectively in 18% HCl and 14 m NaOH solutions for 5 days. It appears that the 
durability of geopolymer in harsh environment depends on the type of acid or base 
and the condition at which the geopolymer is prepared. 
 Durability of MT-based GMU was studied by Ahmari and Zhang (2013b). Their 
study indicated substantial strength loss after immersion in neutral water and nitric 
acid at pH 4.0. They reported respectively 59.3% and 53.3% strength loss at pH 4 
and 7 for the GMU prepared with 12% water content and 25 MPa forming pressure 
while 78.4% and 75.2% strength loss at pH 4 and 7 for the specimen prepared at 
16% water content and 0.5 MPa forming pressure. The durability of MT-based GMU 
can be enhanced by adding up to 10% CKD (Ahmari and Zhang, 2013a). This is 
mainly due to the formation of calcium carbonate which has very low solubility in 
water and alkaline condition. Freidin (2007) also reported substantial strength loss 
on NaOH and SS-activated FA-based GMU after immersion in water. Silva et al. 
(2012) studied the stability of calcined tungsten MT-based geopolymer immersed in 
water and reported disintegration after a certain period of time mainly due to partial 
geopolymerization. 

24.6 Summary and future trends 

Geopolymer binder has been proven to possess excellent physical and mechanical 
properties and durability. Different applications of geopolymer binders, such as 
concrete, coating material, and masonry units, have been studied. Study of GMU 
from different types of waste materials indicates that GMU is a superior replacement 
for regular MU, especially considering the environmental impacts of solid wastes 
and the sustainability issues related to usage of natural materials and energy. For 
wide application of GMU, the major issue is the transition from research stage to 
commercialization. GMU standardization and public education are the main steps to 
achieve this goal. Further research is also needed to study the long-term durability 
of GMU and the environmental and economic benefits of utilizing waste materials 
to produce GMU. 
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25.1 Introduction

Concrete accounts for 5–8% of total anthropogenic CO2 emissions and 95% of the 
CO2 is produced during the fabrication of cement (Huntzinger and Eatmon, 2009; 
Worrell et al., 2009). Half of it is released by the decarbonation of the limestone 
during cement fabrication. Furthermore, the rapid urban development in emerging 
countries will push forward the cement demand and recent studies estimate that cement 
production could represent 10–15% of global CO2 emissions by 2020 (Szabó et al., 
2006). Thus there is an urgent need for more environmentally friendly, economically 
viable and socially relevant cement.
 Since the 1980s and the development of superplasticizers (Flatt, 2004; Flatt et al., 
2012), and later with the detailed understanding of packing optimization, concrete 
mix design has changed drastically. Tailored concrete mix design allows for the 
appropriate amount of cement for the required strength and durability. A better 
understanding of colloidal interaction between particles (Kovler and Roussel, 2011) 
and knowledge transfer from the fundamental physics of grain and colloids to civil 
engineers (Yammine et al., 2008) have permitted a further reduction in the amount of 
cement in concrete. These measures allow a significant reduction of CO2 emissions. 
However, due to growth of consumption, especially in developing countries, it is 
difficult to imagine a CO2 reduction in accordance with the Intergovernmental Panel 
on Climate Change (IPCC) recommendations. Overall, it can be expected that these 
technological improvements will reduce CO2 emissions by a factor of two (Habert 
et al., 2010), which is far from the fourfold reduction objectives of the IPCC. 
Alternative cements are therefore crucially needed. 
 Alkali-activated cements and concretes (AACC) are another promising alternative. 
As explained in more detail in the previous chapters, AACC are binders formed by 
the alkali activation of aluminosilicate sources which can be a natural or a synthetic 
material, or an industrial waste (Davidovits, 1991; Duxson et al., 2007a). They 
are commonly called geopolymers. To evaluate the environmental impact of these 
alternatives on a standard concrete, life cycle assessment (LCA) is the best tool 
available. LCA, also known as the ‘cradle to grave’ approach, is an international 
normalized approach, used in universities, research centre and industries (ISO 
14040, 2006). We have found five published life cycle assessments of AACC, and 
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they give conflicting results. The objective of this chapter is then to provide an 
understanding of the current results of LCAs on AACC and highlight further points 
of research. After a brief presentation of the LCA methodology and the review of 
the recent papers published on this subject, we propose a methodology to more 
accurately compare geopolymeric products to cementitious materials. After reviewing 
an extensive number of publications, this method is applied to the set providing a 
reference standard concrete. We discuss the critical points to be resolved to improve 
the conclusions from LCA of AACC and finally the future trends are presented. 

25.2 Literature review

25.2.1 LCA methodology

The LCA methodology evaluates the potential environmental impact of materials, 
products and technology. The LCA procedure was normalized in international standards 
in the series 14040. The life cycle is defined as the ‘consecutive and interlinked 
stages of a product system, from raw materials acquisition or generation from natural 
resources to final disposition’ (ISO 14040, 2006). The life cycle assessment is the 
‘compilation and evaluation of the inputs, outputs and the potential environmental 
impacts of a product system throughout its lifecycle’. It has four main stages: goal 
and scope definition, inventory analysis, impact assessment and interpretation (Figure 
25.1) (DIN, 2006).
 The LCA starts by defining the goal, scope, the needs and the targeted audience. 
Generally, the LCA method focuses either on describing the environmentally relevant 
physical flows to and from the studied system (attributional), or on describing 
how environmentally relevant flows will change in response to a future decision 
(consequential). To effectively achieve the goal of the study, the critical point is therefore 
to define accurately the boundaries of the system studied as well as the functions 

Life cycle assessment framework

Interpretation

Goal and scope 
definition

Inventory
analysis

Impact
assessment

Figure 25.1 Life cycle assessment (LCA) framework. 
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that will be assessed. The functional unit refers to the ‘quantified performance of a 
product system for use as a reference unit’ (3.20, ISO 14040:2006). The quantitative 
description should include the service performance, or needs fulfilled, of the product 
studied (Rebitzer et al., 2004). The functional unit is often a small unit that can be 
extended in time and space according to the emission inventory (Finnveden et al., 
2009). Although LCA originally aimed at considering every stage of the product’s 
life cycle (cradle to grave), many studies terminate at an intermediate stage (cradle 
to gate, or gate to gate). Partial analyses are useful for civil engineering materials 
like concrete, because concrete can be included in end-products having different life 
cycles. As we know, 1 m3 of concrete can be used in a structure, a wall, a bridge, or 
a road. Therefore, it is of definite interest to have quantified environmental impacts 
by providing results for 1 m3 of concrete. The use of these data for the construction 
sector when compared to other materials such as wood or bricks has to be made with 
great care as the material with the lowest environmental impact per unit of volume 
(or mass) is not necessarily the one that will have the lowest environmental impact 
once integrated in a structure over its service life (Purnell, 2011). 
 Once the functional unit is defined, the second step is the inventory analysis. This 
means collecting and validating the data, calculating, and allocating the inputs and 
outputs. Collecting data is the most time-intensive stage of an LCA. The data quality 
depends on the access to manufacturer data, regional inventory databases, literature, 
estimates and judgments of the researchers. At the world level the Ecoinvent database 
is the largest and most complete database for life cycle inventory, but other databases 
such as the one integrated in the GaBi software are also often commonly used. 
Furthermore, a growing number of regional and national databases are emerging that 
can facilitate data collection (Finnveden et al., 2009) even if very careful attention 
must be paid when combining databases (Lasvaux et al., 2014). 
 The third step is the impact assessment which provides quantified information on 
the environmental impact of the studied products or process. While it is understood 
that an LCA cannot consider every impact, researchers from various domains have 
made huge efforts to develop indicators for the different impact categories. The 
reader is referred to Pennington et al. (2004) for background on the development 
of such indicators. In LCA, when a process produces more than one product, the 
environmental impact of this process needs to be allocated between the product 
and the by-product. If the by-product can be considered as waste, all impacts are 
allocated to the main product, but if this by-product can be considered a co-product 
of the process, then environmental impacts have to be shared between the main and 
co-products. Allocation can be done by mass or any other physical characteristic 
(e.g., energy). When no physical characteristic is relevant, then allocation can be 
done by a non-physical one (e.g., economic value).
 The last step is the discussion of the implications of the life cycle assessment. This 
involves the identification of significant issues, their evaluation (check of completeness, 
sensitivity, consistency, etc.), conclusions, and limitations and recommendations. 
Finally, the uncertainty in an LCA can be tested by a large number of statistical 
methods: parameter variation and scenario analysis, classical frequentist theory-based 
hypothesis testing and parameter distributions, Monte Carlo simulations, analytical 
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methods based on first order propagation, non-parametric statistics (Bayesian and 
fuzzy set theory), and qualitative uncertainty methods based on quality indicators 
(Finnveden et al., 2009). However, most LCA studies do not explicitly describe the 
uncertainties. 

25.2.2 Life cycle assessment of alkali-activated cements and 
concretes

The environmental impact of geopolymers remains a recent open debate, especially 
since they are presented as an alternative to conventional concrete. Initially, Duxson 
et al. (2007b) claimed that the CO2 emissions from geopolymer production were much 
lower than ordinary Portland cement (OPC) production. However, in their analysis, 
they considered only geopolymers synthesized from ashes and slags, where the high 
temperature calcination step is not required. Such geopolymers are waste from the 
coal power or iron refining industries and therefore do not negatively impact the 
CO2 balance. On the other hand, the calcination of the cement clinker consumes a 
large quantity of fossil fuel energy and releases additional CO2 through the reaction. 
In geopolymers, the principal emitting component is the dissolved solids (Na2O + 
SiO2) in the activating solution. Thus, the first estimation of CO2 equivalent emission 
reduction was presented as a function of the binder phase with the primary driver 
being derived from dissolved sodium and silica, and it showed that geopolymer 
production can reduce emissions by 80%. The two additional environmental benefits 
mentioned were the reduction of water usage and no requirement for superplasticizer 
admixtures. This first assessment did not discuss the impact of the production of the 
industrial waste, such as fly ash and ground blast furnace slag, which are also not 
accessible materials for all countries (e.g., Europe) (Habert, 2013). Furthermore recent 
publications contradict the conclusions of the first LCA of AACC. The methodology 
and conclusions of the more recent LCAs are summarized in Table 25.1.
 The first LCA of geopolymers was published by Weil et al. in 2009. Comparison 
was made between 1 m3 of freeze-thaw-resistant concrete of exposition class XF2 and 
XF4 according to DIN EN 206-1/DIN 1045-4 (CEM I 32.5R) and 1 m3 of geopolymer 
with a slag/fly ash ratio of approximately 80:20 cured at room temperature. The LCA 
considered three impact categories: abiotic depletion potential (ADP), global warming 
potential (GWP) and cumulative energy demand (CED). Geopolymer outperformed 
CEM I concrete in the global warming potential by a factor 3, while it had a similar 
impact on the depletion of resources and energy use. 
 Habert et al. (2011) showed, however, that the production of geopolymer concrete 
has a higher environmental impact in other impact categories than global warming 
due to the production of sodium silicate solution. Ten environmental indicators 
were considered: abiotic depletion, global warming, ozone layer depletion, fresh 
and marine water ecotoxicity, terrestrial ecotoxicity, human toxicity, eutrophication, 
acidification and photochemical oxidation. Less sodium silicate solution is required in 
the activation of fly ash and ground blast furnace slag as compared to metakaolin-based 
geopolymers, but when the impacts are allocated as a by-product of production, the 
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Table 25.1 Comparison of recent articles on the life cycle 
assessment of geopolymers

References Weil et al. 
2009

Habert 
et al., 2011

McLellan 
et al., 2011

Turner and 
Collins, 2013

Yang et al., 
2013

Functional 
unit

1 m3 of 
compliant 
concrete

1 m3 of 
concrete with 
a mix design

1 m3 
concrete

1 m3 
concrete of 
40 MPa

1 m3 
concrete of 
24, 40, 70 
MPa

System 
boundaries

Cradle to 
gate

Cradle to 
gate

Cradle to 
gate

Cradle to 
construction 

Cradle 
to pre-
construction

Reference 
OPC

Freeze-thaw-
resistant 
concrete 
according 
to DIN EN 
206-1/DIN 
1045-4

Equivalent 
mechanical 
strength 

100% OPC 
(2); OPC 
and slag (2); 
OPC and FA 
(2)

1 OPC 100% OPC 
(3); OPC + 
SCM (3)

Number of 
geopolymers

1 hybrid: 
slag/fly ash 
ratio 80:20 
cured, room 
cure

FA (8 ref, 
48 mixes), 
GBFS (4 ref, 
12 mixes), 
MK (4 ref, 
17 mixes)

FA (4) FA (1) AA GGBS 
(3), AA FA 
(3), AA MK 
(1) 

Data source Ecoinvent, 
literature, 
industry 

Ecoinvent, 
literature, 
industry 

Literature, 
calculation

Industry and 
Australia 
government

Korea LCI 
Database 
Information 
Network, 
Japanese 
database

Data quality Very good to 
adequate

Good, but 
lack control 
for MK

Improvement 
needed on 
MK

Good Good

Allocation No, mass, 
economic

Impact 
considered

3 indicators: 
ADP, GWP, 
CED 

10 indicators Energy, 
greenhouse 
emissions 
and cost

CO2 footprint CO2 footprint

Conclusion Improvement 
on GWP, 
but similar 
impact on 
ADP and 
CED

Higher 
impacts 
in other 
category 
than global 
warming

Results 
depend on 
the transport 
distance

Small 
improvement 
when taking 
into account 
the process

Favourable to 
geopolymers

Note: OPC: ordinary Portland cement; AA: alkali-activated; SCM: supplementary cementitious materials; FA: fly 
ash; GBFS: ground blast furnace slag; MK: metakaolin; ADP: abiotic depletion potential; GWP: global warming 
potential; CED: cumulative energy demand.
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impact on global warming is comparable to that of standard concrete. The strength 
of this chapter is to maintain a broad definition of the functional unit of 1 m3 of 
concrete with a given compressive strength in the hardened state, which allowed a 
comparison with a wide number of studies. The comparison between AACC is possible 
based on an equivalent mechanical strength taking into account the description in the 
Feret equation, explained in more detail in the next section. It was then possible to 
reanalyse a large number of published geopolymer mixes (fly ash (FA): 48 mixes; 
ground blast furnace slag (GBFS): 12 mixes; metakaolin (MK): 17 mixes). 
 McLellan et al. (2011) presented the variation in financial and environmental cost 
of geopolymers depending on the source of the materials and energy, and the mode 
and distance of transportation, especially for Australia. The three readily quantifiable 
metrics were energy (direct fuel and electricity usage), greenhouse gas emissions 
and cost. Transportation was taken into account at every stage of the life cycle. 
The functional unit was 1 kg/m3 to compare the input of cement and geopolymer 
concrete. There was no information on the exact mechanical strength of the mixes 
and the selected ones were chosen from studies published in conference proceedings 
that are not necessarily easy to consult. The study highlighted the variability of the 
impact depending on the source of energy and the technology to produce the reagent. 
It provided good recommendations, which will be discussed later in this chapter. 
 Turner and Collins (2013) also showed that the CO2 footprint reduction of 
geopolymer is less than expected when the mining, treatment and transport of raw 
materials and energy to manufacture the alkali activators and the curing temperature 
used to achieve reasonable strength are taken into account. The functional unit was 
defined as the CO2 emitted to produce 1 m3 of concrete. The calculation of the CO2 
emissions was based on the quantity of fuel combusted, the energy content and the 
GWP of the specific fuel, provided by Australian national guidelines. The assumptions 
of the study were the production of 1 m3 of concrete with a compressive strength 
of 40 MPa, production of sodium hydroxide in Australia, use of sodium silicate 
with a weight ratio of less than 2.4 and no CO2 offset due to carbonation. The 
CO2 improvement of geopolymer as compared with OPC was only 9%. The main 
contributors were, in decreasing order: sodium silicate, curing, sodium hydroxide 
and fly ash. 
 Recently, based on their own CO2 emissions procedure, Yang et al. (2013) found 
that the contribution of the binder is greater in OPC concrete, while the contribution 
of aggregate transportation is more critical in AAC concrete. The strength of this 
study is that they provided a reference OPC of three mechanical strengths (24, 40 and 
70 MPa) and geopolymer mixes of the corresponding same strength, but the binder 
content was not consistent. They recognized that the increase of CO2 emissions of 
the concrete with compressive strength was more significant in OPC concrete than 
AA concrete. This article supports the conclusion that the relative reduction of 
the CO2 emissions by AAC as compared to OPC concrete ranged between 55 and 
75%, depending on the type, concentration and dosage of the alkali activators. The 
CO2 emissions were weighted according to the volume of the constituents in the 
mixture. 
 These recent LCA studies agree on the fact that the comparison between AACC 
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and OPC concrete requires a detailed approach. All studies were based on a functional 
unit of 1 m3 of concrete. The main reference data on the sodium silicate solution 
referred to in the articles of Habert, McLellen and Turner remain those published in 
the study by Fawer et al. (1999). This dataset might not be representative of today’s 
production technologies, since it is based on data provided 20 years ago. This is a 
critical point to resolve, because the impact of the sodium silicate solution has a 
significant impact on the final environmental assessment of AACC. New updated 
data on the environmental impact of the sodium silicate solution are therefore  
needed. 
 These recent studies also highlight different aspects: Habert shows the importance of 
other impact categories, Turner and Collins take into account the additional intermediate 
steps of processing, McLellan et al. consider the financial and environmental costs 
depending on the sources and the transport distance, and similarly Yang shows the 
impact of the aggregate transport. Most studies do not provide optimistic results on 
geopolymers as a viable alternative to cement concrete. Only the results by Yang 
are promising; the local transport distances are also reduced in South Korea, as 
compared to Australia. The alkaline activation is better optimized in its quantity in 
the Korean study, but the cement content of the concrete is high for the resulting 
compressive strength (i.e., 479 kg OPC in 1 m3 of 40 MPa concrete). With these 
conflicting results, it is difficult to know how to compare concrete mixes. We must 
therefore go back to the theory of concrete to define a meaningful functional unit 
and revise the LCA methodology for alkali-activated cement and concrete. 

25.3 Development of a unified method to compare 
alkali-activated binders with cementitious materials

A functional unit is required to compare two products. As the environmental impact 
of cement-based concrete is mainly by the amount of cement used, it is important 
to have a reliable method to calculate the amount of cement necessary to provide 
the same strength as the alkali-activated concrete. In this section, we will present 
a new method for a reliable comparison based on physical parameters controlling 
the concrete strength. 

25.3.1 Theory on the compressive strength of cement-based 
concrete

In concrete technology and industry, it is known that the ingredients for a bad 
concrete are exactly the same as for a good concrete. It is the relative proportions 
that matter. Furthermore, since Feret, Bolomey or Abrams, it has been established 
that the compressive strength depends mainly on the water-to-cement ratio (w/c) 
and not so much on the specific amount of cement used in 1 m3. The advantage of 
the Feret equation is that the mathematical form can be physically justified and can 
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be extrapolated (de Larrard, 1999). The Feret equation relates the cement content 
to the compressive strength:
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where fc is the compressive strength, K is a parameter that characterizes the aggregates 
quality, Rc28 is the specific mechanical strength of cement (set to 52.5 MPa in this 
study), Vcement is the volume of cement and Vpaste is the volume of paste which 
includes air, water and cement. Secondary order parameters have been established 
since then, such as the maximum paste thickness (de Larrard, 1999), but as a first 
approximation and due to the relative lack of detailed data on the concrete studied in 
the reviewed papers, this equation was selected to calculate the appropriate amount 
of cement needed. 

25.3.2 Method description

We propose that in order to calculate the appropriate amount of cement needed to 
provide the same strength as the studied geopolymer, one needs to use the same amount 
of binder paste in both concretes (i.e., ordinary Portland cement and alkali-activated 
concrete). As a consequence, in Eq. (25.1), we use the compressive strength fc and 
the paste volume of the geopolymer concrete. Furthermore, we need to calculate 
appropriate values for K relative to the standard OPC concrete formulation, preferably 
coming from the same studies as the alkali-activated binder. Once K is calculated, 
it is easy to calculate the OPC volume needed in an OPC concrete with the same 
amount of paste as well as the same compressive strength as the geopolymer concrete 
studied. Details of the procedure are given in four steps.

1. Calculate the K constant in the Feret equation according to the mix design: 
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 where fc is the compressive strength of the OPC concrete at 28 days, Rc28
 is the ISO 

strength of the cement at 28 days, Vc is the volume of the cement, Vw is the volume of 
the water and Va is the volume of the air. The volumes are determined from the mass of 
the constituents and their respective density. 

2. Calculate the volume of the cement equivalent to the geopolymer concrete according to:
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(25.3)

 where Vceq
 is the volume of the cement equivalent, V ¢ag is the volume of the coarse and 

fine aggregates in the geopolymer concrete and f ¢c is its compressive strength. K was 



Life cycle assessment (LCA) of alkali-activated cements and concretes 671

calculated in the previous step and Rc28
 is the known resistance of the cement. The term 

(1000 – Vag) is actually the volume of the paste in the alkali-activated concrete. 
3. Calculate the mass of cement. The mass of cement is determined according to the specific 

density, here taken to be 3.15.
4. Calculate the global warming potential of the equivalent concrete according to the relevant 

impact factors. 

25.3.3 Impact factors

The Ecoinvent database v2 was the source of data for this analysis of the literature 
and the impact factors are given in Table 25.2. The ground blast furnace slag, fly 
ash and silica fume were considered as reused waste from other industries, thus the 
impacts were not allocated to these by-products of production and their impact was 
reduced to the impact of their treatment (see further details in Chen et al., 2010). 

Table 25.2 Global warming potential of the 
constituents of a standard concrete and  
alkali-activated concrete

Constituents of concrete GWP
(kg CO2 eq)

Standard cement constituents

Ordinary Portland cement (OPC)
Superplasticizer
Coarse aggregates
Fine sand, aggregates
Free water

8.44 ¥ 10–1

7.49 ¥ 10–1

4.29 ¥ 10–3

2.40 ¥ 10–3

1.55 ¥ 10–4

Supplementary cementitious materials

Metakaolin
Limestone filler
Ground blast furnace slag
Fly ash
Kaolinite
Silica fume

9.24 ¥ 10–2

3.51 ¥ 10–2

1.69 ¥ 10–2

5.26 ¥ 10–3

2.93 ¥ 10–3

3.13 ¥ 10–4

Alkali-activators

Soda powder (caustic soda)
Sodium silicate (2.0 WR, spray powder) 
Sodium metasilicate pentahydrate
Sodium silicate (3.3 WR, 37% solids)
Phosphoric acid (1.2–1.6)
Ca(OH)2 – hydraulic lime

2.24 ¥ 100

1.76 ¥ 100

1.24 ¥ 100

1.14 ¥ 100

1.35 ¥ 100

4.16 ¥ 10–1
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25.3.4 Results of the reanalysis of the published data

The alkali-activated concrete mixes referred to in the published LCA articles were 
recalculated for cement equivalent according to the Feret equation in order to test 
if the recalculation makes a difference to the global warming potential (GWP). 
The results are presented in Figure 25.2; the x-axis represents the comparison 
between the geopolymer concrete and the reference OPC used in the article, while 
the y-axis represents the comparison between the geopolymer concrete and the 
recalculated OPC concrete with the Feret equation. Furthermore, as a very large 
amount of cement used today is not 100% OPC, but rather blended cement, we draw 
lines representing the GWP of the current state of concrete mixes, where 30% of 
supplementary cementitious materials (SCM) are currently used instead of clinker 
(Schneider et al., 2011), and the GWP of the best available technology already have 
50% SCM substitution for promising industrial applications, when considering that 
SCM have no impact (Habert and Roussel, 2009). With this figure, we see that the 
GWP potential calculated directly from the mix is highly correlated to the GWP 
calculated by our method based on cement equivalent. The choice of method does 
not change the results dramatically (Fig. 25.2), but our method ensures that the 
binder content in the mix has been optimized for its compressive strength. However, 
large variations between the CO2 equivalent of the provided standard concrete mix 
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Figure 25.2 Global warming potential (GWP) according to the provided reference concrete 
and according to the cement equivalent calculated with the Feret equation for the geopolymer 
mixes referenced in the LCA articles.
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and the recalculated mix according to the Feret equation can be seen in some cases, 
which highlights the difference between really innovative materials and a solution 
similar to current blended cements. 
 The comparison with a cement equivalent improves slightly the results published 
by Yang et al. (2013), which were already supportive of AACC. The improvement is 
more significant for the 40 MPa and 70 MPa concretes than for the concrete below 
40 MPa. The reference 24 MPa concrete contained too much OPC. The results 
departed from the equivalence line and show that, using the new calculations, the 
geopolymer mixes are more comparable to the standard blended cement solution. 
The recalculation does not improve the geopolymer reported in Turner and Collins 
(2013), which is in fact from Sumajouw et al. (2007). Although Habert et al. 
(2011) reported many studies, only three had reference cements with a known mix 
and mechanical strength, one being Sumajouw et al. (2007). The comparison with 
cement equivalent slightly improves the results from the AACC studied in Yang 
et al. (2008). The comparison increases the impact of the AACC mixes in Collins 
and Sanjayan (1999). 
 A second part of the study consists of using this method to compare new studies 
on AAC that directly compare AAC with OPC, not necessarily for environmental 
reasons but for other scientific purposes. Over two hundred articles have been 
published since 2011, and we selected five recent studies because they provided the 
detail of the mix for the reference OPC concrete to compare with the geopolymer 
concrete. These studies were not specifically designed to compare the environmental 
performance of geopolymer and OPC concrete. The studies are first explained and then 
the GWP impact from the given reference and recalculated concrete are discussed. 
 Chi (2012) studied the effect of alkali-activated solution and curing conditions 
on ground blast furnace slag (GBFS). Curing room at 80% RH and temperature 
of 60°C improved the properties and the durability, but we considered only the 
curing in air because it has a lower impact and the properties were still better than a 
normal concrete. The paper by Law et al. (2012) focused on the durability of alkali-
activated ground blast furnace slag (GGBS) concrete, blended concrete with GBFS 
as compared with OPC. The aggregates were kept constant for the total volume for 
all mixes. The alkali-activated slag concrete was prepared in terms of the activator 
modulus, Ms = SiO2/Na2O and an activator modulus ratio of 1.0 was recommended. 
The article by Shi et al. (2012) aimed to bridge two major gaps: production of a 
fly ash geopolymer concrete with superior chemical and mechanical properties and 
recycling of aggregate (RA) to reduce the problem of construction and demolition 
waste disposal. The compressive strength of geopolymeric recycled concrete 
(GRC) was significantly higher than the corresponding recycled aggregate concrete 
(RAC). The addition of RA reduced the compressive strength of RAC and GRC, 
and the influence was greater on the GRC. Pan et al. (2014) studied the mechanical 
properties of geopolymer at and after the exposure at 550°C to test the claim that 
geopolymers are fire resistant. The strength of the geopolymer increases by 192% at 
high temperature, while the OPC shows little change. However, they both had the 
same residual strength after the exposure to high temperature. The article by Yusuf 
et al. (2014) investigated two locally available pozzolanic solid waste, ultrafine palm 
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oil fuel ash (UPOFA) and ground blast furnace slag (GBFS) to make high strength 
alkaline-activated strength concrete. The aggregate volume was constant. 
 The articles provided a detailed geopolymer concrete mix and a reference OPC 
concrete and it was thus possible to recalculate the cement equivalent according 
to the Feret equation. It was then possible to compare the geopolymer mix to the 
provided concrete reference and the recalculated standard concrete corresponding 
to the given AAC. The results, presented in Figure 25.3, show that it is possible to 
make geopolymer more efficient than the best available concrete technology, while 
a number are still competitive with the current alternatives and a few mixes would 
need further improvement. The scientific efforts must continue to reduce the level 
of alkali activation to ensure the environmental performance. We now comment on 
the five articles from the point of view of the GWP of the mixes to understand how 
to improve mix design. 
 The geopolymer concrete mixes presented in the article by Chi (2012) were all 
better than the best available technology and confirm the significant environmental 
improvement that can be provided by using GBFS. In the article by Law et al. (2012), 
the mix with an activator modulus of 1.0 represents an improvement, while the two 
others are comparable with the best technology available. This article is supportive 
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Figure 25.3 Global warming potential (GWP) according to the provided reference concrete and 
according to the cement equivalent calculated with the Feret equation for recent geopolymer 
mixes for research purposes.
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of AACC and suggests that the activator modulus is effective at optimizing the 
activating solution. Regarding the study by Shi et al. (2012), the fly ash geopolymer 
was comparable with the current alternative available. Making the assumption that 
the impact of the recycled aggregate is the same as natural aggregate, the replacement 
did not represent an improvement. One would have to draw a system with larger 
boundaries including the construction industry to show the benefit of the recycled 
aggregate. In the study by Pan et al. (2014), the geopolymer was only an improvement 
of 30% to a traditional concrete, which is comparable to blended cement. The sodium 
silicate solution (spray powder) contributed to 80% of the impact. In the article by 
Yusuf et al. (2014), the higher strength alkali-activated concrete with both ultrafine 
palm fuel ash and ground blast furnace slag was in the range of the best alternative 
available. Using only the ultrafine palm fuel ash was in the range of the current 
blended cements. This article also shows the limit of the method proposed here. 
Ultrafine materials provide two improvements: compactability of granular skeleton 
as well as the facilitation of chemical reaction. The Feret equation (as used in our 
study) will be able to highlight only the chemical performance.

25.4 Discussion: implications for the life cycle 
assessment (LCA) methodology

With this current study and the few previous LCA studies made on geopolymer 
concrete, it seems clear that particular attention needs to be paid to the definition 
of the functional unit, the data quality and the impacts considered, in order to make 
an accurate environmental assessment of AACC.

25.4.1 Functional unit

This study highlights that focusing on a functional unit of 1 m3 of concrete with a 
given compressive strength in the solid state is not enough to compare alkali-activated 
concrete to standard concrete. We show that the volume of the paste must also be the 
same. It does not drastically change the results, but some particular mix comparisons 
can appear to be much less or much more interesting than initially suggested. Another 
aspect that can influence the outcome of an LCA is the system boundary. Yang et al. 
(2013) provided a complete assessment considering the emissions of the materials, 
transport from cradle to the building site, production and curing phases. In other 
cases, studies have been reduced to cradle to gate. In some specific case, especially 
when dealing with waste valorization, a larger system boundary can be needed as 
one of the advantages of AAC is that inorganic waste, which would otherwise have 
to be landfilled, can be used. For example, while magnesium iron slags (Zosin 
et al., 1998), ferronickel slags (Komnitsas et al., 2007) or tungsten mine waste mud 
(Pacheco-Torgal et al., 2007) are of little or no benefit in blended cement technology, 
they can be used successfully as geopolymeric binders.
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25.4.2 Data quality

The common result of all studies is that the sodium silicate solution is the greatest 
contributor to the CO2 emissions, representing nearly half of the total emissions, 
while the clinker represents two-thirds of the impact for standard concrete (Figure 
25.4). Furthermore, there is a consensus on the fact that the data on sodium silicate 
are hard to estimate. Turner and Collins (2013) found that manufacturers would 
not disclose the information on energy usage and emissions from their processes. 
Thus, most of the studies calculate the impact based on the comprehensive analysis 
summarized in a paper published by Fawer et al. (1999), which is based on the 
production year of 1995, 20 years ago. The process of production of sodium silicate 
must have improved since that time and the impacts are most probably reduced. 
The data on metakaolin also needs to be estimated, but it has less impact on the 
final result. The update on the sodium silicate data has the potential to change the 
outcome of the LCA of AACC. 
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Figure 25.4 Comparison of the CO2 emissions of concrete between a geopolymer and an 
OPC binder (reprinted from Turner and Collins, 2013, Copyright © 2013, with permission 
from Elsevier).

25.4.3 Environmental impacts

In most LCA of AACC, the only impact category is the equivalent CO2 emissions. 
Comparing AACC and OPC concrete only on the basis of the equivalent carbon 
emission does not provide a representative picture of the global impacts. Figure 25.5 
shows the environmental impact of geopolymers in the ten classic impact categories 
used in LCA, where 100% corresponds to the impact of OPC concrete. FA and 
GBFS geopolymers may be beneficial in term of GWP, but the impacts in the other 
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categories are clearly superior. It is, however, not easy with this calculation to know 
if the environmental impact for the other categories is of significant importance, even 
if it is higher than OPC concrete. For instance, we know that cement production 
represents more than 5% of the global anthropogenic CO2 emissions, but what is the 
contribution of cement production to the acidification of the freshwater ecotoxocity? 
If we consider GWP as an important impact, we then need to know the impact in 
other categories relative to GWP. 
 One method used in LCA is normalization. In this method, the impacts for the 
different categories are normalized by dividing them by the yearly impact of an average 
citizen, here a European citizen. The results of this normalization are presented in 
Figure 25.6. For the sake of clarity, the normalized impacts are then all compared 
to the GWP. 100% in one impact category means, then, that the contribution of 
the cement production to this category is almost equal to its contribution to the 
GWP. Results show that geopolymers have greater impacts in the categories of 
abiotic depletion, freshwater toxicity and marine toxicity. So if CO2 emissions is 
an important issue, these three categories of impact are even more sensitive and it 
becomes relevant to include them in the comparative assessment between OPC and 
geopolymer. It also shows that promoting geopolymers can induce a risk of pollution 
transfer. Since most of the impacts of the geopolymer are from the sodium silicate 
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Figure 25.5 Eco-profile of different geopolymer concrete types compared to OPC-based 
concretes. The pure OPC concrete binder is made exclusively with CEM I, whereas current 
concrete binder is on average prepared with 70% CEM I and 30% mineral addition (reprinted 
from Habert et al., 2011, Copyright © 2011, with permission from Elsevier).
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solution, revising the data on the sodium silicate is a priority in order to create a 
clear view on the life cycle assessment of alkali-activated cements and concretes. 

25.5 Future trends in alkali-activated mixtures: 
considerations on global warming potential (GWP)

The environmental assessment could turn in favour of alkali-activated mixtures. The 
transport of conventional concrete is optimized, which is not yet true for geopolymers. 
In areas where the cement would need to be transported for a longer distance and in 
a future scenario where cement becomes a scarcer resource, alkali-activated mixtures 
can be potentially more environmentally and economically effective. As pointed out 
by McLellan et al. (2011), if more cement is imported from the production centres 
to the users, the debate will be in favour of geopolymers because of the reduction in 
greenhouse gas emissions. However, the alkali solution still needs to be optimized 
on a more consistent basis, as recent studies showed that it was not always the 
case. It is essential for the environmental performance of alkali-activated binders in 
other categories than global warming. The use of GBFS and FA is only interesting 
when waste is reused from other industries. These waste materials are not available 
everywhere and their production is declining in Europe and other countries. 
 In this section, we would like to assess in detail alkali-activated mixtures or 
innovations that are not considered to be mainstream and therefore do not receive 
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an average European citizen, relative to the GWP of FA geopolymer.
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sufficient attention in many environmental impact studies, namely hybrid cements, 
one-part geopolymers and brick applications.

25.5.1 Hybrid cements

The first type of alternative to alkali-activated binders is the so-called hybrid cements. 
These cements are developed mainly by the Spanish group of Professor Palomo. 
The main underlying concept is that the clinker used in these binders provides a 
first and fast reaction that allows early strength but also provides heat to help the 
activation of fly ash and to quicken the polymerization reaction. To assess the 
environmental impact of these binders, we used the mixes detailed in Garcia-Lodeido 
et al. (2013). As they are not concrete or mortar mixes, but only paste, the proposed 
method developed earlier with the Feret equation cannot be applied and it needs to 
be adapted. Instead we used the general model for 28-day compressive strength of 
cement paste developed by de Larrard (1999):
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where fcp is the mechanical strength of the alkali-activated binder, Rc28 is the ISO 
strength of the cement, V¢c is the volume of the equivalent OPC cement, Vc is the 
volume of the alternative alkali-activated cement, Vw is the volume of the water, Va 
is the volume of the air. We solved for V¢c to find the cement equivalent. We find 
that the non-activated mix of OPC and fly ash represents 43% of an OPC binder. 
These mixes of cement and fly ash still have a 50% lower GWP than a standard 
cement. However, when taking into account the alkali activation, the GWP of the 
hybrid cement is 70% that of the OPC binder. This result is in the same range as 
the current blended cements. Clinker substitutions can be achieved by an improved 
packing optimization and a better adjuvantation, without activation. This technique 
of hybrid cement appears to be an interesting bridge between the classic clinker 
substitution technology and the still emerging alkali activation technology. It does 
not allow a complete breakthrough (which would be achieved with a 75% reduction 
rather than 50%), but it provides an opportunity for rapid practical implementation 
as norms can more easily be adapted for those binders than fully non-OPC binders. 
We note that a reduction of 75% relative to OPC is required to fulfil the objectives 
of the IPCC.
 Ground granulated blast furnace slag (GGBFS) is the supplementary cementitious 
material with a lower environmental impact, as we saw in Figure 25.5. GGBFS and fly 
ash have been activated with a lower alkali activation. Other promising developments 
are the modification/improvement of an existing one such as an industrial glass waste 
that can be boosted in alkali activator (Kourti et al., 2011) or by plasma induction 
(Harbec et al., 2011). The next alternative is the one-part geopolymer, which involves 
the fabrication of an alkali activator in a solid form. It is an old project as it would 
considerably increase the speed of diffusion of the AAC at the construction site. 
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25.5.2 One-part geopolymer

This initiative is showing promising results to increase the alkali content of a feldspathic 
alumina-silicate melt. In fact, it is known that alkali alumina silicate melts have the 
lowest melting temperature, albite melt (NaAlSi3O8) being the lowest at only 700°C, 
compared to 1200°C for felsdpathic melt with Ca (CaAl2Si2O8). As a consequence, 
making a slag of albite and sodium hydroxide in order to have a highly reactive solid 
product with a very high alkali content and Si and Al source fast released in the solution 
require much less energy than producing a Ca alumina silicate slag. This argument is 
proposed in a scientific paper (Feng et al., 2012), but was patented earlier by nearly 
the same group. The patent provides very good examples of a one-part geopolymer 
(Zeobond Research Pty Ltd, 2007). The first example from the patent, where only 
5% of alkali- and thermally activated polymerization aid was needed, is presented 
in Table 25.3. Aggregate is added to the binder to make concrete. To calculate the 
environmental impact associated with the production of this polymerization aid, 
we have converted the given mineral composition of the potash feldspar to 69.4% 
orthoclase, 29.6% albite and 1.0% anorthite. The specific heat capacities were then 
taken from Waples and Waples (2004), 628 J/kg/K for orthoclase, 730 J/kg/K for 
albite and 711 J/kg/K for anorthite and a latent heat between 250 and 450 kJ/kg 
was taken for the different feldspars (Tenner et al., 2007). If we consider 20% heat 
loss in the process, our calculation shows that for 1 m3 of one-part geopolymer, 
38 MJ of energy would be needed. Using natural gas in the furnace would release 
2.6 kg CO2eq. As a consequence, when making the calculation using Eq. (25.4), the 
one-part geopolymer cement contributes to less than 10% of the GWP of cement 
made with 100% OPC.

Table 25.3 Example of a one-part geopolymer and its cement 
equivalent

 Mass (kg) GWP (kg CO2eq)

One part geopolymer
Compressive strength at 28 days = 35.3 MPa
Fly ash
GGBFS
Potash feldspar
Sodium hydroxide (NaOH)
Free water
Energy to activate the K-feldspar: 38 MJ

621
621

41
25

476

3.3
10.5

0.1
56.0

0.1
2.6

 72.6
Equivalent mix with Portland cement  
Portland cement
Water
Fine aggregates

1167
420
544

985.0
0.1
1.3

 986.4
GWP comparison with cement equivalent 7%
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 Since GGBFS may not be available in every country and OPC may be a reliable 
source of aluminosilicates for the production of alkali-activated binders, we simulated 
the GWP of the hybrid concrete in example 33 of the patent in Table 25.4. This 
is an example with the thermal activation of albite. The global warming potential 
of the hybrid concrete represents nearly 30% of an equivalent mix with only OPC. 
Recently the University of Queensland demonstrated that it was possible to build a 
four-storey-high building with three suspended floors made from structural geopolymer 
concrete (Figure 25.7). More examples with low alkali activation are needed to 
promote geopolymers for civil engineering applications.

Table 25.4 Example for 1 m3 of concrete and its cement equivalent

 Mass
(kg)

GWP
(kg CO2eq)

Hybrid concrete
Compressive strength at 28 days = 34.5 MPa
OPC
Fly ash
Albite
Na2CO3

NaOH
Sand 
Water
Energy to activate the albite: 14 MJ

243.9
544.8
16.3
0.5
4.4
813.1
353.7

205.9
2.9
0.0
1.1
9.8
2.0
0.1
1.0

 222.7
Equivalent mix with Portland cement
OPC
Water
Sand

905.1
397.6
813.1

763.9
0.1
2.0
766

GWP comparison with cement equivalent 29%
 

Figure 25.7 Precast slag/fly ash one-part geopolymer concrete floor part (www.wagner.com.
au). 
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25.5.3 Brick applications

Finally, most of the studies compare AACC with conventional concrete due to its 
consistency and widespread use, but geopolymer could have a greater comparative 
advantage for other building materials. The concrete block is quite efficient since 
it represents only 16.0 kg CO2 equivalent per 1 m2 for its life cycle, while it can 
also reach a higher value of 76.9 kg per 1 m2 CO2 for self-compacting concrete 
floor (Base INIES, 2013; the database is in m2). Traditional narrow-joint glued clay 
brick represents 26.4 kg CO2eq/m

2 for its life span, while the Monomur structural 
brick with thermal properties represents 44.3 kg CO2eq/m

2. Construction with fired 
brick is, however, widely used in housing construction. On this basis, we decided to 
assess whether alkali-activated binder mixes could be environmentally interesting for 
brick rather than concrete production. It is also based on the fact that early studies 
on geopolymer were initially proposed for brick production (Davidovics, 1983; 
Davidovits, 1982). To calculate the impact of a geopolymer mix for bricks, we took 
the mixes from Slaty et al. (2013) that focused on the development of alternative 
bricks with alkaline activation of clays instead of burning. We used the mix with 
lowest NaOH content reported in Slaty et al. (2013) (100 kg kaolinite, 50 kg sand, 
8 kg NaOH and 22 kg water). We calculated the CO2 equivalent using the impact 
factors in Table 25.2. We found out that the CO2 equivalent of the mix was 234 kg 
CO2eq/m

3, which represents 15.5 kg CO2eq/m
2, when considering that 131 kg of bricks 

are needed per m2. It is equivalent to the concrete block, but largely lower than the 
current environmental impact of fired brick (26–44 kg CO2eq/m

2). Furthermore, the 
required strength of a brick for a wall is in the range of 5 MPa, but the evaluated 
geopolymer mix had a compressive strength of 13 MPa. Since the strength of the 
alkali activated clay is correlated with the NaOH content, it would be possible to 
reduce the alkali-activation and further improve the environmental assessment of 
geopolymer. Overall the alkali activation of clays is a good alternative to the clay 
burning process involved in fired brick production. 

25.6 Conclusion

In this chapter, we have been able to show that a rigorous method for environmental 
comparison of cement and concrete mixes is needed to accurately compare emerging 
solutions. In fact, most of the studies compare not only the quality of the paste but 
also the efficiency of the granular packing which might some time lead to confusing 
results between studies. This is specifically the case for the LCA of geopolymers.
 The method developed here, which uses the Feret equation, allows us to compare 
existing alkali-activated mixes as well as emerging alternatives. We have shown that 
the environmental impacts of the current mixes proposed in the literature are often 
better than cement or concrete made with 100% OPC but cannot be considered as 
groundbreaking techniques as they seldom achieve 75% savings.
 However, we have identified so-called one-part geopolymer mixes, where the 
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polymerization aid represents a small part of the matrix. These binders, as well as 
hybrid cements, seem to have the potential to be game-changing technologies. Some 
mixes, even if data on their exact manufacturing process are difficult to access, seem 
to have only 10% of the global warming potential of cement or concrete made with 
100% OPC.

25.7 Sources of further information and advice

A number of recommendations arise from this review of LCA of alkali-activated 
cement and concrete that are summarized in the following list. 

• Think LCA to improve mix design technology, as we can see in the recent studies.
• Reduce the alkali activation of the mixes to prevent pollution transfer.
• Have a control with OPC specimen of the same volume of paste as the alkali-activated 

specimens to compare only the efficiency of the binder.
• Perform LCA locally, include the impact of transport, and make sure it will be possible 

to compare the result with other studies.
• Need objective functional comparison criteria, for example the equivalent mechanical 

strength and volume of binder paste.
• Compare geopolymers with other building materials than concrete, such as bricks. 
• Improve the data quality at the local scale by accessing the producers as well as at the 

national and regional scale to improve the database inventory. 
• When the data is confidential and sensitive, work with the industrial association to design 

procedure to collect data in a way that can benefit both the researchers and the contributing 
companies.

We can suggest a number of subsequent steps. 

• Revise the data on the environmental impacts of the sodium silicate solution.
• Reduce the alkaline activation to improve the global environmental assessment of AACC 

beyond global warming potential.
• Design studies especially on the comparison between standard concrete and alkali-activated 

concrete with a constant volume of binder.
• Develop a rationale to include durability and service life of alkali-activated binders in the 

assessment. 
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26Alkali-activated concrete 
binders as inorganic thermal 
insulator materials
E. Prud’homme, E. Joussein, S. Rossignol
National School of Industrial Ceramics, Limoges, France

26.1 Introduction

26.1.1 Generality of porous materials 

Currently, construction is subject to rising standards and increasing environmental 
constraints (UNSTATS, 2010) which require the development of new products, 
such as ecomaterials. These products are commonly used as building materials and 
must meet the technical criteria generally required in this area. One key driver in the 
development of ecomaterials is the desire to reduce greenhouse gas emissions from 
the manufacture of cementitious products (Allwood et al., 2010). In recent years, a 
new class of materials known as ‘geopolymers’ has emerged in cement and concrete 
products (Khale and Chaudhary, 2007). Moreover, another field in construction 
is the development of insulating materials to decrease energy consumption for 
housing. The prohibition of certain insulators has led to the search for more efficient 
alternative materials. Air is a very efficient insulator with a thermal conductivity (l) 
of approximately 0.026 W.m–1.K–1. The materials developed for thermal insulation 
are highly porous with minimal mechanical strength. Indeed, the presence of pores 
reduces the thermal conductivity, and thermal conductivity increases as the pore size 
decreases (Hinzelin, 1975) and a local structure is imposed.
 There are two classes of insulators: 

• conventional insulators with thermal conductivities between 10–3 and 10–1 W.m–1.K–1;
• super insulators with thermal conductivities between 10–5 and 10–3 W.m–1.K–1 (Hinzelin, 

1975). 

The thermal conductivities of different insulators conventionally used in construction 
are shown in Table 26.1 (Gallauziaux and Fedullo, 2009). Thus, the objective in 
the field of alkali-activated mineral materials is the development of a material with 
a greater thermal performance than conventional construction materials, such as 
aerated concrete or terracotta. That is to say, the thermal conductivity should be 
close to 0.070 W.m–1.K–1. This property can be obtained by the ‘introduction’ of 
a porous phase in dense materials. The combination of geopolymers and a porous 
phase can be very interesting for the ecofriendly production of an insulating material. 
The formation of porous materials based on a geopolymer matrix has already been 
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investigated (Wu et al., 2007; Barbosa and MacKenzie, 2003; Fletcher et al., 2005; 
Bell and Kriven, 2009; Juettner et al., 2007; Fernandes et al., 2009) and will be 
discussed again later in the chapter.

26.1.2 Thermal phenomena in porous materials

According to the basic laws of thermodynamics (Meunier, 2004; Navarro, 1978), 
the transfer of energy can be explained by the interactions of a system with the 
surroundings. Three transfer modes exist within a material (Chaussin and Hilly, 
1962), namely, conduction, convection and radiation. Radiation arises from the 
interaction between an electromagnetic wave and the material. This mode of transfer 
is primarily considered in solids at high temperature (Incropera and DeWitt, 2002). 
Convection occurs between a surface and a fl uid; therefore, convection occurs in pores 
(Incropera and DeWitt, 2002). Finally, conduction occurs through the propagation 
of heat within the body under consideration. Static thermodynamics (Bruhat, 1968) 
also discusses the differences between macroscopic and microscopic phenomena. 
From a microscopic perspective, the thermal properties are related to the chemical 
structure of the solid and its possible porosity. From a macroscopic perspective, the 
organization of the pores plays a major role in thermal phenomena.
 Thermal transfer principally depends on pore geometry and size but also depends 
on temperature. For a porous material, conduction is the primary type of thermal 
transfer because studies are performed at room temperature (no radiation) and 
convection phenomena are neglected. Indeed, convection can be considered if the 
thermal gradient and pores sizes are suffi cient (> 4 mm) (Schulle and Schlegel, 1991; 
Hale, 1976). In an unsteady state and for a homogeneous and isotropic material, the 
equation for heat conduction is given by energy balance and Fourier’s law (Eq. (26.1), 
with r, c, l and P, respectively, as the density, specifi c heat, thermal conductivity 
and eventual formation of heat).
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r lr l – r l T P =T P
 (26.1)

For a porous material, the thermal conductivity l depends on the respective 

Table 26.1 Thermal conductivity values for current insulators

Insulator Thermal conductivity (W.m–1.K–1)

Cellular plastic materials
Mineral wool
Glass wool
Cotton wool
Wood wool
Aerated concrete
Clay brick

0.022–0.038
0.032–0.040
0.030–0.040
0.037–0.040
0.040–0.050
0.08–0.11
0.08–0.18

Source: Adapted from Gallauziaux and Fedullo, 2009.
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conductivities of each phase and on the spatial organization of the phases. In fact, 
the influence of the pore distribution can only be neglected if there is at least a 
factor of 100 difference between the conductivities of the two phases (Hamilton and 
Crosser, 1962). Another phenomenon exists for a material with nanoscale pores, the 
Knudsen effect (Kennard, 1938). This effect is known for aerogel materials (Baetens 
et al., 2011) and significantly decreases the thermal conductivity of the gas within 
the pores.
 For alkali-activated porous materials, the pores are composed of dry air (l = 0.026 
W.m–1.K–1). Thus, the presence of pores tends to decrease the global conductivity of 
the material because the thermal conductivity of a dense geopolymer was estimated 
to be 1.0–1.2 W.m–1.K–1, depending on the alkali element used in the synthesis 
(Duxson et al., 2006b).

26.1.3 Types of alkali-activated porous materials

The development of highly porous materials with minimal mechanical properties has 
become a challenge in the development of insulating materials. There are different 
ways to create a porous material (Studart et al., 2006). Each process has a different 
cost and gives results with important variations in terms of the type and control of 
porosity. Generally speaking (Colombo, 2006), porosity results from the elimination 
of a compound introduced into the matrix, from the elimination of a gas introduced 
into a solution, or from the consolidation of a powder. In geopolymers, the second 
approach is generally used.
 Little work has been devoted to the feasibility of producing geopolymer-synthesized 
foam without organic additives (Wu et al., 2007; Barbosa and MacKenzie, 2003; 
Fletcher et al., 2005). Davidovits previously mentioned the manufacture of porous 
materials with geopolymer skeletons through the use of blowing agents, such as 
hydrogen peroxide (H2O2) or sodium perborate (NaBO3) (Davidovits, 2008a). This 
work led to the commercialization of foams with densities between 0.2 and 0.8 g.cm–3, 
apparent thermal resistances of up to 1200°C and a minimum thermal conductivity 
of 0.037 W.m–1.K–1. On the same principle, Bell and Kriven (2009) explored the 
different ranges and types of foams obtained by the addition of H2O2 and aluminum 
powders. Recently, Vaou and Panias (2010) succeeded in reducing this value to 
0.030 W.m–1.K–1 by using perlite and by making these inorganic foams competitive 
in terms of thermal insulation against the organic expanded polystyrene foams. Liu 
et al. (2010) synthesized aluminosilicate geopolymer foams from phosphoric acid 
through the addition of a small amount of aluminum metal (0.04–0.2%) as a blowing 
agent. These materials with varying porosities (40–85%) maintain their mechanical 
properties (6.5–10.5 MPa in compression) up to 1200°C. Aluminum was also used 
for the production of raw mineral-based, light-weight refractory materials (Juettner 
et al., 2007). In the same way, glass foams were obtained from sheet glass cullet with 
dolomite or calcite as a foaming agent; the foams displayed efficient compressive 
strength (Fernandes et al., 2009).
 Among the sacrificial methods or inclusion methods, Wang et al. (2011) used hollow 



Handbook of Alkali-activated Cements, Mortars and Concretes690

ash cenospheres as inclusions; this approach allows the spheres to be embedded to 
prepare a composite at room temperature with closed spherical pores of varying sizes 
and with a very controllable porosity rate (15–40%). Finally, Okada et al. (2011) 
propose a novel method for the orientation of polylactic acid fibers of different 
sizes within a geopolymer mixture by extrusion. The fibers are then removed either 
by alkaline attack at pH 12, by thermal treatment (180–330°C) or by hydrothermal 
reaction (180°C) to create an oriented porosity. This type of porosity is interesting 
for its high capillarity.
 Recently, interconnected ultra-macro-porosity was obtained in the alkaline-bonded 
matrices by exploiting the ability of pure silicon metal powder to generate H2 in 
an aqueous medium (Medri et al., 2013; Landi et al., 2013). This possibility was 
already highlighted by Prud’homme et al. through the use of by-products containing 
free silicon from the manufacture process (Prud’homme et al., 2010a). The addition 
of silica fume to a geopolymer mixture involved modifications of the chemistry and 
the porosity of the sample through the formation of hydrogen during the synthesis. 
The inorganic foam was characteristic of a porous material in which the size could 
be controlled by drying and by the chemistry, in particular, the molar ratios of Si/
Al and Si/K (Prud’homme et al., 2010a). Furthermore, this in situ inorganic foam 
was characterized as an insulating material. In this case, the foam can be synthesized 
from clays other than metakaolin, and potassium or sodium alkaline elements can be 
used to produce differences in the expansion volume and matrix network. The use of 
various clays (kaolin, illite or montmorillonite) for the synthesis has demonstrated 
similar features for all samples but has shown variability in their microstructures 
(Prud’homme et al., 2011a). This variability is caused by the possibility of the 
clay being altered in basic media, depending on the degree of crystallinity in 
the clay. Meanwhile, the use of various alkaline elements has demonstrated the 
formation of different networks (Prud’homme et al., 2011b), including a geopolymer  
network.

26.1.4 Primary goal of this chapter

The aim of this chapter is to highlight the fundamental role played by additives 
in geopolymer binders and to highlight the applicability of these binders through 
their intrinsic properties. The choice of different parameters (clay, blowing agents, 
quantities introduced and synthesis processes) allows the porosity to be controlled; 
therefore, the useful properties can be controlled to adapt the materials to the 
intended application.
 This chapter will focus on the various ways to prepare foam-based alkali-activated 
binders, will evaluate the insulating properties of these binders, and will describe 
the foam formation, microstructure and porosity, and the evolution of the thermal 
properties as a function of the raw material and the synthesis process. Finally, this 
chapter will conclude with a focus on the possible use of porous geopolymer binders 
in wood construction.
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26.2 The various ways to prepare foam-based alkali-
activated binders

Porous geopolymers are generally formed through the introduction or formation of 
gas inside the reactive mixture. This chapter will primarily focus on the formation 
of foam through in situ gas generation.

26.2.1 Various precursors

Obtaining an alkali-activated binder with porosity is based on a geopolymer process. 
Thus, an alkaline solution and an aluminosilicate source are the major components 
to which a blowing agent is added. To control the porosity, a good knowledge of 
each precursor’s composition, reactivity and microstructure is important.

26.2.1.1 Alkaline solution

The alkaline solution leads to siliceous species in solution, leads to alkali elements, 
and enables the pH value of the mixture to be controlled. Alkaline silicate solutions 
have already been extensively studied to determine their structure (Tognonvi et al., 
2010). Commercial or laboratory-made solutions (Autef et al., 2012) can be used; 
however, commercial solutions are usually used with added hydroxide. This addition 
allows the solution reactivity and structure to be modified. Figure 26.1(a) presents 
the infrared spectrum of a commercial potassium silicate solution SiK (3.4SiO2;K2O, 
supplied by ChemLab (Zedelgem, Belgium), molar ratio Si/K = 1.7, density = 
1.20 g.cm–3, water content = 70 wt.%, and pH = 11.8). In this solution, the silicon 
environments are varied, and four of them can be detected by infrared spectroscopy. 
The bands at 1160, 1105 and 1015 cm–1 are attributed to the asymmetric stretching 
vibrations of Si-O-Si (Q4), Si-O-Si (Q3) and Si-O-Si (Q2), respectively (Tognonvi 
et al., 2010). The presence of potassium in the solution leads to the presence of a 
band from Si-O-K at 868 cm–1 (Tognonvi et al., 2010) and to a solution that primarily 
consists of aggregated colloidal species. The addition of potassium hydroxide KOH 
(supplied by VWR (Leuven, Belgium), purity = 85 wt.%) to potassium silicate leads 
to a highly basic solution (SiK/KOH, 83.2 wt.% potassium silicate and 16.8 wt.% 
potassium hydroxide) and induces modifications in the ionic structure of the SiK 
solution because of the variation in the potassium and silicon concentrations. The 
comparison between the two solutions demonstrates the alteration of a significant 
portion of the colloids initially present in the potassium silicate and, therefore, the 
depolymerization of the oligomer into monomeric species. In fact, the absorbance 
relative to Q4 and Q3 is notably decreased by the addition of potassium hydroxide 
to the silicate solution. The band relative to Q2 is shifted from 1015 to 980 cm–1, 
which represents a shift of 35 cm–1. Another feature is the appearance of bands at 
920 and 820 cm–1, which demonstrate the modification of the silicon environment 
by the addition of K+ ions. These two bands can be attributed to the presence of 
symmetric stretches of Si-O-Si (Q4, Q3 or Q2) and Si-O-M (Tognonvi et al., 2010). 
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The increase of this last band is expected because of the large amount of potassium 
in the solution (37.1 mol.% in the SiK solution, 63.3 mol.% in the SiK/KOH 
solution). During the depolymerization of SiK, the number of non-bridging oxygen 
atoms increases, and consequently, the number of potassium ions and free silicate 
species is greater than that observed in SiK, which induces an increase of this band. 
The addition of potassium to the SiK solution induces the destruction of colloidal 
aggregates and the formation of monomers with a Si/K ratio of 0.6.
 These results were confirmed by 29Si NMR spectroscopy (Figure 26.1(b)). Only 
five signals (i.e., five species) were observed in the 29Si NMR spectrum of the SiK 
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Figure 26.1 (a) Infrared spectra and (b) 29Si MAS-NMR spectra of the alkaline solution (i) 
SiK (Si/K = 1.7) and (ii) SiK/KOH (Si/K = 0.6).
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solution at −72, −80, −88, −97 and −106 ppm, which were attributed to the Q0, Q1, 
Q2, Q3 and Q4 silicon species, respectively (Dietzel, 2000). The SiK solution was 
primarily composed of Q2 and Q3 species, which indicated that a condensed silicate 
species was present. Upon the addition of KOH pellets to form SiK/KOH, the silicate 
species were destabilized because of the change in pH from 11.8 to 14.0 (Dietzel, 
2000). This destabilization led to increases in the intensities of bands related to the 
Q0 and Q1 species. The introduction of hydroxide yielded a solution that contained 
a higher amount of Q0, which was the most reactive species (Liebau, 1985).

26.2.1.2 Silicate and aluminosilicate sources

Various silicate and aluminosilicate sources are used for the geopolymer synthesis. 
Commonly, the synthesis is performed from raw metakaolin material. This material 
is amorphous (Figure 26.2(b)) and displays easily available silicon and aluminum 
species. However, other studies have been devoted to geopolymer synthesis with 
crystalline clays. In most cases, the tests were performed with 1:1 or 2:1 types of 
clays, such as kaolinite, illite and montmorillonite (MacKenzie et al., 2007, 2008; 

Figure 26.2 X-ray patterns of possible aluminosilicate sources for geopolymer foam synthesis: 
(a) silica fume, (b) metakaolin, (c) illite, (d) montmorillonite, (e) kaolinite and (f) silicon 
carbide (PDF files: Q: quartz (00-046-1045); I: illite (00-002-0056); M: montmorillonite 
(00-002-0239); K: kaolinite (01-089-6538); *: silicon carbide (04-010-5698); °: silicon (00-
027-1402)).
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Prud’homme et al., 2011a). An example of the XRD patterns of these clays is given 
in Figure 26.2(b, c, d, e) and reflects the amorphous or crystalline character of each 
clay.
 Clays are natural materials, so impurities are inevitable. For example, the 
mineralogical composition of the kaolin sample, determined by X-ray diffraction 
(Figure 26.2(e)), was kaolinite (7.14 Å peak) and illite (9.98 Å) with traces of quartz 
(4.26 and 3.33 Å) and feldspars (3.23–3.30 Å). The XRD data (not shown) further 
confirm that the kaolinite was well-crystallized according to Hinckley’s criteria 
(Hinckley, 1963). The illite raw product (Figure 26.2(c)) was composed of illite 
(9.98 Å peak) with traces of kaolinite (7.14 Å) and quartz (3.33 Å). 
 The montmorillonite raw sample (Figure 26.2(d)) was essentially composed of 
montmorillonite clay, as shown by XRD (15 Å peak). Moreover, small amounts of 
quartz (3.33 Å) and feldspar (3.23–3.30 Å) were also observed, along with illite 
(9.98 Å). In each case, the (060) band at 1.49 Å is characteristic of dioctahedral 
clay minerals. As expected, none of the raw samples was pure. Because illite is an 
aluminosilicate that can react in alkaline conditions, its presence in the materials could 
affect the condensation reactions of the foam. However, the relative crystallinity of 
the illite varied from sample to sample, and illite in the montmorillonite raw sample 
had better crystallinity (evaluated from the FWMH/(001) peak ratio) than that in the 
kaolinite and illite raw samples.
 The metakaolin was obtained by dehydroxylation at 700°C. The primary feature 
obtained by XRD measurements (Figure 26.2(b)) was from the very broad reflection 
between 15 and 35° (2q), which is assigned to an amorphous phase, i.e., metakaolin 
here. Moreover, small amounts of quartz and feldspar were also observed, along 
with illite. Unfortunately, the impurities are not stable phases of metakaolin. Table 
26.2 gives the chemical composition of various types of metakaolin, denoted M1, 
M2, and M3. All parameters are modified from one type to another, and the type 
and amount of impurities change, which leads to important modifications in the 
geopolymerization process (Prud’homme et al., 2013).
 Infrared spectroscopy is also an important source of information in the study of 
aluminosilicate materials. Figure 26.3 shows the infrared spectra of metakaolin M1, 
M2 and M3. 
 FTIR spectra are characteristic of a particular metakaolinite sample (Figure 26.3). 
These were previously deeply investigated by Autef et al. (2013). They demonstrate 
the presence of four νAl2-OH vibration bands, in the OH-stretching region at 3692, 
3670, 3651 and 3620 cm−1, which are attributed to kaolinite and are observed for 
M1 and M2 (Farmer, 2000). In contrast, only two broad bands are present in the M3 
samples; these bands are also attributed to a very small amount of kaolinite. This 
result is due to the high absorbance of kaolinite by FTIR, as reported by Joussein 
et al. (2001). These authors demonstrate the possibility of determining the amount 
of kaolinite in mixtures with other minerals from 8% by weight. If the metakaolin 
dehydroxylation process was efficient, there would be an absence of dehydroxylation 
phenomena near 500°C in the DTA data. The bands of SiO-stretching vibration at 
1080 cm−1 (Figure 26.3) provide also important information on metakaolin structure 
(Fialips et al., 2000; Frost and Vassallo, 1996). These bands are more or less defined 
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as a function of the purity of the material. For the three examples given here, M1 
metakaolin seems to be the less pure displaying a broad and less defined band at 
1080 cm–1. At the opposite, the M3 sample contains the lower amount of impurity 

Table 26.2 Characteristics of the various powders used

Nature Supplier Characteristics

D50 (mm) SBET 
(m²/g)

Chemical composition 
(wt%)

Si/Al

Metakaolin M1 AGSa 10.00 17.00 53.80 SiO2 – 42.60 Al2O3

1.00 (K2O + Na2O)
0.90 Fe2O3

1.70 TiO2

1.17

Metakaolin M2 6.09 21.50 56.10 SiO2 – 39.60 Al2O3

1.00 (K2O + Na2O)
1.80 Fe2O3

1.50 TiO2

1.19

Metakaolin M3 7.54 6.50 54.00 SiO2 – 46.00 Al2O3 1.00

Silica fume Ferropemb 0.40 25.00 99.00 SiO2 – 0.72 Si0

0.28 C0
–

Silicon carbide 
waste

Rhodiac 1.00 – 85 SiC – 15 Si0 –

Notes:
aAGS, F-17270 Clérac (France)
bFerropem, 517 Avenue de la Boisse, 73025 Chambéry Cedex, France.
cRhodia China, 3966 Jin Du Road, Xin Zhuang Industrial Zone, Shanghai 201108, China.
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Figure 26.3 Infrared spectra  from 1750 to 500 cm–1 of various metakaolin samples: (a) M1, 
(b) M2, and (c) M3. 
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and presents well defined band, which highlights the quality of the bonds in the 
materials.
 The most recent material used for geopolymer foam synthesis is a porogeneous 
agent. It can present very different natures. Two example materials will be presented 
for the production of foams. Indeed, these materials may either be prepared from 
silica fume, which is an amorphous material (Figure 26.2(a)) having free silicon 
(0.72 wt.%) or from sludge recovered from the silicon industry, which contains 
silicon carbide (85 wt.%) and silicon (15 wt.%). Unlike silica fume, this material 
is a crystalline material, as shown in the XRD pattern (Figure 26.2(f)). Unlike the 
geopolymeric matrix, which preferably forms in the presence of amorphous materials, 
the porosity may be obtained from materials with completely different structures.

26.2.2 Foam synthesis

Generally speaking, the formation of geopolymer foam is based on a geopolymer 
process (Figure 26.4). Three major types of potassium foams are investigated in 
more detail in this chapter. In each case, the synthesis of the silica foam begins with 
the formation of an alkaline solution, obtained by mixing a silicate solution and 
hydroxide pellets. The alkaline (denoted M) element is an important parameter in 
the formation of the matrix structure (Prud’homme et al., 2011b, 2011c). Commonly, 
potassium and sodium elements are used alone or together.
 The formation of this new basic solution (SiM/MOH), with a pH value of 
approximately 14, induces an increase in the mixture temperature. After cooling, 
clay and the following three ways of foam synthesis (Figure 26.4), silicon carbide 

Final products

Reactant 
mixture

Silicate + hydroxide

Stirring

Metakaolin +
silicon carbide wasteSilica fume + claySilica fume

Open mold,
70°C, 0–48 h

Open mold,
70°C, 48 h

Closed 
mold,
70°C, 
0–48 h

Figure 26.4 Synthesis protocol for the three types of foam.
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and/or silica fume are added to this solution with the eventual additives. The mixture 
has a mole ratio between silicon and potassium Si/M from 1.90 to 3.30 and contains 
between 30 and 40 wt.% water. After stirring, this mixture is placed in a mold and 
in an oven at 70°C for various times from 0 to 48 hours. As shown in Figure 26.4, a 
significant volume expansion is observed in all the samples. Only the color changes 
because of the use of different raw materials in various amounts. After formation, 
the samples are kept at room temperature.

26.2.3 Evaluation of porosity

According to the International Glossary of Hydrology, the porosity can be defined as 
the property of a medium to contain pores, i.e., interstitial voids that are interconnected 
or not. Porosity can be expressed as the ratio of the volume of voids to the total 
volume of the medium. The porosity is defined both as a characteristic property of 
a porous medium and as a parameter that can be quantitatively expressed.
 According to this definition, it is possible to represent the lack of porosity in a 
material as a very small cavity trapping a priori gaseous matter. Schoeller (1955) 
distinguishes two types of pores:

• open pores composed of intercommunicating voids connected to the exterior of the 
material;

• closed pores, isolated within the material and with no permeability.

Schoeller (1955) proposed a classification of porosity that defines a micropore (pore 
or matrix) to be a cavity with a diameter less than 0.1 mm and a macropore (pores 
or structural) to be a cavity with a diameter greater than 2.5 mm. Mesoporosities 
(or textural porosity or capillaries) of the interstices are of an intermediate diameter, 
between 0.1 mm and 2.5 mm.
 The difficulty in the observation and quantification of porosity as a whole is one 
of the limiting factors in the study of pore formation and influence. The evaluation 
of open pores can be achieved through various techniques, such as mercury intrusion 
and helium picnometry correlated with apparent density measurements. However, 
only a few techniques can be used to quantify closed pores, i.e., those inaccessible 
to external agents (mercury, nitrogen, argon, etc.). The most common techniques 
are microtomography, ultrasound, chemical degradation, and image analysis.
 Indeed, the microstructure of the material can be analyzed by optical or electron 
microscopy of raw or polished sections of the material followed by image processing. 
These measurements must be made on a planar surface. The preparation of samples 
is important in these measurements and becomes tricky for geopolymer materials. 
The pore size distribution is determined from the analysis of different sections of the 
sample at different heights by the software ‘ImageJ’ (National Institutes of Health, 
Bethesda, MD). The pore diameters are recorded based on their sizes to determine 
the mean diameter Γv (Cadle, 1965; Allen, 1981) of each section using Eq. (26.2). 
The average value is obtained from 300 measurements.
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where di is the pore diameter of class i, and ni/n is the ratio of the number of pores 
of class i to the total number of pores.
 The pore diameter selected for a pore i in 2D corresponds to the equivalent 
diameter Dequ of a disc with same surface (Eq. (26.3)). The pores are circular or 
nearly circular 2D shapes, so this diameter is representative.
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(26.3)

where Spi is the measured surface of pore i.

26.2.4 Evaluation of insulating properties

The insulating properties can be evaluated through various techniques based on the 
measurement of various thermal properties of the material (fl ash laser, hot wire, hot 
plan, hot tape, etc.). In this study, the focus is on measurement with a fl owmeter, a 
fl ash laser and a Hot Disk.

26.2.4.1 Measurements with a fl owmeter

The method here is based on Fourier’s law under stable conditions:

  
lF SlSl T

x
 = –F = –F

d
dxdx  

(26.4)

A thermal gradient is then imposed across a sample with a surface of 30 mm ¥ 30 
mm by applying a heat source to the top of the sample. Two heat fl ow sensors are 
used to obtain an average value of f = F /S in the sample. A thermocouple evaluates 
the temperature difference across the sample. The apparent thermal resistance per 
unit area of the sample is given by:

  f
D

R
TDTD
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(26.5)

The thermal conductivity of the material is then given by:

  
l e e

R R
 =

e e – e e
R R – R R

1 2e e1 2e ee e – e e1 2e e – e e

1R R1R R*R R*R R2
*

 
(26.6)

where e1 and e2 are the thicknesses of samples 1 and 2, and R1
* and R2

* are the 
apparent thermal resistances of samples 1 and 2.
 The measurements are performed with a Captec device (Captec SARL, Lille, 
France) on three samples to verify that the curve of R* as a function of the thickness 
is approximately a straight line.
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26.2.4.2 Measurements with the laser flash method

A cylindrical sample with a thickness d, which is considerably smaller than its 
diameter, is placed in a sample holder. One side is illuminated by pulses (on the order 
of one millisecond in duration) emitted by a laser, which ensures uniform heating 
of the sample front. The temperature of the back face is measured as a function of 
time with an infrared sensor. The time t needed to reach half the peak temperature 
at the back of the sample (relative to the oven temperature), allows the thermal 
diffusivity to be determined:

  a(T) = l(T)/(r(T)*Cp (T)) (26.7)

where l(T) is the thermal conductivity (W.m–1.K–1), a(T) is the thermal diffusivity 
(cm2.s–1), r(T) is the specific weight (g.cm–3), and Cp(T) is the specific heat  
(J.g–1.K–1).

26.2.4.3 Measurements with a transient plane source

Thermal conductivity measurements of the foams can also be performed with 
the transient plane source (TPS) technique (Al-Ajlan, 2006; Gustafsson, 1991) 
at room temperature supplied by Hot Disk AB (Sweden). The disk-shaped TPS 
probe is composed of a nickel bifilar spiral sandwiched between two films of an 
insulating material. This probe is placed between two cylindrical samples with 
typical dimensions of 5 cm in diameter and 2 cm in height. The nickel wire is 
used to slightly heat the samples through the passage of an electrical current and 
to monitor the temperature increase by recording the variation of the voltage 
across the wire. The thermal conductivity is determined from the time-dependent 
temperature increase. During the experiment, the samples are considered to behave 
as an infinite medium. This assumption requires probing the heat penetration at a 
depth smaller than the available sample size. For these samples, a sensor radius 
of 3.189 mm and a measurement time of 20 s corresponded to a probe depth 
between 4 and 6 mm. A mean thermal conductivity value was determined from five  
measurements.

26.3 Investigation of the foam network

The synthesis of geomaterial foams relies on a geopolymer process, that is to say, on 
the dissolution of raw material and the restructuring of the network. The structural 
characteristics of the network formed will depend on the chemical elements available 
and, therefore, will depend on the raw materials selected. This section will therefore 
examine the impacts of the blowing agent when introduced in large quantities and 
of alkaline elements on the nature of the clays.
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26.3.1 Influence of the blowing agent and alkaline element on 
the network

The formation of this geomaterial foam was the result of polycondensation reactions 
of silicon and aluminum atoms and involved the restructuring of the material. 
Geopolymer materials are generally amorphous, and their characterization by X-ray 
diffraction does not provide much information about their amorphous nature. Figure 
26.5 shows the XRD pattern of the raw materials and the foam obtained from them. 
Here, the focus is on two geomaterial foams based on silica fume only or on silica 
fume and metakaolin. The two types of foams displayed an amorphous pattern with 
a maximum diffraction intensity of approximately 27 (°2q). However, the diffraction 
pattern of metakaolin, which is an initial component of one of the synthesized 
geomaterials, shows some crystalline phases, such as quartz, illite and orthoclase 
(KAlSi3O8), which are not present in the diffraction patterns of the final products 
and reflect the dissolution of these raw materials. This alteration and restructuring of 
the materials are also demonstrated by an obvious shift in the scattering diffraction 
peak of each geomaterial relative to that of the raw materials. In fact, when the 
starting materials are activated with an alkaline solution, the scattering diffraction 
peak shifts from ~21 to ~27–28 (°2q) (Figure 26.5), suggesting that the local bonding 
environment changes during the polymerization process and providing evidence 
for the dissolution of SiO4 and AlO4 species into the alkaline environment during 
the geopolymerization reaction. This mechanism could be observed in all the foam 
XRD patterns and corresponded to the change in composition with the introduction 
or lack of metakaolin. However, the maximum diffraction intensity is not the same 
for the different foams. 
 The dissolution of the raw materials can also be examined by infrared spectroscopy 
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Figure 26.5 XRD patterns of (a) metakaolin and (b) silica fume and of the geomaterial foam 
based on (c) metakaolin and silica fume and (d) on silica fume only.
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(FTIR). FTIR spectroscopy reveals the interactions of the silicate species in a material 
and enables the correlation of spectral variations with the variation in the alkaline 
elements used during the synthesis and with the use of silica fume in the initial 
mixture. The spectra shown in Figure 26.6 were acquired by an in situ technique 
during the formation of a potassium geopolymer and during the formation of a 
potassium geopolymer foam based on metakaolin and silica fume.
 The bands at 3255 and 1620 cm−1, respectively, were attributed to the Si-O-H 
bond and to the water bond (Innocenzi, 2003). The major band detected for the 
geomaterial was from Si-O-M bonds (Criado et al., 2005; Davidovits, 2008b) (M= 
Si, Al, K), located in the 1100–950 cm−1 range. The specific positions of these peaks 
depend on the length and bending of the Si–O(M) bond, which explains the small 
shift in the main peak for the two samples after the formation process (940 cm–1 for 
geopolymer and 963 cm–1 for foam). The band at 1118 cm−1 in the foam spectra, 
relative to the Si-O-Si bond in the asymmetric stretching mode (Lee and van Deventer, 
2003), is present as the main peak in the amorphous silica fume (Prud’homme et al., 
2011b). The intensity of this peak decreases during foam formation (Prud’homme 
et al., 2010a) and becomes very weak after synthesis, reflecting local disorder and, 
consequently, the dissolution of the raw materials. Other peaks were located at 1200, 
880, 800 and 670 cm−1, corresponding to Si-O-Si in the asymmetric stretching mode 
(Tognonvi et al., 2010; Rees et al., 2007), Al-OH, Si-O-Si (Uchino et al., 1989), 
Si-O-Al (Criado et al., 2005), and O-Si-O (Koloušek et al., 2007), respectively.
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Figure 26.6 In-situ infrared spectroscopy (ATR mode) during the formation of (a) a potassium-
based geopolymer and (b) a potassium-based foam synthesized with metakaolin and silica 
fume.
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 The decrease over time of the -OH bonds compared to the Si-O-Al bonds was from 
the increase in the polycondensation time and was characteristic of the formation of 
geomaterials. For geopolymer materials, the Si-O(M) (Lee and van Deventer, 2003) 
shifts from 979 to 946 cm−1, also in agreement with the literature data, and gives 
evidence for the dissolution of the metakaolin species by the basic environment (Rees 
et al., 2007). For the potassium-based geopolymer, the band shifts from 986 to 943 
cm−1 during the formation process and reflects the reorganization of the network. 
For the foam, the initial position of the bands is similar to that of the geopolymer. 
However, the magnitude of the shift is lower for the foam. This shift implies the 
development of two different types of networks. Moreover, the observed shift is 
caused by the geopolymerization process. Thus, the introduction of the silica fume 
may slightly inhibit geopolymerization by the creation of another network. In situ 
FTIR can reveal the competition between the development of these two skeletal 
frameworks.
 Thus, although these foams are all based on the principle of geopolymer material 
formation, the introduction of a blowing agent disrupts the balance in question. 
Specific studies were conducted by Prud’homme et al. (2010a) to highlight the role 
of the blowing agent (silica fume) on the formation of the geopolymer network. 
The synthesis of such foams is derived from a geopolymer composition based on 
metakaolin, alkali hydroxide and an alkali silicate solution, with the addition of silica 
fume as the blowing agent. A quantity of gas (hydrogen gas) is produced during 
the chemical reaction of free silicon (as an impurity of silica fume) with water in a 
basic medium according to Eq. (26.8):
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Figure 26.6 Continued
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The synthesized composition can be obtained with sodium or potassium. This 
composition was established through a stability study in solution at different pH 
values (Delair et al., 2012) that showed that the geopolymer foam does not exhibit 
100% geopolymer composition. For the sodium foam, the solid skeleton is primarily 
made of geopolymer (56.7%) with other phases, such as SiO2 (20.9%), Na2Si2O5 
(21.7%) and excess NaOH (0.7%). For the potassium foam, the solid skeleton 
consists of only 48.6% geopolymer, and the other phases present are SiO2 (27.7%), 
K2Si2O5 (18.9%), zeolite (KAlSiO4, 1.5 H2O, 4%) and excess KOH (0.8%). Based 
on the work of Prud’homme et al. (2012), the steps for the formation of the base 
of the geopolymer matrix M cation (K or Na) throughout the development protocol 
are as follows:

1. After the mixing of silicate and hydroxide: formation of monomers such as Si(OH)3O
– or 

M2Si2O5 through Eq. (26.9).

  K Si O H   3[Si(OH) O ] + 2K S4 7K S4 7K Si O4 7i O18 4H  4H  K ,OH ,H O
3

–1O ]–1O ] 2

+ –K ,+ –K ,OH+ –OH 2æ ÆK ,æ ÆK ,OHæ ÆOH ,Hæ Æ,H Oæ ÆO2æ Æ2æ Æææææ Æ i Oii Oi2 5i O2 5i O  (26.9)

2. The reactive silica fume is then introduced to the mixture, and the obtained composition, 
based on potassium, consists of a mixture of the K2Si2O5 compound and another nucleus 
of very reactive K2Si4O9.

3. During the metakaolin addition: the dissolution of the mixture into reactive species (Al(OH)4
– 

and the formation of the last of the geopolymer based on the cation Na (Eq. (26.10)) and 
K (Eq. (26.11)) with, unlike the sodium foam, the additional creation of germs of zeolites 
in the foam containing potassium (Eq. (26.12)).

  Na Si O  + 3[Al(OH) ]  4[Na S2 2Si2 2Si 5 4O  5 4O  + 3[5 4+ 3[Al(OH)5 4Al(OH)– K ,OH ,H O
0.5

+ –K ,+ –K ,OH+ –OH 2æ ÆK ,æ ÆK ,OHæ ÆOH ,Hæ Æ,H Oæ ÆO2æ Æ2æ Æææææ Æ i Aii Ai l O H ]0.95i A0.95i A 0.6l O0.6l O4.5 2.8H ]2.8H ]  (26.10)

  K Si O  + 3[Al(OH) ]  4[K Si2 4K S2 4K Si O2 4i O  + 3[2 4 + 3[Al(OH)2 4Al(OH)– K ,OH ,H O
0.5K S0.5K S 1

+ –K ,+ –K ,OH+ –OH 2
4 92 44 92 4i O2 4i O4 9i O2 4i O æ ÆK ,æ ÆK ,OHæ ÆOH ,Hæ Æ,H Oæ ÆO2æ Æ2æ Æææææ Æ AlAAlA O H ]0.75 .85O H.85O H8.66O H6O H  (26.11)

  K Si O  + 3[Al(OH) ]  2KAlSi , 12 4K S2 4K Si O2 4i O  + 3[2 4 + 3[Al(OH)2 4Al(OH)– K ,OH ,H O
4

+ –K ,+ –K ,OH+ –OH 2
4 92 44 92 4i O2 4i O4 9i O2 4i O æ ÆK ,æ ÆK ,OHæ ÆOH ,Hæ Æ,H Oæ ÆO2æ Æ2æ Æææææ Æ .5H..5H. O + 2Si(OH)2 4O 2 4O + 2S2 4+ 2Si(2 4i(OH)2 4OH)  (26.12)

4. In the specifi c case of the foam, an amorphous silica network is formed from excess silicate 
species. 

The combination of all the studies of these foams can establish a pattern in the 
reaction mechanisms (Prud’homme et al., 2011b, 2011c, 2012). The formation of 
the in situ foam based on alkali-activated mixture can be divided into four separate 
stages. The example of the formation of a foam based on metakaolin is presented 
in Figure 26.7 (Prud’homme, 2011).
 Initially (Zone 1), contact between the solution of potassium silicate and alkali 
hydroxide with the raw materials results in the dispersion of the silica fume. This 
material is then dissolved with metakaolin in basic medium to form free complexes 
of silicon and aluminum and to generate the hydrogen gas responsible for the porosity 
(Eq. 26.8) (Zone 2). Then, entities, which are gradually formed, are organized as 
small colloids. This material progressively coalesces to form a gel (Zone 3). The 
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viscosity of the mixture increases upon placement at 70°C, and this increase permits 
the retention of hydrogen in the sample and, thus, induces porosity. The excess 
water is finally removed by dehydration to obtain the final consolidated material 
(Zone 4).

26.3.2 Role of the ratio of aluminosilicate sources 

Although geopolymers are considered to be eco-friendly materials, the use of 
metakaolin increases the energy balance. Indeed, the geopolymer synthesis is 
performed by calcining kaolin at temperatures of approximately 700°C. The synthesis 
of geopolymer-based raw clays would therefore reduce the energy balance. A large 
number of previous studies focused on making geopolymeric products obtained from 
kaolin or metakaolin as the main precursor (Barbosa and MacKenzie, 2003; Xu and 
van Deventer, 2002). Although 1:1 layer lattice aluminosilicates are typically used 
in the preparation of geopolymers, it is of interest to know if 2:1 clay minerals react 
similarly. In effect, the use and applications of geopolymers need to work with a 
large number of precursors that contain secondary minerals, which come from clay 
deposits. More recently, MacKenzie et al. (2008) have unsuccessfully tried to produce 
aluminosilicate inorganic polymers from a pyrophyllite, a 2:1 clay lattice, without 
first destroying the clay by grinding.
 However, the synthesis of in situ inorganic foam prepared from mixtures containing 
K silicate, KOH solution, silica fume and various types of clays (kaolin, metakaolin, 
illite, and montmorillonite) can be achieved successfully (Prud’homme et al., 2011a). 
These samples were prepared at a low temperature (60°C), and the reaction time 

Figure 26.7 Diagram for foam formation.
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was very short, so only a small amount of energy was consumed. These consistent 
materials displayed similar features but showed variability in their microstructures. 
For example, Figure 26.8 shows the different microstructure that can be obtained 
with crystalline clays (metakaolin, kaolin, illite or montmorillonite).
 No strength differences could be detected by handling the samples of the four 
foams formed from the various clays. All foams were cohesive and rigid solids with 
numerous small pores and small cracks (up to 2 mm in diameter). At first sight, all 
samples at low magnification appear to be similar, but more careful examination 
reveals significant differences in microstructure. The fracture surfaces were relatively 
heterogeneous and depended on the aggregate and the cementing phase, which were 
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Figure 26.8 SEM observations of foam synthesized with various clays: (a, b) metakaolin, (c, 
d) kaolin, (e, f) illite and (g, h) montmorillonite. (reprinted from Prud’homme et al., 2011a, 
Copyright © 2011, with permission from Elsevier).
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clearly visible (Figure 26.8). For example, the surface fracture of the montmorillonite 
samples is clearly dominated by a large amount of aggregate. Moreover, the SEM 
images also clearly show textural modifications, notably on foam samples containing 
kaolinite, montmorillonite and illite, where blocky tactoids, which were most likely 
undissolved clays from their hexagonal or plate morphologies, were organized 
along the pores. At higher magnifications, the cementing phase and grains and/
or aggregates are more visible. The presence of non-dissolved clays (e.g., Figure 
26.8(h), montmorillonite micrographs) is evidenced by SEM-EDS (data not shown), 
as is the presence of the poorly reactive minerals, such as quartz and feldspars, in 
the raw products (Zibouche et al., 2009). Even if secondary phases present in the 
raw product do not prevent a geopolymerization reaction, the reactivity of the clay 
used seems to play an important role in terms of the microstructure of the foams and, 
thus, most likely, in the mechanical behavior of each of the foams synthesized.
 The alteration of the structure, which seems to be relative to the decrease in the 
stacking order (and then most likely to the degree of crystallinity of each clay studied), 
was partial for kaolinite and increased with illite, followed by montmorillonite. 
The results clearly showed the influence of the aluminosilicate sources, their 
crystallochemistry and their degree of crystallinity. Thus, the features of the materials 
depend on the nature of the clay types. Another parameter is the Si/Al ratio, which 
can influence the polycondensation reaction.

26.4 Microstructures and porosity

The thermal properties of a material are strongly dependent on the type of porosity. 
Indeed, the onset of the Knudsen effect or radiation phenomena depend entirely on 
the size of the pores (Incropera and DeWitt, 2002; Kennard, 1938). The thickness of 
the porous walls is also an important parameter in heat transfer phenomena. Thus, 
control of the size and shape of the porosity is important for the development of 
materials for insulation. In the case studied, porosity is obtained by gas generation, 
so control of porosity is principally obtained through a balance between rheology 
and hardening speed. Three approaches will be investigated by varying the setting 
time and chemical composition or by adding organic materials.

26.4.1 Setting time

To understand how porosity might be controlled by setting time, investigations were 
performed on samples based only on silica fume and silicate solution (Si/K = 0.6) 
during the drying of these samples at 70°C for 48 h. Samples were put in an oven 
at 70°C for different times and were then placed at ambient temperature to complete 
the drying time of 48 h. Nine experiments were performed by placing the silica foam 
mixture at 70°C for 1, 2, 3, 6, 8, 10, 16, 24 and 48 h. The density of the samples was 
then plotted as a function of the time at 70°C (Figure 26.9). Two types of sample 
can be distinguished. For a drying time less than 6 h, the density of the synthesized 
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sample is high, varying from 0.78 g.cm–3 to 0.53 g.cm–3. The density of the sample 
evolves quickly to lower values. When the drying time at 70°C is greater than 6 h, 
the sample density is relatively stable with a value of 0.30 g.cm–3.
 Geopolymer foams show structural changes depending on the method of synthesis 
or on the raw materials used (Prud’homme et al., 2010a; Delair et al., 2012). To 
determine the influence of the decrease in drying time on the microstructure of 
materials, three samples were studied after drying times at 70°C of 1 h, 8 h or 48 h. 
Optical observations and electron microscope scans were made, and the pore size 
was measured with ‘ImageJ’ software to calculate the average value of the pore 
diameter Γv (see Section 26.2.3). SEM images of these samples are shown in Figure 
26.10.
 The sample with a time of 1 h at 70°C has a fine macroporosity (Γv = 0.75 
mm) and homogeneous contrast to the samples with times of 8 h and 48 h at 70°C 
(Figure 26.10(a, c, e)), which have a wider pore distribution (Γv = 1.81 mm and Γv 
= 2.23 mm) and are completely heterogeneous. Indeed, the reaction kinetics is a key 
parameter for polycondensation reactions. The increase in the reaction time leads to 
a coalescence of the pores and makes them larger with heterogeneous sizes.
 The thickness of the walls between the pores is also very different for the two 
groups of samples. This difference will have a significant impact on the thermal 
properties of the materials. In contrast, the samples with times of 8 h and 48 h at 
70°C have many microcracks that are not visible in the photographs presented but 
are visually observed (Figure 26.10(d, f)). These microcracks can be explained by 
the presence of large stresses within the material during the removal of water.
 In addition, the pore distribution is unique to each drying method. Figure 26.11 
shows the different possible pore distributions. These changes will easily adapt the 
material to a particular application.
 The example given here is for a foam synthesized from silica fume; however, 
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Figure 26.9 Evolution of sample density as a function of the drying time at 70°C.
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Figure 26.10 SEM images of dried samples for (a, b) 1 h, (c, d) 8 h, and (e, f) 48 h at 
70°C.

control of the pore size distribution can also be obtained for geomaterial foams based 
on metakaolin and silica fume. Investigations here were performed for sample drying 
at 70°C for a period of 7 days. Only three experiments are shown in Figure 26.12, 
representing the removal of the sample from the mold after 6 h, 2 days and 7 days. 
The comparison of the pore sizes depends strongly on the time before removal from 
the mold. Without removal, the obtained foam displayed a large range of sizes with 
an average pore size of approximately 0.37 cm. Removal after 48 h involved a slight 
decrease in size, but the heterogeneous scale was displaced toward small pores. The 
smallest pore size, with a diameter of 0.13 cm, was achieved by removal of the mold 
after 6 h. This foam was characterized by some ladder-like structures with 0.02 cm 
diameter windows. We deduced that these drying conditions can be applied to some 
extent to control the pore size. The microstructure of the synthesized foam could be 
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compared to that of other metal foams (Binner et al., 2009). The range in porosity 
from the removal at different times can also be explained by the production of a 
gas involving coalescence in a part of the foam, such as the foam center, as noted 
by Jim et al. (2009).
 Finally, whatever the type of synthesized foams, control of the porosity is possible 
through the establishment of a special heat cycle during the formation of the foam. 
However, the parameters of these thermal cycles should be adapted to each type of 
product synthesized.

26.4.2 Modification of the chemical composition

26.4.2.1 Variation of the Si/Al ratio

The synthesis of the foam is highly sensitive to viscosity variation. Thus, of the 
various approaches to change the porosity of the material, rheological changes are 
one possible way. Before varying the amount of raw material, the first step is to 
choose a metakaolin with adequate properties. In fact, a large variety of metakaolins 
are available with various characteristics. The most important characteristic is the 
specific area, which will determine an important part of the mixture properties. For 
example, the use of metakaolin M1 or M2, which are mainly differentiated by their 
specific area (SBET = 17.0 cm2.g–1 for M1 and SBET = 21.5 cm2.g–1 for M2), leads 
to the formation of very different pastes and thus leads to the formation of very 
different products (Figure 26.13).
 When the raw materials are fixed, a possible way to control porosity is to modify 
the ratio between powdered materials, i.e., metakaolin M2 here, and the blowing 
agent; SiC sludge is used as an example. The goal is usually to make insulation and 
lightweight materials. Different products can thus be initially evaluated in terms of 
density to be compared with each other.
 The results of the density measurements of the different synthesized samples are 
shown in Figure 26.14 as a function of the amount of SiC sludge and metakaolin M2 
introduced into the mixture. Four types of samples were synthesized with varying 

(a) (b)

Figure 26.13 Images after the formation of foam synthesized with silica fume and (a) 
metakaolin M1 or (b) metakaolin M2.
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metakaolin M2 amounts, 37 wt.%, 39 wt.%, 41 wt.% or 43 wt.%. The percentages 
of M2 are calculated for the global mixture composed of SiK/KOH solution (Si/K 
= 0.6) and metakaolin M2 and do not include the porogeneous agent. Different 
amounts of SiC sludge were added to the mixtures to adjust the pore volume and 
thus to vary the viscosity. The percentage of blowing agent added is calculated as 
a function of the amount of SiK/KOH and M2.
 For samples containing the same amount of porogeneous agent, the sample 
density decreases with the amount of metakaolin. Indeed, the increase in the amount 
of metakaolin generates a decrease in the ratio of porogen amount/quantity of dry 
matter, so there is an increase in viscosity but no increase in the volume of gas 
produced. For a given mixture, the increase in the amount of SiC in the mixture (rich 
in silicon) causes a decrease in the density. For this study, the densities varied from 
1.1 g.cm–3 to 0.27 g.cm–3. This last value is low for a mineral material. Moreover, 
it is important to note that a density of approximately 0.3 g.cm–3 can be obtained 
for samples with various compositions. This density corresponds to samples with 
37, 39, 41 and 43 wt.% metakaolin M2 added and with 1, 1.3, 2.5 and 4.5 wt.%, 
respectively, SiC sludge, denoted 37 wt.%(1%), 39 wt.%(1.3%), 41 wt.%(2.5%) 
and 43 wt.%(4.5%). Although these samples have the same density, changes in 
composition lead to changes in the viscosities of the mixtures and therefore cause 
variations in the porosity. To assess the influence of the amounts of metakaolin and 
sludge SiC on the microstructure, these four samples with the same density were 
imaged in a scanning electron microscope (Figure 26.15).
 The microstructures are very different in the samples, both in terms of porosity 
and the appearance of the pore surfaces. The distribution in the number and size of 
pores seems random in the four samples. For an equivalent density, as the amount 
of metakaolin M2 increases, the smaller the pore size becomes (Table 26.3).
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Figure 26.14 Evolution in density as a function of the amount of SiC in the mixture with (n) 
37 wt.%, ( ) 39 wt.%, ( ) 41 wt.%, and () 43 wt.% metakaolin M2.
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 These variations in composition also affect the thickness of the walls between the 
pores. This parameter is important in the study of materials for insulation because the 
walls play a role in more or less active heat transfer. Based on these observations, the 
increased amount of metakaolin M2, and the simultaneous increase in the rheology 

(a)

(c)

(e)

(g)

(b)

(d)

(f)

(h)

1 mm

1 mm

1 mm

1 mm

25 mm

25 mm

25 mm

25 mm

Figure 26.15 SEM images of samples with the same density based on (a, b) 37 wt.%(1%), 
(c, d) 39 wt.%(1.3%), (e, f) 41 wt.%(2.5%), and (g, h) 43 wt.%(4.5%) M2.
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of the mixtures, induced the decrease in the thickness of the walls (Figure 26.15(a, 
c, e, g)). In a relatively fluid mixture, the bubbles will coalesce until they reach a 
size that is not critical and become stable. In more viscous mixtures, fewer bubbles 
will be able to coalesce. This effect explains the smaller pore size in mixtures with 
a high metakaolin content. The viscous mixture will therefore have a greater number 
of bubbles; thus, the distance between bubbles will be lower for an equivalent 
volume. The microstructure of these four materials is also very scalable. Although 
materials with a low intake of metakaolin have surfaces that appear powdery and 
poorly consolidated, materials with higher rates have a structure very similar to 
geopolymer materials (Figure 26.15(b, d, f, h)) (Hajimohammadi et al., 2010).

26.4.2.2 Variation of the alkaline element

Geopolymer synthesis requires the use of an alkaline element, commonly sodium or 
potassium. This variation leads to differences in the mechanical properties (Duxson 
et al., 2007), thermal properties (Duxson et al., 2006a) and, particularly, the feasibility. 
This final aspect will vary significantly with the alkaline silicate solution used in the 
synthesis. Indeed, silicate solutions have very complex structures, which can contain 
dimers, linear trimers, and cyclic tetramers, among others, and their properties will 
depend strongly on the alkaline element used. The most striking difference between 
a sodium silicate solution and a potassium silicate solution is the disparity in their 
respective viscosities (Ingram et al., 1981), which may be caused by the differing 
hydrations of Na+ and K+. This difference reflects the small concentration of free 
water in the sodium silicate solution relative to that in the potassium silicate solution. 
However, the viscosity of the initial mixture is a very important parameter for the 
foaming process, regardless of the foam type, and can influence the regularity, 
porosity, pore distribution, pores diameter, etc., of the foam structure (Song et al., 
2000). For in situ geopolymer foam formation, the viscosity increases during 
formation because of the reaction temperature, which causes a significant loss of 
water. Thus, there is a challenge in balancing foam formation, which requires a 
particular viscosity, with the departure of water, which increases the viscosity and 
hinders the development of bubbles. Investigations into the impact of the alkaline 
element on the microstructure have been performed by SEM (Figure 26.16). These 
images show significant differences in the size and porosity distribution in the three 
foam samples (Figure 26.16(a, c, e)).
 In the presence of sodium, the porosity seems to be multiscale, whereas with 
potassium, this feature is less pronounced. This difference is most likely also caused 
by the difference in water content in each sample (30 wt.% for foam with sodium 

Table 26.3 Values of the mean diameter Γv for samples with the 
same density and different amounts of metakaolin (from 37 to 
43 wt.%)

Sample name 37 wt.%(1%) 39 wt.%(1.3%) 41 wt.%(2.5%) 43 wt.%(4.5%)

Γv/mm 4.20 3.31 2.95 2.85
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against 37 wt.% for foam with potassium). An increase in the water content leads to a 
decrease in the viscosity through the dilution effect (Duxson et al., 2006a; Zhao et al., 
2010), making it possible for pores to coalesce and leading to some differences in the 
dissolution mechanisms that create multiscale porosity. However, the bulk structure 
of each foam appears to be similar to that of the geopolymer material (Prud’homme 
et al., 2011b), which again provides evidence that foam formation is analogous to 
geopolymerization processing. Thus, the variation of the alkaline element used for 
the synthesis induces variations in the porosity (Duxson et al., 2007). 

26.4.3 Ratio of porogent/aluminosilicate source

The stability of a two-phase system is a problem in many areas, ranging from the 
food industry to the stability of aggregates in self-compacting concrete. These areas 
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Figure 26.16 SEM images of foams with metakaolin and silica fume based on (a, b) sodium, 
(c, d) sodium and potassium, and (e, f) potassium (reprinted from Prud’homme et al., 2011b, 
Copyright © 2011, with permission from Elsevier).
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often respond to this problem by introducing a thickening agent. When introduced in 
very small quantities, these agents will increase the viscosity of the mixtures without 
changing the other properties, such as water reticulation, for example. Geopolymers 
are materials that can be modified in the same way with the added difficulty of their 
basicity. Indeed, organic additives are not very stable at high pH and lose their 
properties as thickening agents.
 Different types of additives were tested in the composition of a porous geopolymer-
based metakaolin and sludge SiC. For this test, three additives were selected: a rice 
starch, cellulose fibers and carbon fibers. The first two additives were chosen to 
compare elements with the same chemical compound (chain of d-glucose) but with 
different structures. The last additive is in the form of a fiber, such as cellulose 
fiber, but is rigid. The different morphologies of these three additives are presented 
in Figure 26.17.
 These materials were added to the base reagent mixture to increase the viscosity 
of the mixture to obtain a finer porosity and thus a lower thermal conductivity. At 
first, the ability of the additives to alter the structure can be evaluated by measuring 
the densities of the samples obtained. Figure 26.18 illustrates the changes in the 
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Figure 26.17 SEM images of (a) rice starch (adapted from Juste, 2008), (b) cellulose fibers, 
and (c) carbon fibers.
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Figure 26.18 Density evolution of samples as a function of the amount of organic additives 
added ( : rice starch, : cellulose fibers, and n: carbon fibers).
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density as a function of the amount of additive introduced. The percentage of the 
additives added is calculated as a function of the amount of SiK/KOH, M2 and SiC 
sludge.
 In all cases, the maximum percentage value added corresponds to the limit for 
handling the mixtures. The introduction of a larger amount of additives leads to the 
formation of a heterogeneous dough and the formation of a completely heterogeneous 
material in terms of composition and porosity. The maximum input value is very 
low for materials based on carbon fibers because the rigid fibers quickly impede the 
flow of the material during mixing. Because they are small and almost spherical, rice 
starch particles are most easily introduced into the matrix. The introduction of rice 
starch and carbon fibers induces an increase in the density of the samples, whereas 
the introduction of cellulose fibers has little influence.
 A study of the microstructure of the samples has been performed to assess the 
impact of this increase on the material microstructure (Figure 26.19). The foam without 
added aluminosilicate has less microporosity than the others (Figure 26.19(b, d, f, h)). 
In addition, the sample containing rice starch has the most developed microporosity 
(Figure 26.19(c, d)). This microporosity may be caused by the significant increase 
in the viscosity of the reaction mixture, which inhibits bubble coalescence and 
produces a fine porosity. Samples containing carbon fibers (Figure 26.19(e, f)) and 
cellulose fibers (Figure 26.19(g, h)) have a structure similar to that of the basic 
sample microstructure.
 The addition of carbon fibers could have an effect on the mechanical properties 
of the samples based on the properties of the fibers.
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Figure 26.19 SEM images of porous materials (a, b) without additives, (c, d) with 0.77 wt.% 
rice starch, (e, f) with 0.77 wt.% carbon fibers, and (g, h) with 0.77 wt.% cellulose fibers.
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Figure 26.19 Continued

26.5 Thermal properties

Insulation plays a key role in reducing energy consumption and in creating a space 
for a healthy and comfortable life. Today, there are a large number of insulators. 
Each insulator is characterized by a set of well-defined physical properties that 
make it possible both to compare the insulators and determine their most appropriate 
application. We can describe two types of properties:

• static characteristics, such as thermal conductivity (l), thermal resistance (R), the coefficient 
of surface transmittance (U), heat capacity (rC) and permeability to water vapor (μ), 

• dynamic thermal effusivity characteristics, such as thermal diffusivity (a) and (E) that 
characterize the behavior of a material based on its reaction time.

For thermal insulation, the primary parameter is the thermal conductivity. There are 
several techniques to measure this property. For example, the thermal conductivity of 
the samples was evaluated with a Hot Disk. The thermal conductivity of a material 
depends on the specific heat capacity and thus on the composition of the material. 
Figure 26.20 shows the change in the thermal conductivity of different materials 
based on metakaolin and SiC sludge as a function of the density of the material. This 
representation is valid because the aluminosilicate foams studied have very similar 
compositions. The value of the heat capacity is not expected to vary.
 In general, the thermal conductivity of the samples increases with the density, 
which is normal because the pores act as thermal insulation (Henon et al., 2012). 
For samples without additives and only composed of metakaolin, SiK/KOH solutions 
and a small amount of SiC sludge, the density of the material is a fundamental 
characteristic for its performance as thermal insulation. Indeed, as the density 
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increases, the conductivity increases. The conductivity even seems to move toward 
a value that could be attributed to the thermal conductivity of the solid skeleton. A 
lower value of 0.075 W.m–1.K–1 can be reached for a material with a low density of 
0.27 g.cm–3. These characteristics are very good for a mineral material, which always 
displays non-negligible resistance to manipulation. The mechanical properties of the 
material have not been evaluated because of the high complexity of testing brittle 
porous materials. Samples containing additives are based on compositions with a 
lower value (density and thermal conductivity). Whatever the addition, there is an 
increase in the density, which is a disadvantage for thermal insulation. However, the 
addition of carbon fibers leads to a decrease in the thermal conductivity compared 
to sample with the same density.
 These values ultimately show that different thermal conductivities can be obtained 
at similar densities. This difference can be explained by the variation in chemical 
composition and/or pore size distribution. Because of the H2 production in the 
reaction mechanism involved in the formation of the materials, it is not possible to 
prepare monolithic materials with the same compositions as the foams. However, 
an estimate can be made with a model that includes the effect of porosity. A porous 
solid can be compared to a two-phase system composed of the solid skeleton and air. 
Collishaw and Evans (1994) have reviewed different analytical expressions describing 
the effective thermal conductivity of a porous solid as a function of pore volume 
fraction. In each case, there is a geometrical simplification of the microstructure based 
on the spatial distribution of the phases. Two standard models can be considered 
that describe the thermal conductivity of a porous solid (Bourret et al., 2012). For 
open porosity, Landauer’s effective medium expression has given close agreement to 
experimental data for alumina ceramics up to pore volume fractions of 0.6; however, 
significant differences between the theory and experiment are observed for higher 
pore volume fractions (Nait-Ali et al., 2007; Kamseu et al., 2012). For the present 
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Figure 26.20 Thermal conductivity of samples based on metakaolin and sludge ( ) with or 
(n) without additives. 
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set of samples, the approach would tend to overestimate the thermal conductivity 
of the solid phase. Given the cellular nature of the microstructures, shown in Figure 
26.21, a model describing the effect of closed porosity on thermal conductivity 
seems more appropriate. 
 As a fi rst approach, Maxwell–Eucken’s expression can be used to predict the 
thermal conductivity of a solid containing unconnected spherical pores (Maxwell, 
1892). This can be re-expressed in terms of ls, the calculated solid phase conductivity 
(Eq. (26.13)).
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where leff is the foam thermal conductivity, lp is the thermal conductivity of the 
pore phase, and np is the pore volume fraction. As a second approach, to include the 
pore size distribution, the thermal conductivity of the solid skeleton is calculated in 
two steps. The material is considered to be a system of two phases: large isolated 
pores (> 0.1 mm) and a pseudo-phase of the solid skeleton and a connected network 
of smaller pores (< 0.1 mm). The thermal conductivity of the pseudo phase (l2) is 
fi rst calculated through the Maxwell–Eucken approach using Eq. (26.13). Then, 
to remove the infl uence of the interconnected smaller pores (< 0.1 mm) from the 
value of l2, a new value l¢s corresponding to the thermal conductivity of the solid 
skeleton is determined from Landauer’s expression (Hashin and Shtrikman, 1962). 
This approach is re-expressed in Eq. (26.14):
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where l2 is the thermal conductivity of the pseudo phase and np¢ is the relative pore 
volume fraction of the smaller pores (< 0.1 mm) in the pseudo-phase. The calculated 
values are generally larger than the single-step Maxwell–Eucken values. In fact, the 
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Figure 26.21 Images of macroporosity in (a) silica fume-based foam and (b) SiC sludge-
based foam.
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bimodal pore size distribution leads to a noticeable decrease in the effective thermal 
conductivity of these materials.
 These theoretical models can be used to assess the potential and limits of different 
approaches for the preparation of thermal insulators. Knowledge of the solid phase 
thermal conductivity and the pore size distribution are therefore key input parameters 
(Nait-Ali et al., 2006).

26.6 Possible use of a porous geopolymer binder

26.6.1 Formation of a composite with geopolymer foam and 
wood

Because of its insulating properties, foam application has been investigated as an 
interface (glue, mortar, etc.) in building construction. In this work, the preparation 
of various composite materials based on the junction of this geopolymer foam and 
wood was attempted (Prud’homme et al., 2010b). First, the biocompatibility between 
wood and the mineral compound was investigated on a chemical basis through pH-
dependent decomposition analysis, thermal analysis, and scanning electron microscopy 
(SEM). We subsequently examined the mechanical properties of the composite with 
embedding tests to observe interfacial shear behavior (Figure 26.22). Evidence from 
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Figure 26.22 Composite specimen for testing mechanical properties in double shear (reprinted 
from Prud’homme et al., 2010b, Copyright © 2010 The American Ceramic Society. All 
rights reserved).
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the durability tests suggests hydric transfer occurs in the interfacial material. To 
identify possible chemical interactions between the wood and foam, X-ray mapping 
at the interface was performed (Figure 26.23). 
 Additionally, chemical analysis of the wood ash revealed the presence of K, 
Si, Na, O and C, as expected (Etiegni and Campbell, 1991). The X-ray mapping 
results revealed high levels of inorganic elements, such as Al, Si, O and K, in the 
foam. The strong signal corresponding to potassium observed from wood can be 
explained by the diffusion of these ions across the wood–foam interface. Indeed, we 
have previously observed that potassium can migrate easily as potassium hydrogen 
carbonate through hydration effects.
 Figure 26.24(a) shows the load–displacement records from the embedding tests. 
Two types of sample were tested: one with a foam layer and another with an industrial 
glue layer. The shear failure stress is approximately 1.3 MPa for the wood/foam 
composite and 2.4 MPa for the industrial glue/wood composite. Although the foam/
wood composite displays a lower shear failure stress, this mechanical strength is 
sufficient for composite-containing inorganic materials. In addition, the inorganic 
foam has interesting adherent properties. SEM measurements (Figure 26.24(b)) 
provide evidence that the mechanical failure from shear stress occurs in the foam 
itself and not at the interface. This result exemplifies both the brittle behavior of the 
foam and the strong adherence of the foam to the wood substrate.
 We have demonstrated the development of an insulating geomaterial composite 
composed of wood and in situ inorganic foam that can be synthesized at low 
temperature and with low energy consumption. The interaction between foam and 
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FoamWood

Wood Wood Wood
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Figure 26.23 X-ray mapping of oxygen, aluminum, silicon, and potassium at the interface 
between wood and foam (reprinted from Prud’homme et al., 2010b, Copyright © 2010 The 
American Ceramic Society. All rights reserved).
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wood leads to the formation of an interface with desirable mechanical properties. 
The material also allowed us to consider its use in construction.

26.6.2 Use of a porous geopolymer binder: construction of a 
wall

To validate the feasibility of this building system, a wall was constructed. This 
full-scale test wall is exceptional and includes construction approaches based on 
composites of wood and mud brick. The construction of a wall, very different from 
a laboratory approach, was not easy and lasted three weeks. The test wall is an 
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Figure 26.24 (a) Mechanical behavior of samples with (i) composite and (ii) wood glue layers 
tested in double-shear; (b) SEM image of the break (reprinted from Prud’homme et al., 2010b, 
Copyright © 2010 The American Ceramic Society. All rights reserved).
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internal wall timber frame; the filling is made of earth bricks. The wall consists of 
three compartments delimited by brick wood stiffeners.
 First, the wooden frame enclosing the brick filling was built. The chamber is large, 
and the filling of the frame was performed at the time the frame was built. Two types 
of mortars were used, a geopolymer mortar with sand (Gouny et al., 2012) to make 
the interface between the wood and the bricks and a traditional brick mortar between 
the bricks. The latter formulation was chosen to limit the shrinkage during drying. 
Figure 26.25 shows a picture of the wooden frame and the wall construction.
 The porous geopolymer binder ‘standard foam’ shows strong adhesion with the 
mud brick and the wood, but its viscosity is too low to be easily implemented. A 
mortar was obtained by adding aggregates, such as sand, to increase the viscosity 
of the foam. From a reaction standpoint, the particle size and the nature of these 
aggregates influenced the kinetics of the reaction, the nature of the bonds formed and 
the compressive strength of the mortar. Regarding the performance of the wall, the 
tests showed that the wall was able to adsorb a large amount of water in a relatively 
short time, thereby controlling the relative humidity of the room. Moisture is initially 
quickly adsorbed on the surface and then gradually spreads throughout the thickness 
of the wall.

 (a) (b)

1 m

1 m

Figure 26.25 (a) Wood wall framing in carriage; (b) building wall placed in the double 
wall.

26.7 Summary

This work sought to determine the various geopolymeric materials by investigating 
various samples synthesized from various types of alkali silicate solutions and 
powders. Porous potassium-based geopolymers with a mutli-scale porosity were 
synthesized with efficient properties. An application of these porous materials permits 
us to describe and to understand the phenomena that occur between a geopolymer 
binder and structural materials, such as mud brick and wood, and also to identify 
the effect of siliceous species on the binder consolidation. 
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27Alkali-activated cements for 
photocatalytic degradation of 
organic dyes
Y. J. Zhang, L. Kang, L. C. Liu 
Xi’an University of Architecture and Technology, Xi’an, China

27.1 Introduction

Utilization of industrial by-products, such as fly ash (Pacheco-Torgal et al., 2008a; 
Temuujin et al., 2010; van Deventer et al., 2007), blast furnace slag (Khate and 
Chaudhary, 2007; Richardson and Cabrera, 2000; Richardson et al., 1989; Zhang et al., 
2008) and steel slag (Belhadj et al., 2012; Hu et al., 2008; Lonescu et al., 2001) for 
preparation of alkali-activated solid waste-based cements have attracted considerable 
attention due to their excellent physical properties for potential applications in the 
building industry (Duxson et al., 2007; Habert et al., 2011; Pacheco-Torgal et al., 
2008b; Songpiriyakij et al., 2011): encapsulation of radioactive material (Khalil and 
Merz, 1994), solidification of hazardous wastes (van Jaarsveld et al., 1997; Galiano et 
al., 2011), and fire-resistance (Kong and Sanjayan, 2010; Temuujin et al., 2011).
 In recent years, some geopolymers with network structures have been used as 
adsorbents for removal of Pb2+, Cu2+, Cr3+ and Cd2+ ions from wastewater (Al-Zboon 
et al., 2011; Wang et al., 2007; Cheng et al., 2012), for adsorption of formaldehyde 
from indoor air (Huang and Han, 2011), and for removal of dye from wastewater (Li 
et al., 2006). It is suggested that the frameworks of geopolymers consist of [SiO4]

4– 
and [AlO4]

5– tetrahedra linked randomly by sharing all the oxygen atoms, and the 
negative charge of [AlO4]

5– tetrahedron is balanced by extra framework cations of 
Na+, K+ and Ca2+ ions (Davidovits, 1991; Komnitsas and Zaharaki, 2007). In general, 
the extra framework cations can be replaced by cations through ion exchange due 
to the porous structures of geopolymers (Bortnovsky et al., 2008; O’Connor et al., 
2010). Sazama et al. (2011) reported that the geopolymer catalysts with Co2+ and Cu2+ 
cations were prepared by ion exchange reactions of metakaolin-based Na geopolymer 
and metakaolin-slag based K,Ca geopolymer, and were used as the selective catalytic 
reduction of nitrogen oxides using ammonia as reducing agent and the oxidation 
of decane using oxygen as oxidant. Gasca-Tirado et al. (2012) proposed that the 
incorporation of photoactive TiO2 into a geopolymer by ion exchange was used for 
the degradation of methylene blue.
 In this chapter, we introduce three kinds of alkali-activated granulated blast 
furnace slag-based (AGBFS), alkali-activated steel slag-based (ASS) and alkali-
activated fly ash-based (AFA) cements coupled with Ni2+ ion and Fe2O3 by three-step 
polymerization, ion exchange and impregnation reactions, respectively. These alkali-
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activated solid waste-based cements were used as a new category of photocatalyst 
for degradation of methylene blue (MB) and Congo red (CR) dyes from wastewater. 
The hydration mechanism, the adsorption kinetics, the reaction kinetics and the 
degradation mechanism were investigated in detail.

27.2 Experimental technique

27.2.1 Materials

The granulated blast furnace slag (GBFS) with a Blaine specific surface area of 508 
m2·kg–1 was provided by Long Steel Company, Shaanxi, China. The main chemical 
compositions in weight percent are shown in Table 27.1 (Zhang et al., 2013). The 
steel slag with a Blaine specific surface area of 450 m2·kg–1 and an average particle 
size of 17.49 mm was obtained from Laiwu Steel Company, Shandong, China. The 
main oxide components in weight percent are displayed in Table 27.2 (Zhang et al., 
2012). The fly ash with a Blaine specific surface area of 500 m2·kg–1 and an average 
particle size of 11.16 mm was derived from the Hancheng thermal power plant, 
Shaanxi, China. The main chemical compositions in weight percent are shown in 
Table 27.3 (Zhang and Liu, 2013). The chemical reagents of Na2SiO3·9H2O (A.R.), 
NaOH (A.R.), NH4Ac (A.R.), Fe(NO3)3·9H2O (A.R.), Ni(NO3)2·6H2O (A.R.), Congo 
red (A.R.) and methylene blue (A.R.) were purchased from Xi’an Chemical Reagent 
Company, Shaanxi, China and were not purified prior to use.

27.2.2 Preparations of alkali-activated solid waste-based 
cements

27.2.2.1 Preparation of alkali-activated granulated blast furnace slag-based 
(AGBFS) cement

Three kinds of raw materials, activator (Na2SiO3·9H2O), GBFS and water, were 
blended in the ratio of 1 : 9 : 2.5 (by weight). The paste was cast into a triplicate 
iron mould measuring 50 (length) ¥ 31.5 (width) ¥ 31.5 (height) (mm3). After 
demoulding, the samples were kept in a curing box at 20°C with 99% relative 
humidity and the curing time was 0.5 h, initial set, final set, 1 day (1 d), 3 days 
(3 d), 7 days (7 d) and 28 days (28 d), respectively. The compressive strengths of 
alkali-activated granulated blast furnace slag (AGBFS) cements are shown in Table 
27.4 (Zhang et al., 2008) and the samples in different curing times were used to 
study the hydration mechanism.

27.2.2.2 Synthesis of NH4 -alkali-activated slag-based cementitious material 
(NH4-ASCM) cement

The GBFS, Na2SiO3·9H2O and water were in the mass ratio of 1:0.11:0.30. In a 
typical synthesis, 1500 g of GBFS was put into a net paste stirrer and then the 
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Table 27.1 Chemical composition of AGBFS cements (wt.%)

Components Na2O Fe2O3 Al2O3 SiO2 CaO MgO K2O TiO2 MnO BaO SO3 Loss on 
ignition

GBFS
Na-ASCM
NH4-ASCM
0.5Fe2O3/ASCM
5Fe2O3/ASCM
10Fe2O3/ASCM

0.57
4.45
0.14
0.16
0.15
0.14

1.03
1.12
1.17
1.77
6.22
11.39

10.59
8.91
11.27
11.19
10.75
9.34

27.51
31.11
34.04
33.83
33.72
32.24

35.23
31.48
26.72
27.16
26.97
26.46

7.11
5.74
7.10
7.04
6.12
5.19

0.66
0.61
0.31
0.31
0.3
0.24

1.16
1.06
1.28
1.26
1.18
1.07

0.48
0.43
0.49
0.49
0.46
0.4

0.38
0.37
0.36
0.36
0.36
0.33

1.41
1.23
0.80
0.73
0.68
0.58

13.87
13.49
16.32
15.70
13.09
12.62

Source: Reprinted from Zhang et al., 2013, Copyright © 2013, with permission from Elsevier.

Table 27.2 Chemical composition of ASS cements (wt.%)

(wt.%) Na2O K2O NiO SiO2 Al2O3 CaO Fe2O3 TiO2 MgO V2O5 MnO P2O5 Loss on 
ignition

Steel slag 0.15 0.12 0 19.13 4.87 37.42 18.77 1.62 5.55 0.98 3.63 0.65 7.11

Na,Ca-
ASS

4.01 0.10 0 18.78 3.36 35.40 15.99 1.35 3.21 0.88 3.05 0.59 13.28

NH4-ASS 0.09 0.05 0 23.08 3.84 33.38 17.92 1.57 3.71 1.00 3.42 0.66 11.28

Ni,Ca-
ASS

0.06 0.04 6.95 22.47 3.73 28.09 17.62 1.56 3.61 1.02 3.38 0.62 10.85

Source: Reprinted from Zhang et al., 2012, Copyright © 2012, with permission from Elsevier.
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aqueous solution of alkaline activator was poured into it. The slurry was poured into 
a triplicate iron mould measuring 160 mm ¥ 40 mm ¥ 40 mm to be compacted on the 
vibrating table, and then put into a standard curing box for 24 h. The samples were 
continuously cured at room temperature for an additional 7 days after demoulding, 
and then the samples, sealed in thin plastic bags respectively, were cured at 65°C for 
24 h in a nitrogen atmosphere. The sample with compressive and flexural strengths 
of 86 MPa and 2 MPa respectively was crushed to obtain a Na-alkali-activated 
slag-based cementitious material (Na-ASCM) with particle size distribution from 
0.125 to 0.315 mm. 
 160 g of Na-ASCM was placed into a 400 mL aqueous solution of 2.0 m NH4Ac 
at room temperature for 24 h to carry out the ion exchange of Na+ with NH4

+. The 
sample was filtrated and washed adequately with deionized water, and then dried at 
65°C for 4 h in a nitrogen atmosphere. As described above, the ion exchange was 
repeated once more to get NH4-ASCM cement.

27.2.2.3 Synthesis of alkali-activated slag-based cementitious material 
(ASCM) loaded Fe2O3 cement

ASCM cements loaded with distinct Fe2O3 amounts were prepared by wetness 
impregnation. In a typical procedure for the fabrication of a 0.5 wt.% Fe2O3 loaded 
sample, 30 g of NH4-ASCM was impregnated with 15 mL of aqueous solution which 
dissolves 0.7587 g of Fe(NO3)3·9H2O overnight. The sample was dried at 65°C for 

Table 27.3 Chemical composition of AFA cements (wt.%)

Specimen Component (wt.%)

Na2O SiO2 Al2O3 CaO Fe2O3 TiO2 K2O MgO Loss 
on 
ignition

Fly ash 0.26 42.03 27.51 3.42 4.37 1.09 1.66 0.48 19.18
Na-geopolymer 4.70 51.15 28.23 3.37 4.78 0.94 1.67 0.53  4.63

Source: Reprinted from Zhang and Liu, 2013, Copyright © 2013, with permission from Elsevier.

Table 27.4 Compressive strength of AGBFS 
cements

Compressive strength (MPa)

1 d 3 d 7 d 28 d
26.5 40.7 51.6 60.1

Source: Zhang et al., 2008, with kind permission from Springer Science and 
Business Media.
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12 h in a nitrogen atmosphere and then calcinated at 300°C for 3 h. The sample 
was assigned as 0.5Fe2O3/ASCM. Samples loaded with 5 wt.% and 10 wt.% Fe2O3 
were designated as 5Fe2O3/ASCM and 10Fe2O3/ASCM, respectively. The precise 
Fe2O3 content in samples was determined by X-ray fluorescence (XRF) and is given 
in Table 27.1.

27.2.2.4 Preparation of alkali-activated steel slag-based (ASS) cement

The starting materials of steel slag and NaOH for respectively providing charge 
compensations of Ca2+ and Na+ cations were mixed in the mass ratio of steel slag/
activator/water = 1:0.11:0.28. A typical preparation procedure is described below. 
The steel slag was placed into a net paste stirrer containing an aqueous solution of 
alkaline activator and sufficiently mixed. The slurry was placed into a triplicate iron 
mould measuring 50 mm ¥ 31.5 mm ¥ 31.5 mm and then kept in a curing box at 
20°C with 99% relative humidity for 1 day. The sample was continuously cured at 
room temperature for an additional 27 days (Zhang et al., 2010). Subsequently, the 
sample with a compressive strength of 26 MPa was crushed and dried at 60°C for 
3 h in a nitrogen atmosphere to obtain a Na,Ca-ASS specimen with particle size in 
the range of 120–425 mm. 

27.2.2.5 Preparation of Ni,Ca-alkali-activated steel slag-based (Ni,Ca-ASS) 
cement

The Na,Ca-ASS specimen (10 g) was added to 100 mL aqueous solution of 0.3 m 
NH4Ac at room temperature for 12 h to perform ion exchange of Na+ with NH4

+. The 
specimen was filtrated and washed sufficiently with distilled water and then dried 
at 60°C for 3 h in a nitrogen atmosphere. As mentioned above, the experimental 
procedure was repeated once more to get the NH4-ASS cement. The NH4-ASS 
specimen (10 g) was added to 100 mL aqueous solution of 0.1 m nickel nitrate 
to carry out ion exchange of NH4

+ with Ni2+ at room temperature for 12 h. The 
specimen was filtrated and sufficiently washed with distilled water and then dried at 
60°C for 3 h in a nitrogen atmosphere to acquire a Ni,Ca-ASS catalyst. The chemical 
compositions are shown in Table 27.2.

27.2.2.6 Preparation of alkali-activated fly ash-based (AFA) cement

The fly ash, Na2SiO3·9H2O and water were mixed in the mass ratio of 1:0.11:0.32. 
The fly ash was added into a net paste stirrer containing an aqueous solution of 
Na2SiO3·9H2O and was thoroughly mixed for several minutes. The slurry was put 
into a triplicate mould measuring 50 mm ¥ 31.5 mm ¥ 31.5 mm, which was put 
into a curing box at 20°C with 99% relative humidity for 24 h. The sample was 
continuously cured at room temperature for 27 days after being taken out from 
the mould. Subsequently, the sample with a compressive strength of 20 MPa was 
crushed and dried at 60°C for 3 h in a nitrogen atmosphere to obtain a fly ash-based 
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cement sample with particle size in the range of 120–425 mm. The main chemical 
compositions in weight percent are listed in Table 27.3. 

27.2.3 Characterization of alkali-activated solid waste-based 
cements

The chemical composition analysis was performed on a Bruker S4 Pioneer X-ray 
fluorescence (XRF) analyzer. The morphology analysis was carried out using a 
Quanta 200 environmental scanning electron microscope (SEM) and a JSM-6700F 
field emission scanning electron microscope (FESEM). The microstructure image of 
samples was obtained on an H-600 transmission electron microscope (TEM). X-ray 
diffraction (XRD) patterns of samples were recorded on a D/MAX-2200 X-ray 
diffractometer equipped with a rotation anode using CuKa radiation with a 0.02° 
2q step interval in the working electric current of 40 mA and voltage of 40 kV. The 
Fourier transform infrared (FTIR) spectra of samples were measured using a Nicolet 
5700 spectrometer with standard KBr technique. Diffuse reflectance UV-visible near 
infrared ray spectrum was recorded on a Hitachi UV-4100 spectrophotometer. The 
photoluminescence spectra were recorded on an F-4500 fluorescence spectrophotometer 
and a 150 W xenon lamp was used as excitation light source. Thermogravimetric 
analysis (TGA), differential thermogravimetry (DTG) and differential scanning 
calorimetry (DSC) were conducted on a Mettler Toledo TGA/DSC 1 Stare system. 
The pore size distribution of sample was determined using a Micromeritics AutoPore 
IV 9500 mercury intrusion porosimeter. The N2 adsorption-desorption isotherms 
were measured on an ASAP 2020 instrument. The compressive strength of samples 
was tested on a YAW-300 automatic pressure testing machine at loading speed 
of 2.4 kN·s–1. The flexural strength of samples was carried out on a DKZ-5000 
anti-rupture testing machine with a three-point bend device at loading speed of  
50 N·s–1.

27.2.4 Evaluation of photocatalytic activities

A certain amount of sample was added to 100 mL of aqueous dye solution which was 
magnetically stirred and kept in the dark for a certain time to establish an adsorption-
desorption equilibrium. The solution was irradiated by a UV-lamp (40 W) with a 254 
nm output, and subsequently was centrifuged at 10–20 min intervals. The absorbance 
of the supernatant solution was monitored on a UV-visible spectrophotometer at the 
maximum absorption wavelength (500 nm for Congo red and 665 nm for methylene 
blue). The degradation efficiency (DE) was calculated by:

  DE (%) = [(A0 – At)/A0] ¥ 100 (27.1)

where DE (%) represents the degradation efficiency by percent concentration. The 
A0 and At are the absorbance of dye solution in the beginning and after t time under 
UV irradiation, respectively. 
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27.3 Microstructure and hydration mechanism of alkali-
activated granulated blast furnace slag (AGBFS) 
cements 

The granulated blast furnace slag (GBFS) is an industrial by-product from the 
manufacture of pig iron and predominately consists of calcium-magnesium 
aluminosilicate glass (Gartner and Macphee, 2011; Bakharev et al., 1999). The 
slag in long-term stock not only occupies a great quantity of land, but gives rise to 
serious environmental pollution. In order to promote the recycling of resources and 
sustainable development of the steel industry, it is necessary to adopt an advanced 
method for the high value-added utilization of GBFS. In recent years, tremendous 
effort has focused on the utilization of GBFS for the synthesis of alkali-activated 
granulated blast furnace slag-based cementitious materials (ASCM) due to low 
energy consumption, high mechanical strength, low permeability and high stability in 
aggressive environments (Bernal et al., 2011; Cheng and Chiu, 2003; Panagiotopoulou 
et al., 2007; Roy, 1999; Yip et al., 2004; Yip and van Deventer, 2003; Wang 
et al., 1995). Under the effect of alkaline activator, the vitreous structure in GBFS 
initially depolymerizes and then forms amorphous calcium (aluminum) silicate 
hydrate (C(A)SH) gel. It is proposed that the skeleton of C(A)SH gel with negative 
charges is composed of SiO4 and AlO4 tetrahedra linked alternately by sharing all 
bridge oxygen atoms, and the negative charges are balanced by positive of Ca2+ 
and Na+ (Duxson and Provis, 2008; Mozgawa and Deja, 2009). It is considered that 
calcium silicate hydrate (CSH) is the major amorphous phase in alkali-activated 
GBFS with a low Ca/Si ratio of 0.98–1.1 (Palomo et al., 1999; Song and Jennings, 
1999; Song et al., 2000; Wang and Scrivener, 1995) and aluminum is present in 
CSH gel as four-coordination with an Al/Ca ratio of 0.16–0.25 (Yip et al., 2005; 
Wang and Scrivener, 2003). Mercury intrusion porosimetry results revealed that the 
ASCM possesses porous structure of a higher mesopore pore volume and a lower 
capillary pore fraction (Qian et al., 2003a; Roy et al., 2000; Shi, 1996). Cho et al. 
(1999) reported that the micropore volume (< 5 nm) is about 78% of their total pore 
volume in alkali-activated slag pastes. In consideration of porosity, the matrix of 
ASCM has been successfully utilized in the incorporation and immobilization of 
radioactive wastes and toxic metals (Deja, 2002; Qian et al., 2003b, 2003c). Moreover, 
the cations of Na+, K+ and Ca2+ in the charge-balancing sites of skeleton can be 
displaced by ion exchange. In a previous study, the Na+ cation in alkali-activated 
steel slag-based Na,Ca-cementitious material was replaced by Ni2+ cation to generate 
Ni,Ca-cementitious material and was employed as a photocatalyst for degradation 
of methylene blue (Zhang et al., 2012). Sazama et al. (2011) reported that Na+ and 
K+ cations in metakaolin-based Na geopolymer and metakaolin-slag based K,Ca 
geopolymer were replaced by Co2+ and Cu2+ cations to prepare the Co geopolymer 
and Cu geopolymer for the oxidation of decane and the selective catalytic reduction  
of NOx.
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27.3.1 Microstructure and mineral phases of AGBFS cement

Figure 27.1 shows the FESEM photomicrographs of samples at different curing 
times (Zhang et al., 2011). Figure 27.1(a) is the image of GBFS with distribution 

(a)

(c)

(e)

(g)

(b)

(d)

(f)

(h)

Figure 27.1 FESEM photomicrographs of samples: (a) slag powder, (b) seting time of 0.5 h,  
(c) initial setting time of 1.3 h, (d) final setting time of 4.2 h, (e) curing age of 1 day, (f) curing 
age of 3 days, (g) curing age of 7 days and (h) curing age of 28 days (Zhang et al., 2011).
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of the mean particle size from 2 mm to 20 mm. The grain boundaries can be clearly 
distinguished after alkali-activated reactions have been carried out for 0.5 h in 
Figure 27.1(b). However, the obvious dissolution reaction takes place at granular 
boundaries of GBFS, indicating the vitreous structure of GBFS starts to disintegrate 
in alkaline media at the initial setting time of 1.3 h in Figure 27.1(c). A large quantity 
of gel-like hydration products are generated on the surface of granular boundaries 
as shown at the final setting time of 4.2 h in Figure 27.1(d). After the curing age 
of 1 day, it can be found that almost all of GBFS particles take part in the alkali-
activated polycondensation reaction to form cementitious material which consists of 
-Si-O-Al- chains, and then those chains overlap one another to build up a network 
microstructure in Figure 27.1(e). With extending of curing time and development 
of compressive strength from 26.5 MPa after 1 day to 40.7 MPa after 3 days as 
shown in Table 27.4, the AGBFS rapidly develop into a dense material by further 
polycondensation reaction and the appearance shows worm-like microstructure as 
shown in Figure 27.1(f). Under the alkaline conditions, the polycondensation reactions 
occur continuously between different networks to constitute a criss-cross pattern at 
curing age of 7 days in Figure 27.1(g). It was surprising that the AGBFS cement 
materials are composed of the worm-like microstructure of quite dense nanoscale 
particles with an average diameter of 20 nm at curing age of 28 days as shown in 
Figure 27.1(h), and the compressive strength gradually increases from 51.6 MPa in 
7 days to 60.1 MPa in 28 days as shown in Table 27.4 (Zhang et al., 2008).
 Energy dispersive X-ray analysis (EDXA) is used to monitor the variety of 
elemental compositions in the formation of AGBFS cement. As comparison with 
GBFS, the contents of elements, such as Si, Al, Ca and Mg, fluctuate to a certain 
extent between setting time of 0.5 h to final setting time of 4.2 h in Table 27.5. In 
particular, the content of calcium sharply increases in the period of initial setting 
time, indicating that a large amount of calcium was extracted from slag particles 
to gelatinous AGBFS cement. It is noteworthy that the content of element sodium 
increases dramatically, especially at the curing age of 1 day due to the hydrolysis 
of sodium silicate to produce NaOH which reacts with the silica-aluminum chain 

Table 27.5 Elemental composition (wt.%) of AGBFS cement tested 
by EDXA

Si Al Ca Mg Na Na/(Si+Al) Ca/(Si+Al)

GBFS
Curing 0.5 ha

Initial 1.3 ha

Final 4.2 ha

Curing 1 da

Curing 3 d 
Curing 7 d
Curing 28 d

18.75
16.35
18.41
17.14
18.07
18.22
17.65
17.33

10.75
8.79
6.89
6.81
5.70
6.26
6.11
6.23

23.8
42.00
44.73
20.50
29.53
25.06
22.15
24.58

8.64
6.00
5.56
6.64
4.83
5.11
4.89
5.11

1.13
2.85
3.09
4.92
6.72
6.24
6.91
7.31

0.038
0.11
0.12
0.21
0.28
0.25
0.29
0.31

0.80
1.67
1.77
0.86
1.24
1.02
0.93
1.04

a Setting time of 0.5 h, initial setting time of 1.3 h and final setting time of 4.2 h, curing age of 1 day.
Source: Zhang et al., 2011.
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so as to accelerate the cleavage of Si-O-Al, Si-O-Si and Al-O-Al bonds in GBFS. 
Quite significant changes take place in the ratios of Na to Si and Al, as well as Ca 
to Si and Al in Table 27.5 from initial setting time to final setting time. However, 
the content remains relatively steady in the range of 0.31–0.33 for the ratio of Na 
to Si and Al, and 0.98–1.01 for the ratio of Ca to Si and Al during the curing ages 
from 3 days to 28 days. This means that some Na-based and Ca-based cementitious 
materials were generated in the process of polycondensation reaction.
 Figure 27.2 shows the XRD patterns of samples for the alkaline activation of 
GBFS cement. From the pattern of GBFS it can be observed that there is a broad 
diffuse hump peak in the region 20–38° 2q suggesting that the GBFS predominantly 
consists of glassy phases (Khate and Chaudhary, 2007; Duxson et al., 2007; Komnitsas 
and Zaharaki, 2007). Besides, four kinds of mineral phases (akermanite, gehlenite, 
calcium silicate and merwinite) were identified. Their chemical composites as well 
as d values are listed in Table 27.6. In comparison to the pattern of GBFS, the 
relative intensities of diffraction peaks have no distinct changes and have no new 
peak appearance from setting time of 0.5 h to final setting time of 4.2 h in Figure 
27.2, implying that the sodium hydroxide deriving from the hydrolysis of sodium 
metasilicate promotes some vitreous dissolution in the periods of curing.
 The XRD patterns of samples for curing ages of 1–28 d and steam curing time of 
28 d are displayed in Figure 27.3. After curing time of 1 d, the intensities of some 

Figure 27.2 XRD patterns of AGBFS cement including the curves of GBFS, setting time for 
0.5 h, initial set for 1.3 h and final set for 4.2 h, respectively (Zhang et al., 2008, with kind 
permission from Springer Science and Business Media).
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diffraction peaks remarkably decrease and some peaks disappear in comparison to final 
setting time in Figure 27.2, demonstrating that those crystal phases, either partial or 
whole, dissolve into aqueous sodium hydroxide solution derived from the hydrolysis 
of sodium metasilicate (Sagoe-Crentsil and Weng, 2007). It is noteworthy that some 
new phases, tobermolite and calcium silicate hydrate (CSH) gel, are generated during 

Table 27.6 Mineral phases of AGBFS cement from initial setting 
time to final setting time 

Mineral 
phase

Chemical 
formula

Number of 
JCPDS

d (nm)

Akermanite Ca2MgSi2O7 01-087-0049 0.37148, 0.28593, 0.24635, 0.23078

Gehlenite Ca2Al2SiO7 01-089-5917 0.37148, 0.28593, 0.17589, 0.16100, 0.15347

Calcium 
silicate

Ca2SiO4 00-033-0303 0.28593, 0.27520, 0.26840, 0.22836, 0.22140, 
0.21772, 0.20913, 0.20282

Merwinite Ca3Mg(SiO4)2 00-026-1064 0.66288, 0.387703, 0.33578, 0.31639, 0.30332, 
0.27520, 0.26840, 0.24635, 0.22140, 0.20596, 
0.20282, 0.19094, 0.18774

Source: Zhang et al., 2008, with kind permission from Springer Science and Business Media.
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Figure 27.3 XRD patterns of AGBFS cement in the period of curing times 1–28 d (Zhang 
et al., 2008, with kind permission from Springer Science and Business Media).
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curing time of 1 d. Schneider et al., reported that the CSH and other hydrated phases 
are present in hardened pastes of alkali-activated blast furnace slag (Schneider et al., 
2001). Some new mineral phases are simultaneously produced at later curing times, 
for instance, gismondine at 3 d, zoisite at 7 d, wairakite and natrolite after 28 d, 
clinozoisite in steam curing time at 28 d. The chemical composites of these mineral 
phases and d values are listed in Table 27.7. Meanwhile, it can be observed that the 
hump peak in the range of 20–38° 2q hardly changes in the period of curing time of 
1 d to steam curing time of 28 d, suggesting that the geopolymer gel and the calcium 
silicate hydrate (CSH) gel produced coexist in the pastes (Yip and van Deventer, 
2003). Indeed, once GBFS powder is mixed with the alkaline solution, geopolymer 
gel and CSH gel could be formed after shorter setting and hardening times. As there 
is insufficient time for the gel in pastes to grow into a well-crystallized structure, 
the hump peak was formed in the period of 1–28 d in Figure 27.3. The geopolymer 
exhibits increasing mechanical properties as shown in Table 27.4. Yip et al. (2005) 
described that the Na geopolymer gel, Ca geopolymer gel and CSH gel could be 
produced in a metakaolin/GGBFS system. 
 Figure 27.4 illustrates the FTIR spectra of samples by sodium metasilicate activation 
of GBFS in the period of initial to final setting times. The characteristic bands at 
around 947.3 cm–1 and 697 cm–1 are assigned to asymmetric Si-O-Al stretching 
mode and symmetric stretching vibrations of Si-O-Si and Si-O-Al bonds (Yip et 
al., 2004). The asymmetric Si-O-Al stretching vibration is shifted from 997 cm–1 at 
0.5 h setting time in Figure 27.4(b) to 1017.2 cm–1 at 4.2 h final setting time for in 

Table 27.7 Mineral phases of AGBFS cement in the period of 
curing times 1–28 d

Mineral 
phase

Chemical formula Number of
JCPDS

d (nm)

Calcium 
silicate 
hydrate

Ca2SiO4·0.3H2O 00-015-0584 0.36650, 0.30326(s), 0.26810, 
0.24572, 0.19106

Tobermolite Ca5(Si6O16)(OH)2 01-089-6458 0.35642, 0.31152, 0.30326(s), 
0.26810, 0.18760

Gismondine CaAl2Si2O8·4H2O 00-020-0452 0.33499(s), 0.13782, 0.18174, 
0.16406, 0.15426, 0.13750

Zoisite Ca2Al3Si3O12OH 01-078-1247 0.42538, 0.36951, 0.28585(s), 
0.26836, 0.25602, 0.20277, 0.19110

Wairakite CaAl2Si4O12·2H2O 00-042-1451 0.33878(s), 0.26800, 0.24904, 
0.22792, 0.20895, 0.16821, 0.16011

Natrolite Na2Al2Si3O10·2H2O 00-022-1224 0.45987, 0.31576, 0.28506(s), 
0.21835, 0.18769

Clinozoisite Ca2Al3Si3O12OH 00-016-0705 0.34555, 0.28664(s), 0.24101, 
0.22805, 0.20895, 0.1600, 0.15353

Source: Zhang et al., 2008, with kind permission from Springer Science and Business Media.
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Figure 27.4(d). The wavenumber of 1017.2 cm–1 is ascribed to asymmetric Si-O-Si 
stretching mode (Bakharev, 2005a) because of the hydrolysis of sodium silicate to 
produce different aggregates of silica gel which are composed of [SiO4]

4– monomers, 
[Si2O7]

6– dimmer, [Si3O10]
8– trimer and some oligomer species (Feng et al., 2004). 

The band at around 1435 cm–1 in Figure 27.3(a)–(d) is attributed to the absorption 
of C-O stretching vibration due to carbonation formed in the atmosphere (Yousuf 
et al., 1993). Both 1632 cm–1 and 3445 cm–1 are assigned to bending and stretching 
vibration of hydroxyl groups existing in various hydration products (Perera et al., 
2007b). 
 Figure 27.5 shows the FTIR spectra of the samples in the curing time from 1 d to 
28 d. It can be clearly seen that the stretching vibration of Si-O-Al bonds is gradually 
shifted to a high wavenumber from 966.5 cm–1 at curing time of 1 d in Figure 27.5(a) 
to 981.5 cm–1 at steam curing time of 28 d in Figure 27.5(e), considering that the 
polymeric matrix is growing and accompanies the increase of the compressive 
strength shown in Table 27.4. 
 In comparison to final setting time in Figure 27.4(d), two new bands appear in 
the region 671.2 and 714.0 cm–1 belonging to the symmetric absorption of Si-O-Si 
and Al-O-Si bonds, and the relative intensities hardly change from Figure 27.5(a) to 
27.5(d), It is demonstrated that some of the [SiO4]

4– units within the Si-O-Si skeleton 
are replaced by [AlO4]

5– to form geopolymer gel and have a relatively stable Si/Al 
ratio in the Si-O-Al network skeleton (Lee and van Deventer, 2002).
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Figure 27.4 FTIR spectra of AGBFS cement from initial to final setting times: (a) GBFS, 
(b) AGBFS for 0.5 h, (c) initial setting time for 1.3 h; (d) final setting time for 4.2 h (Zhang 
et al., 2008, with kind permission from Springer Science and Business Media).
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27.3.2 Hydration mechanism of AGBFS cement

From the XRD and FTIR results, the hydration mechanism for geopolymer formed by 
sodium metasilicate activation of GBFS can be schematically described as below.

27.3.2.1 Hydrolysis of sodium metasilicate

When solid sodium metasilicate is mixed with water, the hydrolysis takes place 
immediately and produces the orthosilicic acid and sodium hydroxide in the 
reaction:

  2Na SiO  + 6H O  2Si(OH)  + 4NaOH2 3a S2 3a SiO2 3iO 2 4O 2 4O  2S2 4 2Si(2 4i(OH2 4OH)  2 4)  Æ2 4Æ2 4  (27.2)

27.3.2.2 Disintegration of glassy network structure

Under alkaline conditions, the covalent Si-O-Si, Si-O-Al and Al-O-Al bonds in the 
vitreous phases of the GBFS are broken to form aluminum hydroxide and orthosilicic 

a
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Figure 27.5 FTIR spectra of AGBFS cement in periods of curing times 1–28 d: (a) curing 
time of 1 d, (b) curing time of 3 d, (c) curing time of 7 d, (d) curing time of 28 d and (e) 
steam curing time of 28 d (Zhang et al., 2008, with kind permission from Springer Science 
and Business Media).
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acid as shown in Eq. (27.3). A higher concentration of hydroxyl ions facilitates the 
dissociation of different silicate and aluminate species, and then these species further 
react with NaOH to produce the basic sodium aluminate and basic sodium silicate 
in reactions shown by Eqs (27.4) and (27.5). The Al species consists of [Al(OH)4]

– 

and [AlO(OH)3]
2–, while the Si species predominantly exists in the form of Si(OH)4 

and [SiO(OH)3]
– under alkaline conditions (Weng and Sagoe-Crentsil, 2007). In this 

reaction stage, the speed of monomer formation is greater than that of precipitation 
formation (Cho et al., 1999). 
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(27.3)

  –Al(OH)4 + NaOH Æ Na+[OAl–(OH)3]
– + H2O (27.4)

  Si(OH)4 + NaOH Æ Na+[OSi(OH)3]
– + H2O (27.5)

27.3.2.3 Production of geopolymers

The polymeric structure of Si-O-Al skeleton can be restructured by means of 
intermolecular polycondensation which is usually via nucleophilic addition-elimination 
reactions between [OSi(OH)3]

– and [OAl(OH)3]
2– species under alkaline conditions. 

The hydroxyl group of [OSi(OH)3]
– attacks the Al ion of [OAl(OH)3]

2– resulting 
in a nucleophilic addition reaction to produce an intermediate complex (Weng and 
Sagoe-Crentsil, 2007). 
 Two hydroxyl groups in the intermediate complex eliminate a H2O molecule 
to form a chain-like geopolymer via an elimination reaction shown in Eq. (27.6). 
Further, an amorphous three-dimensional aluminosilicate network structure can be 
restructured through a polycondensation reaction that eliminates H2O, as described in 
Eq. (27.7). Generally, it can be affi rmed that the OH– ion acts as a catalyst (Duxson 
et al., 2007).
 According to Davidovits’ reports, the geopolymers having amorphous to semi-
crystalline three-dimensional aluminosilicate structures were divided into the polysialate 
(Si-O-Al-O-), the polysialate-siloxo (Si-O-Al-O-Si-O-), and the polysialate-disiloxo 
(Si-O-Al-O-Si-O-Si-O-) (Davidovits, 1991).
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(27.6)
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  + (n+m-1) H2O (27.7)

27.3.2.4 Generation of new mineral phases

The NaOH from the hydrolysis of sodium silicate increases the alkalinity in geopolymer 
paste. In such a case, the oligomers arising from the cleavages of glassy network 
structure consisting of SiO4 and AlO4 tetrahedron react with Ca2+ and Na+ ions to 
produce the new mineral phases under the alkaline condition.

27.3.2.5 Generation of calcium silicate hydrate

The siliceous species could exist in the form of [(HO)2SiO2]
2– and [HOSiO3]

3– under 
highly alkaline conditions so that the [(HO)3SiO]– anions from the reaction shown by 
Eq. (27.5) further reacts with OH– ion to produce the species in reactions described 
by Eqs (27.8) and (27.9) (Silva et al., 2007). A new phase, calcium silicate hydrate 
(CSH), is generated by the reactions of Ca2+, HOSiO3

3– and OH– ions displayed in 
Eq. (27.10).

  [(HO)3SiO]– + OH– Æ [(HO)2SiO2]
2– + H2O  (27.8)

  [(HO)2SiO2]
2– + OH– Æ [(HO)SiO3]

3– + H2O  (27.9)

  Cd2+ + [(HO)SiO3]
3– + OH– Æ CaSiO4H2O  (27.10)

27.3.2.6 Generation of tobermolite

Under alkaline catalytic conditions, two molecular [(HO)3SiO]– and four molecular 
[(HO)2SiO2]

2– groups undergo polycondensation to produce hexamer in Eq. (27.11), 
and then it further reacts with Ca2+ to generate tobermolite as shown in Eq. (27.12). 
Feng et al. (2004) reported that the glassy structure reacts with OH– not only to 
produce [(HO)3SiO]–, [(HO)2SiO2]2– and [HOSiO3]3– ionic groups, but also to 
generate distinct oligomers. 
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 (27.11)



Alkali-activated cements for photocatalytic degradation of organic dyes 745

  

5Ca + HO-Si-O
|

|

OH

O

-Si-O
|

|

O

O

-Si-O
|

|

O

O

-Si-O
|

|

O

O

-2+a +2+a + Si-OSSi-OS
|

|

O

O

-Si-O
|

|

OH

O

H  Ca Si O (OH) + H OOH
5 6a S5 6a Si O5 6i O16 2 2+ H2 2+ H

–
æÆOHæÆOHæÆææÆ

 
   (27.12)

27.3.2.7 Generation of gismondine

Polycondensation of two molecular Si(OH)4 and two molecular Al–(OH)4 groups 
involving H2O loss will generate a tetramer containing silicon and aluminum under 
alkaline catalytic conditions depicted in Eq. (27.13), and then the tetramer reacts 
with Ca2+ to lose H2O and produce gismondine in a reaction given by Eq. (27.14). 
Weng and Sagoe-Crentsil (2007) reported that the condensation reaction takes place 
between Al–(OH)4 and [(HO)3SiO]– species. 
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27.3.2.8 Generation of zoisite

One molecular [(HO)3SiO]–, one molecular Al–(OH)4 and two molecular Si(OH)4 
groups undergo polycondensation to eliminate water and generate hexamer as shown 
in Eq. (27.15). Then the hexamer reacts with Ca2+ to produce zoisite as shown in 
Eq. (27.16).
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27.3.2.9 Generation of wairakite

Six molecules, four of Si(OH)4 and two of Al–(OH)4, react to produce silicon and 
aluminum containing hexamers as shown by the reaction in Eq. (27.17), and then 
the hexamer sequentially reacts with Ca2+ to produce wairakite as shown in Eq. 
(27.18). 
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27.3.2.10 Generation of natrolite

The polycondensation takes place among three molecular Si(OH)4 and two molecular 
Al–(OH)4 groups, to form the pentamer including three Si and two Al atoms, as 
shown in Eq. (27.19). Then the pentamer reacts with Na+ to produce natrolite, as 
exhibited in Eq. (27.20).
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27.3.2.11 Generation of clinozoisite

Even if the chemical composition of clinozoisite is similar to zoisite, their crystal 
struc  tures are different, that is, clinozoisite belongs to the monoclinic system while 
zoisite shows cubic structure. Anyway the reaction process for the formation of 
clinozoisite is similar to that of zoisite. 
 The hydration mechanism of geopolymer formed by sodium silicate activation of 
GBFS is via sodium metasilicate hydrolysis, cleavage of glassy network structure, 
formation of new gels of geopolymer and SCH, as well as generations of new mineral 
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phases through aluminosilicate oligomers reacting with Ca2+ and Na+ ions under 
OH– catalysis. 

27.4 Alkali-activated slag-based cementitious material 
(ASCM) coupled with Fe2O3 for photocatalytic 
degradation of Congo red (CR) dye

In this section, a novel alkali-activated granulated blast furnace slag-based cementitious 
material (ASCM) loaded with Fe2O3 was synthesized by a three-step reaction of 
polymerization, ion exchange and impregnation as mentioned above, and was used 
as a photocatalyst for the degradation of Congo red (CR) dye solution. The aims 
were: (i) to realize high value-added resource recycling of GBFS, (ii) to design a 
catalyst with low cost, environmentally friendly and energy-saving characteristics, 
(iii) to have excellent degradation efficiency for the wastewater of dye, and (iv) 
to make a catalyst with high compressive strength, which is easy to separate from 
suspension solution.

27.4.1 Structure characteristics of Fe2O3/ASCM catalysts

The chemical composition of samples is shown in Table 27.1. The contents of Na2O 
and SiO2 in GBFS are 0.57% and 27.51%, respectively, but those values in the 
Na-ASCM sample increase to 4.45% and 31.11%, respectively. After Na+ ions are 
replaced by NH4+ ions, the amount of Na2O rapidly decreases to 0.14%, confirming 
the effectiveness of the ion exchange process at room temperature. Sazama et al. 
(2011) reported that the Na+ ions in the geopolymer network could be exchanged by 
Cu2+ or Co2+ ions at room temperature. The transformation of Na-ASCM into NH4-
ASCM attempts to reduce the alkalinity of ASCM and to prevent the generation of 
iron hydroxide precipitation in the process of wetness impregnation of Fe2O3. 
 Figure 27.6 shows TGA, DSC and DTG curves of the solid Fe(NO3)3·9H2O. The 
weight loss in the TGA curve can be divided into two steps. The weight loss in the 
first step, from room temperature to 108°C, reaches about 2.01% and the peak is 
observed at 87°C in DTG. The reaction heat given by the integral area (shaded area) 
approaches 3.80 J·g–1 in DSC. This reaction is then ascribed to the loss of free water. 
The weight loss in the second step from 108 to 314°C approaches 74.09% in TGA, 
and the peak is seen at 189°C in DTG. The reaction heat given by the integral area 
(shaded area) is up to 27.57 J·g–1 in DSC resulting from the thermal decomposition 
of solid Fe(NO3)3·9H2O. Therefore, this is the reason why the calcination temperature 
of the sample is selected to be 300°C.
 Figure 27.7 displays the X-ray diffraction patterns of samples. From the pattern 
of GBFS it can be found that there is a broad diffuse hump in the region of 20–38 
2q, suggesting that the GBFS predominantly possesses glassy phase. In comparison 
with the pattern of GBFS, the amorphous hump has remarkably shifted towards 
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Figure 27.6 Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and 
differential thermogravimetry (DTG) for the iron nitrate nonahydrate (reprinted from Zhang 
et al., 2013, Copyright © 2013, with permission from Elsevier).
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Figure 27.7 X-ray diffraction patterns of samples (reprinted from Zhang et al., 2013, Copyright 
© 2013, with permission from Elsevier).
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lower 2q values in the pattern of NH4-ASCM, indicating that the alkali-activated 
slag-based cementitious material is mainly constituted by amorphous phases (Duxson 
et al., 2007). Meanwhile, some small peaks superimposed on the amorphous hump at 
about 2q = 29.4°, 32.1° are assigned to poorly crystalline phases of calcium silicate 
hydrate (CSH) (JCPDS No.00-033-0306), while the peaks at about 2q = 11.4° and 
31.3° are ascribed to the calcium aluminate hydrate (CAH) (JCPDS No.02-0083). 
Wang and Scrivener (1995) as well as Haha et al. (2011) reported that the CSH with 
low C/S ratio is the dominant hydration product, and Mozgawa and Deja (2009) 
confirmed that both CSH and CAH phases are present in alkali-activated GBFS. By 
looking to the XRD pattern of 0.5Fe2O3/ASCM sample, no new peaks are visible, 
but the one observed in the Na-ASCM sample at 2q = 11.4° disappeared. It is worth 
noting that the amorphous hump is further broadened and all peaks disappeared in 
samples containing increasing Fe2O3 amounts in the patterns of 5Fe2O3/ASCM and 
10Fe2O3/ASCM. This suggests that Fe2O3 particles cover the surfaces of CSH and 
CAH phases forming well-dispersed clusters whose size is below the detection limit 
of XRD (Zhang et al., 2004). Perera et al. (2007a) reported the speciation of iron 
ions from octahedral coordination sites of MK-based geopolymer and no novel Fe-
rich crystalline phases were detected.
 Table 27.8 lists some physical parameters of samples, such as BET specific 
surface area, pore volume, average pore size and pore volume percentage. The GBFS 
sample shows the smallest SBET (10.63 m2·g–1) and pore volume (0.034 mL·g–1) 
values. After the NH4

+ for Na+ ionic exchange treatment, with formation of NH4-
ASCM, values of SBET (61.55 m2·g–1), pore volume (0.16 mL·g–1) and mesoporous 
volume percentage (73.69%) have significantly increased compared to the GBFS 
sample. This suggests that NH4-ASCM with bigger mesoporous volume percentage 
is beneficial to adsorption of CR molecule having 3D size of 3 nm ¥ 0.25 nm ¥ 
0.73 nm. Li et al. (2006) reported that synthesized alkali-activated fly ash binders 
exhibited much higher adsorption capacity than fly ash itself and natural zeolites. 
 Figure 27.8 shows the images of field emission scanning electron microscopy 
(FESEM) coupled with energy dispersive X-ray analysis (EDXA) for the 5Fe2O3/
ASCM sample. The morphology of the ASCM support denotes the presence of 
nanoparticle aggregates with mean particle size of about 50 nm. However, it is 

Table 27.8 BET specific surface area, pore volume, average pore 
size and pore volume percentage

Sample SBET
(m2/g)

Pore 
volume
(mL/g)

Average pore 
size (nm)

Pore volume (%)

< 5 nm 5-50 nm > 50 
nm

GBFS
NH4-ASCM
5Fe2O3/ASCM
10Fe2O3/ASCM

10.63
61.55
57.76
60.42

0.034
0.16
0.14
0.10

12.71
10.44
9.48
6.79

33.08
21.14
26.92
38.37

51.41
73.69
69.17
58.08

15.51
5.17
3.91
3.55

Source: Reprinted from Zhang et al., 2013, Copyright © 2013, with permission from Elsevier.
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Figure 27.8 FESEM images coupled with EDXA for the 5Fe2O3/ASCM sample: (a) FESEM 
image, (b) EDXA, and (c) Fe elemental map (reprinted from Zhang et al., 2013, Copyright 
© 2013, with permission from Elsevier).

difficult to identify the particle size of Fe2O3 in Figure 27.8(a). By combining with 
XRD results in Figure 27.7 it can be suggested that the Fe2O3 particles are forming 
clusters. The EDXA result shows that the 5Fe2O3/ASCM sample is mainly composed 
of Al, Ca, Fe, Mg, Si and O elements in Figure 27.8(b). The elemental map in Figure 
27.8(c) shows that Fe particles or clusters are uniformly dispersed through the 
ASCM matrix.
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 Figure 27.9 presents the diffuse reflectance UV-vis near infrared ray spectra of 
samples. It can be observed that the absorption edges in the range of 250–700 nm 
are gradually blue-shifted with the decrease of Fe content due to the quantum size 
effect. But the spectrum intensity decreases in order of 5Fe2O3/ASCM < 10Fe2O3/
ASCM < 0.5Fe2O3/ASCM < Na-ASCM in the near infrared region, especially for 
the peaks located at 1424 and 2221 nm as a consequence of the strong interaction 
between Fe2O3 clusters and ASCM. 
 Figure 27.10 shows the photoluminescence spectra of samples excited by a 150 
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Figure 27.9 Diffuse reflectance UV-vis near infrared ray spectra of samples (reprinted from 
Zhang et al., 2013, Copyright © 2013, with permission from Elsevier).
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Figure 27.10 Photoluminescence spectra of specimens excited by a 150 W xenon lamp with 
an excitation wavelength of 250 nm (reprinted from Zhang et al., 2013, Copyright © 2013, 
with permission from Elsevier).



Handbook of Alkali-activated Cements, Mortars and Concretes752

W xenon lamp, emitting light of 250 nm wavelength. All samples show an emission 
peak at 399 nm, being highest for Na-ASCM. This suggests that recombination of 
photogenerated electron-hole pairs is faster in this material. The photoluminescence 
peak decreases sharply with increasing amount of Fe2O3, implying that the transition 
frequency of photogenerated electrons is quickened up and the recombination rate of 
electron-hole pairs largely diminishes in the interface of Fe2O3 clusters and porous 
ASCM (Chen et al., 1998).

27.4.2 Photocatalytic degradation efficiency of CR dye

Figure 27.11 shows the degradation activities of different catalysts for CR. In order 
to know about the activities such as photocatalytic degradation, adsorption and 
photolysis, some experiments are designed as below. Both photocatalytic degradation 
for the Fe-immobilized catalysts and the removal of color tests for the Na-ASCM 
are carried out in an aqueous CR solution with suspending catalyst particles under 
UV irradiation in Figure 27.11(a)–(d). In the adsorption experiment, the aqueous CR 
solution with suspending catalyst is put in the dark as shown in Figure 27.11(e)–(g). 
The photolysis test involves that the aqueous CR solution is exposed to UV light 
in Figure 27.11(h). It can be found from Figure 27.11 that a series of Fe2O3/ASCM 
catalysts show excellent photocatalytic degradation rate in the following order: 100% 
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Figure 27.11 Degradation activities of different catalysts for CR dye under UV light irradiation 
(sample dosage: 0.4 g, initial concentration of CR: 6 mg·L–1, solution: 100 mL, the maximum 
absorption wavelength of 500 nm) (reprinted from Zhang et al., 2013, Copyright © 2013, 
with permission from Elsevier).
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(5Fe2O3/ASCM) > 97.3% (10Fe2O3/ASCM) > 93.2% (0.5Fe2O3/ASCM) > 86% (Na-
ASCM). As compared with Na-ASCM, the higher activities for the Fe2O3/ASCM 
catalysts are considered to be the result of strong interaction between active species 
of Fe2O3 clusters and ASCM. The highest photocatalytic degradation rate for the 
5Fe2O3/ASCM catalyst is probably ascribed to the fact that the 5Fe2O3/ASCM catalyst 
has the lowest absorption intensity in the near infrared region in Figure 27.9, and 
the active species of Fe2O3 clusters dispersed homogeneously on the ASCM surface 
provides much more effectively active sites to promote the photocatalytic degradation 
reaction. The lower removal efficiency for the Na-ASCM probably results from the 
fact that the CR dyes having sulfonate groups (CR-SO3

–) with negative charges are 
strongly adsorbed on the Na+ sites of the Na-ASCM via an electrostatic interaction. 
The adsorption results are as follows: 46.5% (10Fe2O3/ASCM) > 42.5% (5Fe2O3/
ASCM) > 21.0% (0.5Fe2O3/ASCM), suggesting that the removal rate of CR is in 
proportion to the Fe2O3 loading. It can be observed that the aqueous CR solution 
shows the lowest photolysis rate of 15.3% due to an absence of catalyst.
 Figure 27.12 shows the UV-vis absorption spectra of samples. The absorption 
spectrum of 6 mg·L–1 solution of CR shows two bands, one of which is in the visible 
region with maximum absorption at 500 nm and the other is in the ultraviolet region 
at 344 nm in Figure 27.12(a). It is assigned to be the band at 500 nm for azo bonds 
and the band at 344 nm for benzene and naphthalene rings in the CR molecule (Wang 
et al., 2008). After the photocatalytic degradation of CR in the solutions suspending 
a solid Fe2O3/ASCM catalyst for 100 min, the absorption peaks of degradation 
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Figure 27.12 UV-vis spectra of samples: (a) aqueous solution of CR dye, (b) aqueous solution 
of Fe2O3 sample, (c) aqueous solution of 5Fe2O3/ASCM sample, (d) aqueous solution of 5Fe2O3/
ASCM after degradation for 100 min, and (e) aqueous solution of ASCM sample (reprinted 
from Zhang et al., 2013, Copyright © 2013, with permission from Elsevier).
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products almost completely disappear in the range of 254–600 nm in Figure 27.12(d), 
demonstrating that the conjugated part, azo bond and some naphthalene rings in the 
molecule are destroyed. It is known that the hydroxyl radical (·OH) is the major 
oxidative intermediate to react with the azo bond in high rate coeffi cients (Flamigni 
and Monti, 1985).
 To understand whether the sharp peak at 229 nm in Figure 27.12(d) originates from 
the residual fragment of dye or not, three kinds of contrast tests are performed, which 
involve 5Fe2O3/ASCM, NH4-ASCM and Fe2O3 samples being put into water for 100 
min and then centrifugal separation is carried out, respectively. It can be found that 
the UV-vis spectrum of aqueous solution for the 5Fe2O3/ASCM sample in Figure 
27.12(c) is almost overlapping with the 5Fe2O3/ASCM sample after degradation in 
Figure 27.12(d). There is a middle of peak for Fe2O3 sample in Figure 27.12(b) and 
no peak for NH4-ASCM sample in Figure 27.12(e). Therefore, it can be taken into 
account that the peak at 229 nm in Figure 27.12(d) is closely associated with the 
strong interaction between Fe2O and ASCM.

27.4.3 Photocatalytic degradation kinetics of CR dye

To know the kinetics of photocatalytic degradation of CR in solutions suspended 
on Fe2O3/ASCM particles, the experimental results were fi tted in Figure 27.11 by 
equation transducing different kinetics reactions (different orders). The results are 
shown in Table 27.9. Each correlation coeffi cient was calculated from the kinetics 
equation, where R0, R1, R2 and R3 represent the correlation coeffi cient of zero, fi rst, 
second and third order rate equations, respectively. Best fi tting seems to be assured 
by R2 (correlation ranges of 0.96232–0.99368) for the different catalysts. Therefore, it 
is suggested that the photocatalytic degradation of CR dye in the solutions suspended 
on solid Fe2O3/ASCM catalyst follows the second-order kinetics. From Table 27.9 it 
is seen that the k2, the rate constant of the second-order reaction kinetics, follows the 
order: 0.06196 (5Fe2O3/ASCM) > 0.04678 (10Fe2O3/ASCM) > 0.02470 (0.5Fe2O3/
ASCM) > 0.00986 (Na-ASCM), and also the t1/2, half-life, has a negative order: 
2.69 (5Fe2O3/ASCM) < 3.56 (10Fe2O3/ASCM) < 6.75 (0.5Fe2O3/ASCM) < 16.90 
(Na-ASCM). 

27.4.4 Photocatalytic oxidative degradation mechanism

A possible mechanism for photocatalytic oxidative degradation of CR is put forward 
in Figure 27.13. Congo red, 1-naphthalenesulfonic acid-3,3¢-(4,4¢-biphenylene bis 
(azo)) bis (4-amino-) disodium salt, is a benzidine-based anionic diazo dye. In 
the aqueous solution, this anionic diazo dye dissolves and ionizes out an anion of 
sulfonate group (for short CR-SO3

–) as shown in Eq. (27.21). 

  CR-SO Na  Na  Na CR-SO  + Na3
H O

3
– + + N– + + Na– +aH O2H OæÆ  æÆ  H OæÆH O2æÆ2H O2H OæÆH O2H O

 (27.21)

Fe2O3 particles or clusters covering the surface of CSH and CAH phases have 
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Table 27.9 Kinetics equation of photocatalytic degradation of CR

Composite Order (second) k2
(L·mg–1·min–1)

R0 R1 R2 R3 t1/2(min)

Na-ASCM 1/Ct = 0.00986t+0.07602 0.00986 -0.95547 0.99628 0.96232 0.89781 16.90 

0.5Fe2O3/ASCM 1/Ct = 0.0247t+0.07292 0.02470 -0.84493 0.95157 0.99361 0.97715 6.75 

5Fe2O3/ASCM 1/Ct = 0.06196t+0.04147 0.06196 -0.70518 0.95592 0.99368 0.831 2.69 

10Fe2O3/ASCM 1/Ct = 0.04678t-0.05866 0.04678 -0.77545 0.96232 0.99278 0.87989 3.56 

Source: Reprinted from Zhang et al., 2013, Copyright © 2013, with permission from Elsevier.
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semiconducting properties, having a narrow bandgap of about 1.9 eV as estimated 
from Figure 27.9(c). Gulshan et al. (2010) reported that the iron oxides of maghemite 
and hematite are semiconductors and thus are able to photodecompose methylene 
blue dye once irradiated by UV, visible and solar radiation. As the Fe2O3 particles 
are irradiated by a beam of UV light, an electron in the VB acquires the energy 
of a photon to become a photogenerated electron (e–) which migrates to CB and 
simultaneously leaves behind a photogenerated hole (h+) in the VB as shown in Eq. 
(27.22) and Figure 27.13.

  Fe O   Fe O (h ) + e2 3O  2 3O  hv
2 3e O2 3e O + –) + –) + + –+ e+ –eæÆhvÆhvæÆæ  (27.22)

The negative charges of AlO4 tetrahedra located on the Si-O-Al framework of 
CSH gel are balanced by positive charges of Ca2+ ions (Duxson and Provis, 2008; 
Mozgawa and Deja, 2009). CR dye molecules are preferentially adsorbed on the 
surface-exposed Ca2+ sites due to stronger interaction between cationic Ca2+ and 
anionic sulfonate groups (CR-SO3

–) as shown in Figure 27.13. In tetrahedral co-
ordination, Al3+ and Si4+ have radii of 0.39 and 0.26 nm, respectively (Song and 
Jennings, 1999). In addition, Si4+ possesses a Z/r (charge density) more than twice 
that of Al3+, and strongly polarizes the electron density on its neighboring oxygen 
atom (Gartner and Macphee, 2011) so that Al3+ ions in framework of CSH show a 
Lewis acidity which is able to ensnare photogenerated electrons (e–) in Figure 27.13. 
The photogenerated hole (h+) at the VB migrates to the surface of Fe2O3 clusters 
and reacts with H2O molecules to produce hydroxyl radicals for the photocatalytic 
oxidation of dyes, as represented in Eq. (27.23) (Valenzuela et al., 2002; L. Zhang 
et al., 2011).

  h+ + H2O Æ H+ + •OH (27.23)

The anionic sulfonate groups (CR-SO3
–) adsorbed on the surface of catalyst particles 

are oxidized by hydroxyl radicals and generate the degradation products as shown in 
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Figure 27.13 A mechanism of photocatalytic degradation of CR (reprinted from Zhang et al., 
2013, Copyright © 2013, with permission from Elsevier).
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Eq. (27.24). The hydroxyl radical (·OH) can successively participate in the oxidation 
reactions, until CR molecules are completely decomposed.

  CR-SO3
– + •OH Æ Degradation products (27.24)

27.5 Alkali-activated steel slag-based (ASS) cement for 
photocatalytic degradation of methylene blue (MB) 
dye

The manufacture of ASS cement by utilization of steel slag is inexpensive and eco-
friendly. The steel slag is a by-product from the conversion of pig iron to steel, and 
the methylene blue (MB) dye is one of the organic pollutants in wastewater disposed 
of by the dyeing and printing of textiles. In order to realize the dual purposes of the 
resource recycling of steel slag and to remove dye pollutants from the wastewater, a 
new type of Ni,Ca-ASS cement was synthesized by polymerization of alkali-activated 
steel slag and ion exchange. 

27.5.1 Microstructure and absorption spectrum of Ni,Ca-ASS 
cement

Table 27.2 shows the chemical composition of specimens. The Na2O content in 
steel slag powders is about 0.15 wt.% and dramatically increases to 4.01 wt.% in 
Na,Ca-cementitious material due to the polymerization of steel slag activated by 
sodium hydroxide. After Na+ ions in turn are exchanged by NH4+ and Ni2+ ions, 
the amount of Na2O rapidly drops to 0.06 wt.% and the content of NiO increases 
to 6.95 wt.%, which means almost all Na+ ions in the matrix of Na,Ca-ASS cement 
were replaced by Ni2+ ions at room temperature. Sazama et al. (2011) reported that 
the Na+ ions in the vicinity of all the Al atoms in the geopolymer network could be 
exchanged by Cu2+ or Co2+ ions at room temperature. The current study revealed a 
similar situation when Ni2+ ions are present.
 Figure 27.14 shows the XRD patterns of specimens. The steel slag powders show 
some mineral phases, such as calcium iron oxide (Ca2Fe2O5, JCPDS No. 19-0222), 
belite (Ca2SiO4, JCPDS No. 98-000-0275), alite (Ca3SiO5, JCPDS No. 98-000-0043), 
portlandite (Ca(OH)2, JCPDS No. 98-000-0359) and wüstite (FeO, JCPDS No. 46-
1312). The details about these mineral phases including chemical formula, serial 
number of JCPDS and 2q are summarized in Table 27.10 (Zhang et al., 2012). The 
intensities of some diffraction peaks decrease remarkably and some peaks disappear 
in the pattern of Na,Ca-ASS cement compared with the pattern of steel slag powders 
in Figure 27.14, suggesting that the mineral phases in the steel slag such as Ca2Fe2O5, 
Ca(OH)2, Ca2SiO4, and Ca3SiO5, partially react with sodium hydroxide solution to 
generate two types of new hydrated products, metahalloysite (Si2Al2O5(OH)2, JCPDS 
No. 01-074-1023) and calcium silicate hydrate (CSH) (Ca1.5SiO3.5·xH2O, JCPDS No. 
33-0306) (Sagoe-Crentsil and Weng, 2007). Yip et al. (2005) reported the formation 
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Figure 27.14 X-ray diffraction patterns of specimens (reprinted from Zhang et al., 2012, 
Copyright © 2012, with permission from Elsevier).

Table 27.10 Mineral phases of ASS cements

Mineral phase Chemical 
formula

Number of 
JCPDS

2q (°)

Calcium iron 
oxide

Ca2Fe2O5 19-0222 12.00, 24.11, 33.35

Belite Ca2SiO4 98-000-0275 18.08, 26.50, 31.19, 32.09, 
35.36, 39.52, 41.28, 56.61

Alite Ca3SiO5 98-000-0043 30.12, 32.24, 49.54, 51.92, 
56.61, 62.45

Portlandite Ca(OH)2 98-000-0359 18.08, 34.11, 47.10

Wustite FeO 46-1312 36.34, 42.15, 61.13

Metahalloysite Si2Al2O5(OH)4 01-074-1023 11.48, 20.12, 23.85, 31.27, 
35.36

Calcium silicate 
hydrate

Ca1.5SiO3.5·xH2O 33-0306 29.32, 32.09

Source: Reprinted from Zhang et al., 2012, Copyright © 2012, with permission from Elsevier.
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of Na geopolymer gel, Ca geopolymer gel and CSH gel in a metakaolin/GGBFS 
system. From Figure 27.14 it can be observed that the pattern of Ni,Ca-ASS cement 
is similar to that of Na,Ca-ASS cement except for the diminution of peak intensities 
of portlandite.
 Figure 27.15 shows the diffuse reflectance UV-visible near infrared ray spectra 
of specimens. There are typical absorption bands in the range of 230–300 nm and 
they are much clearer after enlargement (top left of Figure 27.15). Absorption bands 
centered at 260.6 nm and 281.5 nm are observed in the Na,Ca-ASS cement sample, 
while these bands are slightly blue-shifted to 257.3 nm and 271.1 nm, respectively, in 
the Ni,Ca-ASS cement. The blue-shifted bands are probably attributed to the strong 
interaction of Ni2+ and negative charge of [AlO4]

5– tetrahedron in the framework of 
cementitious material as a result of Ni2+ ion (0.069 nm) with smaller ionic radius 
than Na+ ion (0.102 nm). In the near infrared ray region, three kinds of absorption 
bands are centred at 1404 nm, 1922 nm, and 2215 nm. They can be ascribed to 
the absorption of Si-OH bonds in the frameworks of Na,Ca-ASS and Ni,Ca-ASS 
cements. Elsherbiny et al. (2011) reported that the porous silica powders show a 
shielded complex ∫ SiO–H(OH2) absorption band at 1404 nm.

27.5.2 Photocatalytic degradation activities of MB dye

Figure 27.16 exhibits the photocatalytic degradation activities of samples for MB. 
The Ni,Ca-ASS catalyst shows the photocatalytic degradation rate of 94.39%, while 
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Figure 27.15 Diffuse reflectance UV-visible near infrared ray spectra of specimens (reprinted 
from Zhang et al., 2012, Copyright © 2012, with permission from Elsevier).
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photocatalytic degradation rate for the Na,Ca-ASS catalyst is about 53.27% under 
UV irradiation. When the MB aqueous solution suspending catalyst was kept in the 
dark without UV irradiation, the catalytic degradation rate approaches 15.09% for the 
Na,Ca-ASS catalyst and 29.25% for the Ni,Ca-ASS catalyst. From Figure 27.16 it 
is also observed that the photolysis rate of MB is about 22.97%, as the MB solution 
is exposed to UV light without catalyst. For the Ni,Ca-ASS catalyst, the following 
conclusion can be drawn: photocatalytic degradation rate >> catalytic degradation 
rate (with catalyst and without UV) > photolysis rate (with UV and without catalyst). 
The highest photocatalytic degradation rate of MB for the Ni,Ca-ASS catalyst is 
considered to be the result of synergistic effects between the matrix of ASS cement 
and active Ni2+ species.
 It is well known that the hydroxyl radical is the primary oxidant in the photocatalytic 
oxidation of organic compounds (Valenzuela et al., 2002; L. Zhang et al., 2011; 
Yang et al., 2006). The electrode potential of hydroxyl radical (2.8 V) is much higher 
than that of MB (0.53 V) in aqueous solution. Thus, the MB cation adsorbed on the 
negatively charged [AlO4]

5– tetrahedron on the framework of the ASS cement can 
be photocatalytically oxidized by hydroxyl radical via demethylation, cleavage of 
chromophore ring and final degradation into CO2, H2O, NO3

–, and SO4
2– as shown 

in Eqs (27.25), (27.26), and (27.27), respectively (Houas et al., 2001; Mozgawa and 
Deja, 2009; Zhang et al., 2001):
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Figure 27.16 Photocatalytic degradation rate of MB dye under UV light irradiation (sample 
dosage: 0.2 g, initial concentration of MB: 4.01 ¥ 10–6 m, solution: 100 mL, the maximum 
absorption wavelength of 665 nm) (reprinted from Zhang et al., 2012, Copyright © 2012, 
with permission from Elsevier).
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27.6 Alkali-activated fly ash-based (AFA) cement for 
photocatalytic degradation of MB dye

Fly ash is a solid waste generated from the combustion of coal in coal-fired power 
plants. It is estimated that the emission of fly ash is about 500 million tons per year 
worldwide (Ahmaruzzaman, 2010). It is considered that fly ash is a resource that has 
been put in the wrong place, and that has huge potential in applications in various 
new areas (Blissett and Rowson, 2012). It is recognized as one of the best ways to 
synthesize alkali-activated fly ash-based (AFA) cement due to its simple process, 
easy operation, reducing environmental pollution and turning waste into treasure 
(Bakharev, 2005b; Criado et al., 2005; Fernández-Jiménez and Palomo, 2005a, 
2005b; Kovalchuk et al., 2007; Palomo et al., 2004; Rattanasak and Chindaprasirt, 
2009; van Jaarsveld and van Deventer, 1999). AFA cements exhibit high mechanical 
properties, excellent encapsulation of radioactive wastes, solidification of hazardous 
wastes and fire-resistance (Bakharev, 2006; Phair et al., 2004; Temuujin et al., 2009). 
Corresponding to the different Si/Al ratios, the geopolymers are composed of network 
structures of polysialate (-O-Si-O-Al-O–), polysialate siloxo (-O-Si-O-Al-O-Si-O-), 
and polysialate disiloxo (-O-Si-O-Al-O-Si-O-Si-O-). The fly ash-based geopolymers 
with network structures can be used as adsorbents for removal of Pb2+ and Cu2+ ions 
from wastewater (Al-Zboon et al., 2011; Wang et al., 2007). They have also been 
employed as adsorbents to remove formaldehyde from indoor air (Wang et al., 2007) 
and to adsorb dye from aqueous solution (Huang and Han, 2011; Li et al., 2006). 
Even though fly ash-based geopolymers as adsorbents can remove the poisonous and 
harmful organic materials from the environment and aqueous solutions, the organic 
molecules adsorbed on the surface of geopolymers have not been degraded and 
easily cause secondary pollution. In order to explore a new approach for degradation 
of organic pollutants, the fly ash-based cement was prepared and then was used as 
a photocatalyst for the degradation of methylene blue (MB) dye from wastewater 
under UV irradiation, as described in this section. 
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27.6.1 Morphology, pore distribution and absorption spectrum 
of AFA cement

The chemical compositions of specimens are shown in Table 27.3. The fly ash 
with low calcium and rich in SiO2 and Al2O3 is employed as a starting material for 
production of geopolymers with an amorphous or a zeolite-like structure by alkali-
activated geopolymerization (Davidovits, 1991). The contents of Na2O and SiO2 in 
fly ash powders are 0.26 wt.% and 42.03 wt.%, respectively, and then dramatically 
increase to 4.70 wt.% and 51.15 wt.% in the fly ash-based geopolymer after the fly 
ash is activated by sodium silicate.
 Mercury intrusion porosimetry is used to test the pore size distribution of 
geopolymer (Zhang et al., 2010). Figure 27.17 shows the incremental intrusion 
and the differential intrusion of the AFA cement. It is observed that the cement 
displays a broad pore diameter distribution in the region of 3–10,000 nm and the 
differential pore size concentrates on 387 nm. The percentage of pores smaller 
than 17 nm and those greater than 700 nm in the total pore volumes are 4.8% and 
3.0%, respectively. The dominant pore size fractions are centred at 17–170 nm and 
170–700 nm corresponding to 29.1% and 63.1%, as shown in Figure 27.17 (Bernal 
et al., 2011).
 Figure 27.18 shows the diffuse reflectance UV-vis spectrum of the cement. A 
maximum absorption band occurs at the wavelength of 261 nm probably deriving 
from the absorption of transitional metal oxide TiO2 in the matrix of fly ash. Three 
kinds of absorption bands located at 1390 nm, 1905 nm, and 2207 nm are explained 
as mentioned above.
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Figure 27.17 Pore diameter distributions of alkali-activated fly ash-based (AFA) cement 
(reprinted from Zhang and Liu, 2013, Copyright © 2013, with permission from Elsevier).
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27.6.2 Photocatalytic degradation activities of MB dye

Figure 27.19 shows the activities of removal of MB dye under different conditions. 
The lowest photolysis rate of 22.97% indicates that the partial MB molecules in 
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dosage: 0.2 g, beginning concentration of MB: 4.01 ¥ 10–6 m, solution: 100 mL, the maximum 
absorption wavelength of 665 nm) (reprinted from Zhang and Liu, 2013, Copyright © 2013, 
with permission from Elsevier).
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solution can be directly decomposed by UV light without AFA catalyst. Higher 
removal effi ciency of 89.15% manifests that AFA catalyst is a desirable adsorbent 
for removal of MB as described in Li et al. (2006). The highest photocatalytic 
degradation rate of 92.79% is simultaneously attributed to the combination of the 
adsorption of MB molecules and photocatalysis. Larger average pore diameter of 
93.9 nm and bigger pore volume of 0.21 mL·g–1 in Figure 27.17 are benefi cial to the 
adsorptions and diffusions of MB molecules (Pelekani and Snoeyink, 2000).

27.6.3 Adsorption kinetics of MB dye

In order to further study the adsorption kinetics of MB, the experimental data from 
Figure 27.19 were fi tted by distinct functions that correspond to the pseudo-fi rst-
order, pseudo-second-order rate equations, and intra-particle diffusion mechanisms. 
Lagergren (1898) proposed a pseudo-fi rst-order rate equation for the sorption of 
liquid–solid systems as described in Eq. (27.28).

  
q q q

k
tlog (q q – q q ) = log  – 

2.303e tq qe tq qq q – q qe tq q – q q e
1

 
(27.28)

where qe (mg·g–1) and qt (mg·g–1) are the sorption capacities of MB dye at equilibrium 
and at a time t, respectively, and k1 (min–1) is the fi rst-order rate constant. By plotting 
log (qe – qt) versus t, the fi rst-order rate constant k1 and the equilibrium capacity (qe) 
can be estimated from the slope and intercept, respectively. Ho and McKay (1999) 
put forward a pseudo-second-order rate equation based on the amount of adsorbate 
on the adsorbent as displayed in Eq. (27.29).

  

t
q k q q

t =
1

 +
1

t e e2k q2k q2
 

(27.29)

where qe (mg·g–1) and qt (mg·g–1) are the sorption capacities of MB at equilibrium 
and at a time t, respectively, and k2 (g·mg–1·min–1) is the second-order rate constant. 
By plotting t/qt versus t, the second-order rate constant (k2) and the equilibrium 
capacity (qe) are obtained from the intercept and slope, respectively. Crank (1933) 
established an intra-particle diffusion rate equation as expressed in Eq. (27.30). 

  qt = kp ¥ t1/2 + c (27.30)

where qt is the amount of adsorbed dye at t time, c is the intercept and kp is the 
intra-particle diffusion rate constant (mg/(g·min1/2). 
 The fi tting of experimental data from Figure 27.19 was carried out using Eqs 
(27.28)–(27.30). The values of correlation coeffi cients (R2) estimated from the 
adjustment to a pseudo-fi rst-order rate equation are 0.773 and 0.895 under and 
without UV irradiation, respectively. This indicates that the correlations do not fi t 
quite well to the experimental results in Table 27.11. Moreover, the equilibrium 
adsorption capacity (qe) calculated from the pseudo-fi rst-order rate equation is much 
lower than the experimental value of qec in Table 27.11, which indicates that the 
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Table 27.11 Parameters of kinetics models for the adsorption of MB on AFA cement

Condition
qec
(mg·g–1)

First-order kinetics parameter Second-order kinetics parameter Intra-particle diffusion parameter

k1
(min–1)

qe
(mg·g–1)

R2 k2
(g·mg-1min–1)

qe
(mg·g–1)

R2 kp
mg·(g·min1/2)–1

R2

Without UV 0.669 0.022 0.30 0.895 0.202 0.687 0.999 0.012 0.933

With UV 0.696 0.021 0.14 0.773 0.576 0.701 0.999 0.004 0.982

Source: Reprinted from Zhang and Liu, 2013, Copyright © 2013, with permission from Elsevier.
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model of the pseudo-first-order rate equation does not fit the adsorption of MB on 
the fly ash-based cement.
 From Table 27.11, Figure 27.20(a and b) it can be found that correlation 
coefficients of MB absorbed on the fly ash-based cement by linear regression of the  

0 20 40 60 80 100 120 140 160 180 200 220
t (min)

(a)

0 20 40 60 80 100 120 140 160 180 200 220
t (min)

(b)

t /
q t

 (
m

in
.g

.m
g–1

)
t /

q t
 (

m
in

.g
.m

g–1
)

300

300

250

250

200

200

150

150

100

100

50

50

0

0

t /qt = 1.45563t + 10.50976

R2 = 0.999

t /qt = 1.42706t + 3.53368

R2 = 0.9999

Figure 27.20 Plots of pseudo-second-order kinetics of MB adsorption on AFA cement: (a) 
without UV irradiation and (b) under UV irradiation (reprinted from Zhang and Liu, 2013, 
Copyright © 2013, with permission from Elsevier).
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pseudo-second-order rate equation in both cases of with UV and without UV irradiations 
reach R2 = 0.999, respectively, and the calculated values of qe are surprisingly close 
to the experimental data of qec in both cases, respectively. So, the adsorption kinetics 
of MB on the AFA cement is considered to correspond to the pseudo-second-order 
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rate equation. Li et al. (2006) reported that the MB adsorption on fly ash-based 
cement produced by solid fusion method also follows a pseudo-second-order rate 
kinetics. However, the adsorption rate constant of k = 0.576 (g·(mg·min)–1) under 
UV irradiation is much bigger than the value estimated without light (k = 0.202 
(g·(mg·min)–1)), suggesting that the adsorption rate is photo-promoted. 
 The intra-particle diffusion plots are given in Figure 27.21(a) and 27.21(b). The 
values of qt are found not to be linearly correlated with the values of t1/2, which 
suggests that the intra-particle diffusion process is not the rate determining step. 
Therefore, the kinetic analysis indicates that the adsorption rate of MB dye on the 
AFA cement is simultaneously governed by liquid film diffusion, intra-particle 
diffusion, and surface sorption in the pseudo-second-order kinetics equation.

27.7 Conclusions

Three types of Fe2O3/ASCM, Ni,Ca-ASS and AFA cements were prepared and used 
as new photocatalysts for degradation of organic dye solution.
 The hydration mechanism of GBFS is via hydrolysis of sodium metasilicate, 
cleavage of glassy network structure, generation of CSH and some mineral phases. 
The anion of CR dye (CR-SO3

–) preferentially adsorbed on the Lewis acidity of 
Al3+ and Bronsted acidity of bridging hydroxyl group on the Si-O-Al framework of 
ASCM, and then was oxidized due to degradation by the hydroxyl radicals. High 
degradation activities for a set of Fe2O3/ASCM catalysts can be attributed to the 
strong interaction between ASCM and active Fe2O3 species.
 There are two kinds of hydrated products, metahalloysite (Si2Al2O5(OH)4) and 
calcium silicate hydrate (CSH), in Ni,Ca-ASS cement. In the process of photocatalytic 
oxidative degradation of MB, the Ni2+ ions act as a critical role in transmission of 
photogenerated electrons so as to enhance separation efficiency of the electron-hole 
pairs and improve the photocatalytic degradation efficiency.
 The differential pore size distribution centered on 387 nm in AFA cement is 
beneficial to adsorption and diffusion of MB molecules. The MB adsorption on AFA 
cement follows pseudo-second-order adsorption kinetics. The adsorption rate of MB 
dye is simultaneously controlled by liquid film diffusion, intra-particle diffusion 
and surface sorption.

27.8 Future trends

Even though the versatility of alkali-activated cements has been investigated for 
many years, there are many potential applications for us to exploit:

1. Learning from the applications of the photoactive TiO2 in cement and mortar for air 
purification and photodegradation of NOx (Pacheco-Torgal and Jalali, 2011; Chen and 
Poon, 2009; Diamanti et al., 2008; Maggos et al., 2008; Poon and Cheung, 2007; Matejka 
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et al., 2012; Cardenas et al., 2012), the alkali-activated cement-based binary and multi-
composites can be synthesized by combination of alkali-activated cement with transition 
oxide semiconductors for the application of photocatalytic degradation of wastewater.

2. For the global environmental and energy issues, production of hydrogen from photocatalytic 
water splitting is considered as a promising solar energy conversion method. The low cost 
and environmentally friendly alkali-activated cements can be employed as a novel catalyst 
for the production of hydrogen by photocatalytic water-splitting under solar irradiation 
(Zhang and Chai, 2014).

27.9 Sources of further information and advice

Many raw materials sources rich in alumina and silica, such as fly ash, steel slag, 
granulated blast furnace slag, kaolins, calcined clays, volcanic ash, titanium slag, 
red mud, magnesium slag and various kinds of tailing wastes, can be experimented 
with to fabricate the alkali-activated cements.
 The available low cost and eco-friendly alkali-activated cements can be used as 
photocatalysts and adsorbents for the removal of hazardous dyes and heavy metal 
ions from various industrial, municipal and agricultural sewages, including textiles, 
leather, paper, printing, cosmetics, poultry and civil wastewater at the laboratory 
scale and pilot-plant scale.
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28Innovative applications 
of inorganic polymers 
(geopolymers)
K. J. D. MacKenzie
MacDiarmid Institute for Advanced Materials and Nanotechnology, Wellington,  
New Zealand

28.1 Introduction

Inorganic polymers (geopolymers) are outstandingly versatile materials, by virtue 
of (i) their synthesis chemistry which allows them to be modified with additional 
chemical functionalities, (ii) their chemical structure and relationship to zeolites which 
confers ion exchange properties upon them, and (iii) their physical properties which 
allow them to function as supports for other chemical moities, or to be tailored to 
mimic natural materials. In addition to the better-known applications of geopolymers 
discussed in other chapters, these additional properties of inorganic polymers can 
be exploited to produce new materials with functionalities that are only now being 
recognised, and in many cases have yet to be fully implemented. These novel 
applications are the subject of the present chapter. Conventional geopolymers consist 
of randomly-arranged tetrahedral silicate and aluminate networks, with the inclusion 
of charge-balancing cations such as Na+ or K+ (Davidovits, 1991; Barbosa et al., 
2000). Apart from its randomness, which gives it the amorphous X-ray characteristics 
of a glass, this arrangement is not unlike that of zeolites, leading to the suggestion 
that inorganic polymers may be considered as incipient or nanometer-sized zeolites 
(Provis et al., 2005). Further, it follows from these structural considerations that 
inorganic polymers might be formed from other elements which can form tetrahedral 
units with oxygen; this has been borne out by the formation of inorganic polymers 
containing tetrahedral BO4 units (Nicholson et al., 2005) or tetrahedral PO4 units 
(MacKenzie et al., 2005; Cao et al., 2005). The chemical similarity between Al 
and Ga has also led to the synthesis of inorganic polymers in which some of the 
aluminium was substituted by gallium (Durant et al., 2011), while the substitution 
of silicon by germanium has also been achieved (Durant and MacKenzie, 2011). 
The extreme alkalinity of inorganic polymers, which may be a drawback in some 
applications, can be offset by heating to about 600°C, thereby fixing the alkali within 
the structure (MacKenzie et al., 2010), or by titrating with acid to pH 7 (Alzeer et al., 
2013). The charge-balancing cations in the inorganic polymer structure can also be 
exchanged for a range of other cations, further extending the potential applications 
of these materials (O’Connor et al., 2010). This ability to manipulate the chemistry 
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of inorganic polymers in such a variety of ways gives them an extreme degree of 
versatility that has yet to be fully exploited. 
 Likewise, the unique ability of inorganic polymers to cure and harden at ambient 
temperatures allows the physical properties of geopolymers to be manipulated. 
The introduction of unidirectional inorganic fibres (Welter, 2013) or organic fibres 
(Alzeer and MacKenzie, 2012, 2013) improves the mechanical properties, while 
unidirectional nanoporosity can also be introduced, allowing the inorganic polymer 
to mimic the ability of plants to draw up water by capillary action (Okada et al., 
2011a). The ability to manipulate the physical properties of inorganic polymers 
suggests a number of other potential new applications, some of which are discussed 
below. Since many of these materials are more suitable for higher-value lower-
volume applications such as biomaterials, catalysts or electronic materials, they are 
typically based on metakaolinite, which is available in a purer and more reproducible 
form than fly ash or other raw materials often used to prepare geopolymers. If 
even purer inorganic polymers are required, for example in applications such as 
drug carriers for oral ingestion, synthetic aluminosilicate gels of sodium silicate 
and sodium aluminate can be used as starting materials (Brew and MacKenzie, 
2007). The resulting chemosynthetic geopolymers, which can also be produced 
by hydrolysing a mixture of tetraethylorthosilicate (TEOS) and aluminium nitrate, 
have the additional advantage of providing a synthetic route to a wide range of 
geopolymer compositions, thereby allowing them to be tailored to suit a variety of  
applications. 

28.2 Techniques for functionalising inorganic polymers

The simplest and most direct method for introducing other species or compounds into 
inorganic polymer is to incorporate the additional material at the mixing stage, before 
curing and hardening occurs. This technique can be used when the additional material 
can be homogeneously distributed in the inorganic polymer, and is not adversely 
affected by the alkalinity of the mixture. A surprisingly wide range of compounds 
can be incorporated in this way, ranging from carbon nanotubes (MacKenzie and 
Bolton, 2009), organic dyes (MacKenzie and O’Leary, 2008), to drugs (Jämstorp 
et al., 2010, 2012; Forsgren et al., 2011). Occasionally the morphology of the 
added material may interfere with the homogeneity of the sample prepared in this 
way, as has been found to be the case with the incorporation of plate-like graphite 
particles into geopolymers for the synthesis of SiAlON ceramics by carbothermal 
reduction and nitridation (O’Leary, 2012) (see Section 28.8.2). The high alkalinity 
of the geopolymer mixture may also decompose the added material, but this can be 
turned to advantage, as in the case of elemental silicon which may be deliberately 
added (Medri et al., 2013), or which occurs as an impurity in some raw materials 
such as silica fume, and upon reaction with alkali, generates H2 gas to produce a 
porous geopolymer (Prud’homme et al., 2010). Other pore-generating reactions 
exploiting the alkaline conditions of geopolymerisation include the addition of 
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aluminium powder to a metakaolin-based geopolymer (Bell and Kriven, 2008) or a 
fly ash-based geopolymer (Brooks et al., 2010) to produce H2, the addition of H2O2 
to form O2 (Bell and Kriven, 2008), and the use of air as a pore-forming agent 
(Hung et al., 2013). 
 The exchange of charge-compensating cations in Na-inorganic polymers by other 
cations in a similar manner to zeolites was achieved by Bortnovsky et al. (2008), 
who reported complete exchange of Na+ by NH4

+; this could then be completely 
exchanged by Co2+ or partially exchanged by Cs+ (Bortnovsky et al., 2008). 
This discovery has opened up new possibilities for inserting other functionalities 
into inorganic polymers by ion exchange. O’Connor et al. (2010) confirmed that 
complete exchange of Na+ in sodium inorganic polymers can be achieved by 
washing with solutions of the chlorides or nitrates of K+, Ag+, NH4

+ and Pb2+, 
with less complete exchange of Li+ (82%), Cd2+ (78%) and Mg2+ (57%), while 
Bortnovsky et al. (2010) have extended the ion exchange method to the preparation 
of Cu2+ and Pt[NH3]4

2+ geopolymers for catalyst applications (see Section 28.10). 
These methods for functionalising geopolymers are summarised schematically in  
Figure 28.1.
 An alternative solid-state synthesis method for inorganic polymers originally 
proposed by Kolusek et al. (2007) involves the reaction at 800°C of undehydroxylated 
kaolinite with an alkali carbonate, followed by hydration of the solid product with a 
minimum amount of water. This synthetic method has been adapted as a convenient 
method to produce lithium inorganic polymers, which are difficult to prepare by the 
conventional route because of the limited solubility and relatively low alkalinity of 
LiOH (O’Connor and MacKenzie, 2010) and is also the method used to synthesise 
gallium or germanium aluminosilicate inorganic polymer analogues (Durant et al., 
2011; Durant and MacKenzie, 2011) with potential applications as luminescence 
materials. 

28.3 Inorganic polymers with electronic properties

Being aluminosilicates, conventional geopolymers would be expected to be electrical 
insulators, but the presence of pore water and charge-balancing cations in their 
structure gives them a degree of electrical conductivity (Cui et al., 2008). In a study 
of a series of chemosynthetic geopolymers with varying Na+ contents with the aim 
of examining the possibility that these materials might act as fast ion conductors, the 
AC electrical conductivity measured from 25 Hz to 200 kHz was low (about 1.5 ¥ 
10–6 S cm–1 at room temperature) and relatively independent of the amount of pore 
water present; however, the latter determines the porosity of the samples, thereby 
providing a conduction path for any sodium ions in excess of those required for 
charge compensation (Cui et al., 2008). When the residual water was removed by 
drying at 100°C, the sample conductivity increased with increasing sodium content, 
as would be expected, but these materials were prone to rehydrate, making it difficult 
to determine precisely the influence of the free sodium ions (Cui et al., 2008). 
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 In another approach to increase the electrical conductivity of metakaolinite-based 
inorganic polymers, graphite or single-wall carbon nanotubes, which have high 
intrinsic electrical conductivity, were incorporated in a metakaolinite-based potassium-
inorganic polymer (MacKenzie and Bolton, 2009). The DC conductivity of samples 
containing up to 6 wt.% nanotubes was measured as a function of temperature up 
to 340°C (the temperature at which the nanotubes begin to decompose). During the 
first heating cycle, the conductance of all the samples increased sharply as the water 
was removed, thereafter dropping with the depletion of the mobile charge carriers 
from the water. In subsequent heating cycles, the conductance more accurately 
reflected the contribution of the carbon additives; at 290°C the conductance of the 
sample containing 0.2 wt.% nanotubes (1.87 ¥ 10–3 S m–1) was greater than the 
sample containing the same amount of graphite (7.81 ¥ 10–5 S m–1), the latter being 
of a similar order to that of the carbon-free control sample (9.75 ¥ 10–4 S m–1) 
(MacKenzie and Bolton, 2009). The interpretation of these results is complicated 
by the possible operation of different conduction mechanisms in the nanotubes and 
graphite: both of these exhibit anisotropic conductance, but in addition, graphite 
may form conductive alkali intercalation compounds under the present alkaline 
synthesis conditions, whereas single-wall carbon nanotubes can take up water in 
their inner cavities, thereby increasing their electrical conductivity (MacKenzie and 
Bolton, 2009). Thus, although the DC conduction mechanisms in these two classes 
of carbon-containing inorganic polymers are difficult to compare, the incorporation 
of even a small amount of carbon nanotubes in geopolymers produces a significant 
increase in their DC conductance. 
 For some applications such as high-temperature packaging or encapsulation of 
electronic components, the dielectric behaviour of the material becomes an important 
parameter. In inorganic polymers, the dielectric loss is governed by movement of 
charge-balancing cations in the AC field, requiring low conductivities to obtain low 
dielectric losses. The dielectric losses of a series of chemosynthetic aluminosilicate 
geopolymers with a range of Na contents were found to be high in undried samples but 
decreased significantly in samples heated at 300 and 800°C, reflecting the reduction 
of electrical conductivity upon removal of water (Figure 28.2(a)). Heating at 800°C 
was slightly less effective in reducing the conductance, and thus the dielectric loss, 
due to shrinkage and structural transformations in the geopolymer (Cui et al., 2011). 
These dielectric loss values could be reduced still further by changing the constitution 
of the inorganic polymer from a sodium-containing aluminosilicate to a phosphate 
geopolymer, prepared by treatment of the chemosynthetic aluminosilicate precursor 
with phosphoric acid (Cui et al., 2011). Charge-compensation in these sodium-free 
geopolymers was suggested to occur by the presence of the tetrahedral phosphate 
units, resulting in a much lower dielectric loss, even in samples cured at ambient 
temperature for 72 h (Figure 28.2(b)). Thus, these phosphate-based inorganic polymers 
show considerable promise for electronic applications in which low dielectric loss 
is required. 
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28.4 Photoactive composites with oxide nanoparticles

One of the most pressing problems of today is environmental pollution, which can 
occur in many forms, including increasing amounts of anthropomorphically generated 
greenhouse gases, vehicle emissions producing acid rain, halogenated hydrocarbon 
emissions which destroy the ozone layer of the atmosphere, and hazardous organic 
pesticides which pollute waterways. One method for converting many of these harmful 
substances into more benign products is by photodegradation using semiconductors 
with bandgaps of similar energy to the UV-visible region of the radiofrequency 
spectrum and preferably of nanoparticle size.
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Figure 28.2 Dielectric loss as a function of frequency for (a) Na aluminosilicate geopolymers 
unheated and heated for 2 h, (i) unheated, (ii) 300°C, (iii) 800°C; (b) phosphate aluminosilicate 
geopolymers unheated and heated for 2 h (i) unheated, (ii) 300°C. Based on the data of Cui et 
al. (2011).
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 The most commonly used photoactive oxide is the anatase form of TiO2, which 
for practical reasons of safety and ease of handling is usually encapsulated in an 
inorganic matrix. The use of a metakaolin-based geopolymer as the matrix has been 
reported by Gasca-Tirado et al. (2012), who introduced TiO2 into the cured inorganic 
polymer by ion exchange with a solution of (NH4)2TiO(C2O4)2, either of the as-
prepared geopolymer or of a geopolymer that had been converted to the NH4

+ form 
in a previous ion-exchange step (Gasca-Tirado et al., 2012). This synthesis promoted 
the growth of anatase nanoparticles in the internal pore spaces of the geopolymer, 
resulting in a higher TiO2 content and consequently better photocatalytic performance 
(judged by the photoluminescence spectrum and bleaching of methylene blue dye) 
than that shown by the material that had not previously been exchanged with NH4

+ 
(Gasca-Tirado et al., 2012). 
 The band gap of TiO2 is 3.20 eV, but other semiconducting oxides have 
smaller bandgaps that should therefore couple more efficiently with light of visible 
wavelength. One such oxide is Cu2O (bandgap 2.14 eV), which was incorporated 
into a metakaolin-based geopolymer matrix, both by a two-step synthesis in which 
the cubic Cu2O nanoparticles were synthesised prior to being mixed with the 
uncured geopolymer, and in a single-step process in which the oxide and geopolymer 
were synthesised simultaneously (Fallah and MacKenzie, 2014). Preliminary 
studies on these nanoparticle composites have shown them to be effectively 
photocatalysts for the photodegradation of methylene blue dye (Fallah and MacKenzie,  
2014). 

28.5 Inorganic polymers with biological functionality

28.5.1 Bioactive inorganic polymers for bone repair

Inorganic materials used in biological applications as implants in the human body 
fall into two categories: bioinert materials such as engineering ceramics, typically 
used as wear-resistant joint replacement materials (alumina or toughened zirconia), 
and bioactive materials, which, when implanted into the human body, interact with 
the body fluids and bond to bone and soft tissue. One of the best known of the latter 
materials is Bioglass® (Hench, 1991), a sodium silicate glass with a typical composition 
SiO2 : Na2O : CaO : P2O5 = 0.45 : 0.25 : 0.25 : 0.06. The biological properties of 
materials of this type have proved outstandingly successful in repairing the effects 
of accident and disease (Hench, 1998). The possible use of inorganic polymers for 
the same purpose has the potential advantage that they can be shaped and hardened 
at ambient temperatures rather than at the temperature required to melt and shape 
a glass. Inorganic polymers can also accommodate phosphate and calcium moieties 
in their structure without compromising their properties (MacKenzie et al., 2007), 
suggesting their possible bioactive behaviour. On the other hand, the alkalinity of 
inorganic polymers may prove toxic to the surrounding cells when transplanted into a 
living organism, and if <2 ppm of their aluminium content leaches the bloodstream, 
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brain disease could result (Hanston et al., 1994; Geyer et al., 1998; Yap et al., 2002). 
Lower concentrations of aluminium could, however, prove beneficial in stimulating 
the proliferation of osteoblasts and new bone formation (Yap et al., 2002). 
 One approach to overcoming the problem of leachable alkalinity from potassium 
inorganic polymers for biological applications has been to immobilise the alkali by 
heat-treating at 500°C; this lowered the pH from 11.5 to 7.1 and was also found to 
prevent leaching of the aluminium from the structure (Oudadesse et al., 2007a). The 
release of pore water from the structure renders the inorganic polymer sufficiently 
porous to allow in ingress of bone-forming fluids, but although these materials 
were shown to be stable both in vitro and in vivo, the formation of bioactive 
compounds such as hydroxycarbonate apatite (HCA) upon exposure to simulated 
body fluid (SBF) was not demonstrated. To introduce bioactive functionality 
into these potassium inorganic polymers, known bone-forming compounds such 
as hydroxyapatite, Ca5(PO4)3(OH), (HA) or tricalcium phosphate, Ca3(PO4)2, 
(TCP) were added prior to heat treatment to introduce porosity (Oudadesse et al.,  
2007a,b).
 Implantation of these inorganic polymers into rabbits revealed no toxicity after 
one month (Martin et al., 2005), and longer-term stability of up to 6 months, with 
negligible leaching of aluminium into the blood after 750 h (Oudadesse et al., 2007a,b). 
Since biomaterials for bone replacement should be strong as well as bioactive, the 
deliberate introduction of porosity into these materials raises the possibility that 
this may compromise their strength. Porosities of about 64% giving compressive 
strengths of about 5 MPa were reported to represent the best compromise in these 
materials (Oudadesse et al., 2007b). 
 Other calcium-containing compounds including 10 wt.% each of Ca(OH)2, 
nanostructured calcium silicate and Ca3(PO4)2 have been added to induce bioactive 
functionality into metakaolinite-based potassium inorganic polymers which were 
subsequently heated to 600°C to lower their alkalinity (MacKenzie et al., 2010). In 
vitro studies of these materials in SBF indicated that they all formed calcium phosphate 
biominerals by uptake of phosphorus from the SBF (Figure 28.3) (MacKenzie et al., 
2010). All the samples leached small amounts of aluminium into the SBF within 
acceptable levels for biomaterials applications, but the levels of calcium leached into 
the SBF were well in excess of the amount reported by Xynos et al. (2001) to be 
optimum for the stimulation of new bone growth by gene transcription in osteoblasts 
(6–8 ppm), and only the sample containing nanostructured calcium silicate released 
Si into the SBF, but in an amount that fell short of the optimum concentration (15–20 
ppm, Xynos et al., 2001). The compressive strength of the Ca3(PO4)2 inorganic 
polymer was slightly higher than the other materials, making this a possible candidate 
as a bioactive inorganic polymer (MacKenzie et al., 2010).
 In an alternative approach, Catauro et al. (2012) studied the bioactivity of 
metakaolin-based Na geopolymers without the addition of bone-forming components. 
The possible leaching of aluminium was minimised by adjusting the composition 
of some samples to be silica-rich, by the addition of amorphous natural SiO2. The 
formation of very small amounts of hydroxyapatite on the surface of these samples 
after exposure to SBF was found to depend on their Na/Al ratio; the sample with 
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a ratio of 0.77 was not bioactive but when the ratio was increased to 1.05, apatite 
formation was observed by SEM/EDS (Catauro et al., 2012). 

28.5.2 Inorganic polymers as drug delivery agents

Inorganic materials are finding increased use as carriers for oral drug delivery. Several 
considerations must be taken into account when designing these carrier materials: 
they should be biocompatible and non-toxic, have good drug-loading capacity, have 
sufficient mechanical strength to survive the passage through the alimentary tract, be 
able to be tailored for the desired release rate and not interact with or degrade the 
drug. Desired drug release rates can vary; acute inflammation or chronic pain may 
necessitate a high release rate whereas other cases may require a more sustained 
release over a longer period. 
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Figure 28.3 X-ray powder diffraction diagrams of calcium-containing potassium aluminosilicate 
inorganic polymers soaked in vitro in simulated body fluid for 7 weeks: (a) containing Ca(OH)2, 
heated at 600°C, unsoaked, (b) containing Ca(OH)2, heated at 600°C, soaked, (c) containing 
nano calcium silicate, heated at 600°C, soaked, (d) containing Ca3(PO4)2, heated at 600°C, 
soaked. Peaks marked q and c (quartz and cristobalite) are impurities from the original clay, 
other peaks indicate the formation of bioactive compounds: ha = hydroxyapatite (PDF no. 9-432) 
and hydroxycarbonate apatite (PDF no. 19-272), cp = calcium hydrogen phosphate hydroxide 
(PDF no. 46-0905). Adapted from MacKenzie et al. (2010).
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 Mesoporous silicas have been extensively investigated as drug carriers (Wang, 
2009) but inorganic polymers have recently attracted attention for this application. 
Metakaolin-based Na geopolymers were reported to be suitable carriers for the 
powerful synthetic opioid analgesic drug Fentanyl and the structurally related sedative 
drug Zolpidem (Jämstorp et al., 2010). The drug concentrations were 13 mg/g of 
metakaolinite, chosen to mimic a typical therapeutic dose of 2 mg of drug in a 200 mg 
pellet. The presence of the drugs did not adversely affect the mechanical strength of 
the geopolymer carrier, enabling it to withstand accidental or deliberate chewing, and 
the positive surface charge on these particular drugs facilitated their uptake by slight 
negative charge of the geopolymer pore surfaces. In vitro measurements indicated 
that the release kinetics of these drugs at pH 6.8 depended on the interconnected 
porosity of the geopolymers, which in turn depended on the amount of water used 
in their synthesis, suggesting a possible means of tailoring their release properties by 
adjusting their composition. At pH 1, mimicking the gastric juices of the stomach, 
80% of both drugs was released within 5 h (Jämstorp et al., 2010), possibly due to 
microstructural transformations in the geopolymer matrix at this pH, increasing the 
pore interconnectivity and facilitating the diffusion of the drug molecules from the 
structure. A further possibility at this low pH is that the increased proton concentration 
results in a positive charge on the geopolymer surfaces, releasing the electrostatically 
bound drug molecules (Jämstorp et al., 2010). 
 In an extension of these studies to other model pharmaceutical compounds 
Sumatryptan, Theophylline and Saccharin, in addition to Fentanyl, the non-uniform 
concentration of the drug distribution in the geopolymer matrix was studied by a 
finite element method, indicating that the drug release behaviour at pH 6.8 was 
more influenced by the solubility of the drug in the geopolymer matrix than by the 
diffusion coefficient from the matrix (Jämstorp et al., 2012).
 The effect of the geopolymer pore size on the release of the opioid drug Oxycodone 
was studied in a series of geopolymers of differing Al/Si ratios synthesised by a 
sol-gel procedure rather than from metakaolinite (Forsgren et al., 2011). The pore 
size decreased with increasing Al/Si ratio until a completely mesoporous geopolymer 
matrix with all pores in the range 2–35 nm was produced at an Al/Si ratio of 2:1; this 
composition produced a highly desirable drug release profile suitable for sustained 
release (Figure 28.4) (Forsgren et al., 2011). These limited studies suggest that 
inorganic polymers are potentially very useful matrices for oral delivery of drugs, 
and would warrant further development. 

28.5.3 Antimicrobial inorganic polymers

The well-known bacteriocidal properties of silver, in conjunction with ion-exchange 
properties of geopolymers have been exploited to produce bacteriocidal materials 
with potential applications for water purification in countries where a lack of clean 
drinking water is a problem. The charge-balancing sodium ions in metakaolin-based 
inorganic polymers can be completely replaced by silver ions by washing with a 0.1 
m solution of AgNO3 (O’Connor et al., 2010). The resulting Ag-exchanged materials 
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have been shown to be powerful antimicrobial agents against Staphylococcus aureus, 
this property being solely due to the presence of the silver, and not a result of the 
high alkalinity of the geopolymer (O’Connor et al., 2010). Used as a packing for 
filter beds, these materials could potentially perform the dual purpose of removing 
both sediment and bacteria to produce a potable water supply. 

28.6 Inorganic polymers as dye carrying media

The surface hydroxyl groups of a geopolymer can attract cationic organic dyes, 
leading to the suggested use of fly ash-based geopolymers to adsorb the dyestuffs 
methylene blue or crystal violet from wastewater streams (Li et al., 2006). These 
geopolymers were reported to have a greater absorption capacity for the dyes than 
either the fly ash from which they were derived or natural zeolites which are often 
used for this purpose (Li et al., 2006). 
 A different application for dye-containing inorganic polymers was suggested by 
the observation that the pH of geopolymers may vary reversibly with their degree 
of hydration, leading to the incorporation of several triphenylmethane and azo-dye 
acid-base indicators into a metakaolin-based Na inorganic polymer for use as a 
solid-state humidity indicator (MacKenzie and O’Leary, 2008). Since most of these 
indicators are soluble in alkaline solution and are stable at high pH, they could be 
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Figure 28.4 Release of the opioid pain-relieving drug oxycodone from synthetic aluminosilicate 
inorganic polymers of varying Al/Si ratios cured at 60°C, illustrating how the drug release 
kinetics can be tailored by adjusting the geopolymer composition: (a) Al/Si = 2:1, (b) Al/Si = 
1:1, (c) Al/Si = 1:2. Adapted from Forsgren et al. (2011).
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added at the geopolymer synthesis stage. Of the acid-base indicators bromothymol 
blue, thymol red, bromocresol green, phenolphthalein, thymolphthalein and methyl 
red, the most promising dye for use as a solid-state humidity indicator was thymol 
blue, which underwent a colour change from light tan in the dry state to dark blue 
in the damp state. At higher humidity, all these dyes began to fade on exposure to 
air, possibly due to oxidation of the sulphonic acid groups. Leaching of the dye 
from the inorganic polymer matrix was also noted in the presence of excess water 
(MacKenzie and O’Leary, 2008). Thus, for this application to be fully realised will 
require identifying an indicator that binds firmly to the inorganic polymer matrix, 
displays a distinct colour change in the desired pH range, and is chemically stable to 
bleaching and oxidation under humid conditions (MacKenzie and O’Leary, 2008). 

28.7 Inorganic polymers as novel chromatography media

Chromatography is a widely used technique for separating mixtures of (usually 
organic) compounds by passing them in solution through a column packed with 
a solid stationary phase. The efficiency of the separation depends on a number of 
factors, including the chemical binding of the various components to the stationary 
phase and the morphology of the stationary phase particles, which determines the 
flow of the solvent through the column. The most ubiquitous stationary phase material 
for simple chromatography separations is silica, but alumina can also be used. 
One of the greatest difficulties with silica is its lack of chemical stability in strong 
organic solvents such as methanol or ethanol, causing the silicon to be stripped out 
and contaminate the eluted products, and rendering it unsuitable for multiple use. 
Methods for overcoming this problem include the use of silica-related compounds, 
but these require multi-step syntheses, and, being considerably more expensive 
to produce, are used in high-performance chromatography rather than for simpler 
open-column applications.
 Inorganic polymers have been shown to provide a cost-effective, readily synthesised 
and efficient alternative for both silica and alumina chromatography stationary phases 
(Alzeer et al., 2013). Three different compositions (high-silica, normal and high-
alumina) were prepared and ground to give a particle size distribution comparable 
with chromatography-grade silica. Since the as-prepared materials are highly alkaline, 
they were titrated with acid to neutral pH, but this step subsequently proved to be 
unnecessary, since the alkaline materials performed equally well. The efficiency of the 
inorganic polymers as column chromatography stationary phase media was determined 
by separation of a mixture of three classes of organic compounds (a benzenoid, an 
ester and a pyrrole) and comparing the results with conventional chromatographic 
silica and two aluminas (Alzeer et al., 2013). The as-prepared inorganic polymer of 
‘normal’ composition (SiO2/Al2O3 = 3.54, Na2O/SiO2 = 0.36, H2O/Na2O = 10.76) 
performed very comparably with chromatographic silica and alumina, on the basis 
of factors such as the number of plates per metre (a measure used by analysts to 
assess the efficiency of a chromatography column); this is significantly greater for 
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the normal geopolymer than for chromatography silica and alumina (Figure 28.5(a)). 
The peak area of the separated compounds is another parameter of interest since it 
reflects the degree of chemical absorption to the column stationary phase. In this 
respect silica performs better than all the geopolymers, which show an approximately 
similar degree of absorption to alumina (Figure 28.5(b)). The peak asymmetry of 
the separated compounds eluted from the column is a less important parameter 
since all the compounds are sufficiently separated that they are not interfered with 
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Figure 28.5 Chromatographic behaviour of an as-synthesised Na geopolymer compared with 
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by this tailing effect (Figure 28.5(c)). A further parameter indicating the efficiency 
of the chromatography is the peak retention factor k, which takes into account a 
number of factors related to the column dimensions, packing density, etc., as well 
as the physical and chemical properties of the stationary phase. Values of k of 5–10 
represent the best trade-off between time spent by the adsorbed compounds on the 
stationary phase and the length of time required for their complete separation; on 
this basis, the separation characteristics of all the geopolymers, together with silica 
and alumina, are comparable (Figure 28.5(d)) (Alzeer et al., 2013).
 An important advantage of geopolymers over silica as the stationary phase for 
chromatography is their chemical resistance to attack by polar solvents such as 
ethanol, whereas significant leaching of Si from the silica occurs in these solvents. 
Thus, geopolymers are less likely than silica to contaminate the separated compounds, 
and are more suitable for re-use after cleaning with a strong solvent between runs 
(Alzeer et al., 2013).

28.8 Inorganic polymers as ceramic precursors

28.8.1 Oxide ceramics

Crystalline alkali aluminosilicates constitute a class of ceramic compounds with 
many practical applications. Although those which occur as natural minerals are 
often impure, they can be produced synthetically, for example, by solid state reaction 
between the constituent oxides or carbonates at high temperatures. Since inorganic 
polymers contain a homogeneous mixture of the appropriate elements and can be 
synthesised with a range of alkali cations from Li to Cs, they constitute excellent 
precursors which can be crystallised to the corresponding ceramics at relatively lower 
temperatures. The ability to form the precursors to some desired shape prior to heat 
treatment is another potential benefit of this approach. Lithium inorganic polymers, 
prepared either by conventional reaction of dehydroxylated 1:1 clay minerals 
with lithium silicate under alkaline conditions, or by a solid-state method, form 
crystalline LiAlSiO4 (b-eucryptite) on heating at <800°C (O’Connor and MacKenzie, 
2010). On further heating at 900°C, LiAlSi2O6 (b-spodumene) is formed, which at 
1100°C decomposes to form further b-eucryptite (O’Connor and MacKenzie 2010). 
Ceramics containing these crystalline phases are of practical importance since they 
have excellent resistance to thermal shock arising from their near-zero or negative 
thermal expansion coefficients.
 The products formed upon heating the more ubiquitous sodium inorganic polymers 
depend on their composition; in a series of metakaolin-based Na precursors, 
compositions which cured and hardened well remained X-ray amorphous up to 
1100°C, forming a small amount of Al6Si2O13 (mullite) at 1100–1300°C, whereas 
compositions richer in Na and Si, which did not cure and harden as well, formed 
crystalline NaAlSiO4 (nepheline) at 800–1100°C, above which temperature it melted 
(Barbosa and MacKenzie, 2003a). In its natural form, nepheline is extensively used 
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as a fluxing agent to lower the melting temperature in the production of glasses 
and ceramics.
 The thermal reactions of potassium inorganic polymers have been more extensively 
studied. As with the sodium compounds, the thermal stability of metakaolin-based 
potassium geopolymers was found to depend on the composition; samples with a 
lower SiO2/Al2O3 ratio (4.13) were particularly thermally stable, but crystallised to 
a mixture of KAlSiO4 (kalsilite) and KAlSi2O6 (leucite) at 1000–1400°C (Barbosa 
and MacKenzie, 2003b). By contrast, samples with a higher SiO2/Al2O3 ratio (5.32) 
formed kalsilite at 1000°C, which transformed to a mixture of leucite and SiO2 
(cristobalite) on heating at 1200–1300°C (Barbosa and MacKenzie, 2003b). A study 
of the structural arrangement of a metakaolin-based potassium geopolymer with 
the composition KAlSi2O6.5.5H2O has been made using neutron pair distribution 
function (PDF) analysis, which allows the atomic ordering to be determined out to 
a distance of ~ 8Å (Bell et al., 2008a). The unheated geopolymer was found to be 
structurally similar to zeolitic leucite over that distance, but was disordered beyond 
8Å. Heating to 300°C to remove chemically bound water resulted in changes in the 
short-to-medium range structural order, with the crystallisation of identifiable leucite 
beginning at >1050°C (Bell et al., 2008a, 2009a). A similar result was reported 
in a PDF study by White et al. (2010), which demonstrated that the tetrahedral 
aluminosilicate framework survived the loss of the pore and hydration water upon 
heating, and that medium-range structural order was retained upon heating (White 
et al., 2010). Crystallisation to leucite occurred at >1000°C, together with a small 
amount of amorphous mullite and glassy silica (White et al., 2010). By 1100°C 
shrinkage of the ceramic was complete, the density achieving 99.7% of the theoretical 
density of tetragonal leucite (Bell et al., 2009a). The formation of high-strength 
leucite glass-ceramics from potassium geopolymer precursors dried at 150°C, cold 
isostatically pressed and sintered at temperatures up to 1200°C was investigated by 
Xie et al. (2010) who reported the formation of materials with Vickers hardness up 
to 8.49 GPa, fracture toughness up to 2.36 MPa.m1/2 and biaxial flexural strengths 
up to 139.63 MPa. The glassy phase was thought to form from the free alkali present 
in the pore water of the geopolymer precursor, which was not removed by drying 
(Xie et al., 2010). 
 A PDF study of a metakaolin-based caesium geopolymer of composition Cs2O.
Al2O3.4SiO2.11H2O indicated that up to a distance of ~9Å the unheated material 
displayed structural ordering similar to CsAlSi2O6 (pollucite) into which it transformed 
upon heating >900°C (Bell et al., 2008b, 2009b). The atomic ordering of the crystallised 
pollucite product in the range 1–10 Å was a poorer fit with that of pure pollucite due 
to the presence of an additional amorphous phase in the heated Cs geopolymer (Bell 
et al., 2008b). Significant shrinkage occurred at >1200°C but heating at 1600°C was 
required for the ceramic to reach 98% of the theoretical density of pollucite (Bell 
et al., 2009b). Pollucite is of practical importance as an encapsulating material for 
radioactive 137Cs, and its high melting point and low thermal expansion coefficient 
make it a good refractory ceramic. 
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28.8.2 Non-oxide ceramics

Non-oxide ceramics such as silicon nitride and the various silicon aluminium nitride 
(SiAlON) compounds are important high-technology materials with applications as 
wear-resistant engineering components and cutting tools because of their hardness 
and toughness. The SiAlONs are particularly important because they occur as several 
polymorphs with different crystal structures and a range of compositions, the most 
common being b-SiAlON (Si6-zAlzOzN8-z, isostructural with b-silicon nitride, where 
z can take values from 0 to about 4.2), O-SiAlON (Si2-xAlxO1+xN2-x, isostructural 
with silicon oxynitride, where x varies from 0 to 0.2) and X-SiAlON, Si3Al6O12N2, 
isostructural with mullite. A convenient method for synthesising the SiAlONs is by 
carbothermal reduction and nitridation (CRN), in which an aluminosilicate source such 
as a clay mineral is mixed with carbon powder and heated in a nitrogen atmosphere 
at >1400°C (O’Leary, 2012). The product is normally a powder, which requires 
further processing by shaping and high-temperature sintering, but if the precursor 
aluminosilicate + carbon can be formed to the desired shape prior to the CRN 
reaction, the second step of processing might be eliminated. The possibility of using 
a metakaolin-based geopolymer as the CRN precursor was investigated by O’Leary 
(2012), with particular attention to the nature of the SiAlON products formed and 
the fate of the alkali ion in the reaction. The reaction proceeds more readily when 
more reactive carbon of finer particle size is used, and K geopolymers were found to 
be more thermally stable CRN precursors than the corresponding Na geopolymers, 
which melt and sinter with the volatisation of the alkali at a lower temperature. 
The K geopolymers containing reactive carbon form an amorphous intermediate 
which then transforms to b-SiAlON with a high value of z via the intermediate 
formation of small amounts of other compounds (Figure 28.6(a)), whereas the Na 
geopolymers containing reactive carbon form b-SiAlON with a low value of z, via 
the reaction intermediates O-SiAlON, X-SiAlON and silicon carbide (Figure 28.6(b)) 
(O’Leary, 2012). The influence of the alkali ion was studied by carrying out CRN 
experiments on geopolymers in which the alkali was removed by ion-exchanging 
with NH4

+; the reactions in these precursors were more like those of conventional 
clays, proceeding via the formation of mullite, cristobalite, X-phase SiAlON and 
silicon carbide, to produce b-SiAlON (Figure 28.6(c)). Thus, although the presence 
of the alkali influences the reaction path, and to some extent, the SiAlON products, 
it is not deleterious to the reaction, suggesting that geopolymers could be viable 
precursors for the formation of a range of SiAlONs (O’Leary, 2012). 

28.9 Inorganic polymers with luminescent functionality

Luminescent materials find a number of present-day applications in television and 
computer monitor screens, oscilloscopes and radar screens, electron microscope screens 
and LEDs for general lighting and specialised applications. Some of the brightest 
luminescent activator ions are the trivalent rare-earth lanthanides Eu3+, Gd3+ and Tb3+ 
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Figure 28.6 Semi-quantitative X-ray powder diffraction analyses of the high-technology 
SiAlON ceramic compounds formed from aluminosilicate geopolymer-carbon precursors by 
carbothermal reduction and nitridation (CRN) at 1400°C in flowing nitrogen gas: (a) potassium 
geopolymer precursor, (A) = b-SiAlON, (B) = leucite, (C) = O-SiAlON, (D) = silicon carbide. 
(b) sodium geopolymer precursor, (A) = b-SiAlON, (B) = O-SiAlON, (C) = silicon carbide, 
(D) = X-SiAlON. (c) ammonium geopolymer precursor, (A) = b-SiAlON, (B) = cristobalite, 
(C) = mullite, (D) = silicon carbide.
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which have the largest energy gaps between their excited and ground states (Ropp, 
2004). Practical luminescent systems require the activator luminescent ions to be 
incorporated into a stable host material which must also be transparent in the region 
of light absorption so as not to interfere with the luminescent centres. A number of 
these solid-state hosts have been proposed and investigated, but surprisingly little 
work has been done on the use of geopolymers as the host. The optical properties 
of undoped metakaolin-based sodium geopolymers, which will influence their 
performance as a host material, have been investigated by Gasca-Tirado et al. (2011) 
who reported a band in the absorption spectrum at 250–300 nm, with a similar trend 
in the transmission of a thin sample. This behaviour was found to depend on the 
curing temperature, which in turn correlated with the porosity of the geopolymer host 
(Gasca-Tirado et al., 2011). On this basis, an optimum curing temperature of 90°C 
was identified, and a viable photoluminescent geopolymer with a strong emission peak 
at 469 nm was synthesised by incorporating 20 wt.% of a commercial luminescent 
powder, Sr2MgSi2O7:Eu2+ Dy3+ (Gasca-Tirado et al., 2011).
 The interesting prospect of synthesising geopolymers with luminescence properties 
tailored into the structure has been investigated by Rogers and MacKenzie (2014) 
working with gallium aluminosilicate geopolymers synthesised by the method of 
Durant and MacKenzie (2011) and Durant et al. (2011). These hosts were activated 
by doping with Eu3+ or Sm3+, incorporated both by solid-state reaction and ion 
exchange methods and preliminary studies indicate that they display interesting 
photoluminescence properties. 

28.10 Inorganic polymers as novel catalysts

The structural similarity between metakaolin-based geopolymers and zeolites suggests 
that geopolymers should exhibit ion-exchange and catalytic properties (Bortnovsky 
et al., 2008; O’Connor et al., 2010). By exchanging the parent charge-compensating 
cation (Na+ or K+) for NH4

+, followed by further ion-exchange with Co2+, Cu2+ or 
Pt(NH3)4

2+, or by impregnating a K+ geopolymer with a solution of FeCl3 in acetyl 
acetone, Bortnovsky et al. (2010) produced a series of geopolymer-based catalysts 
which they tested using two model reactions. The NH4

+ geopolymers and Cu-NH4
+ 

geopolymers were tested on the selective catalytic reduction of NOx and NH3 to 
nitrogen, while the total oxidation of hydrocarbons to CO and CO2 was tested using the 
Pt(NH4) geopolymer, the Fe-K geopolymer and the Co-NH4

+ geopolymer (Bortnovsky 
et al., 2010). The Co2+ and Cu2+ were thought to be located predominantly in the 
cation exchange sites of these geopolymers, whereas the iron and platinum species 
are likely to occur in the respective geopolymers as highly dispersed clusters of 
undefined sizes (Bortnovsky et al., 2010). 
 The catalytic results show that conversion of NOx to nitrogen (Figure 28.7(a)) 
over the Cu-NH4

+ geopolymer (curve b) is already significant at <250°C, and the 
oxidation of NH3 is complete by 230°C due to the presence of acid sites necessary for 
the absorption of basic molecules such as ammonia. These results in the temperature 
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range 250–350°C compare well with the performance of a V2O5/Al2O3 catalyst 
conventionally used for this reaction (curve c). 
 Oxidation of decane (Figure 28.7(b)) using the Pt(NH4) geopolymer was found 
to occur at low temperatures (curve a) producing CO2 rather than CO, whereas the 
reaction over the Fe-K (curve b) and Co-NH4

+ geopolymers (curve c) started at 
260°C and was complete at 470–480°C (Bortnovsky et al., 2010). The importance of 
this catalytic reaction lies in the fact that decane is a major component of transport 
fuel, and the high rate of conversion achieved by these compounds at moderate 
temperatures, coupled with their high thermal stability, ease of fabrication and cost-
effectiveness, makes them of considerable interest for this application.
 The effect of heating NH4

+ exchanged geopolymers at 600°C has been reported by 
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Figure 28.7 Catalytic activity of aluminosilicate geopolymer-based catalysts for (a) the conversion 
of nitrogen oxides to N2 as a function of temperature: (A) NH4 geopolymer, (B) NH4Cu geopolymer, 
(C) conventional V2O5/Al2O3 catalyst; (b) the total oxidation of decane to CO2 as a function of 
temperature: (A) PtNH4 geopolymer, (B) Fe-K-Ca geopolymer, (C) CoNH4 geopolymer (adapted 
from Sazama et al. (2011), Copyright © 2011, with permission from Elsevier).
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O’Connor et al. (2010) to result in a change of aluminium coordination from four-
fold to a significant proportion of five-fold coordination, signifying the formation of 
acid sites in the structure that should therefore be capable of acting as a catalyst for 
organic reactions such as the Friedel and Crafts acylation (Miller et al., 1997) and 
the Friedal and Crafts benzylation toluene (Alzeer and Mackenzie, 2014). Another 
organic reaction that could potentially be catalysed by the acid sites formed by 
thermally decomposing NH4

+ exchanged geopolymers is the Beckmann rearrangement. 
The feasibility of using geopolymers to catalyse this reaction has been demonstrated 
in preliminary experiments in which 98% conversion of cyclohexanone oxime to 
e-caprolactam was achieved using a NH4

+ exchanged geopolymer heated at 450°C 
(Alzeer and MacKenzie, 2014). The presence of Lewis acid sites in addition to 
the acid sites responsible for the formation of e-caprolactam was suggested by the 
formation of other by-products such as cyclohexanone, but these results indicate the 
potential application of geopolymers as catalysts for important organic reactions. 

28.11 Inorganic polymers as hydrogen storage media

The emerging importance of hydrogen-based energy strategies has recently led 
to increased research on aspects of hydrogen generation, storage and utilisation. 
Problems of particular importance for transport applications are the safe storage 
of a maximum amount of hydrogen, its efficient retrieval from the storage medium 
and the possibility of re-hydrogenation of the spent material. A compound that has 
attracted attention for some time as a hydrogen storage medium is NaBH4, which 
releases hydrogen by the following reaction:

  BH4
– + 2H2O ´ 4H2 + BO2

– (28.1)

Problems associated with this material as an on-board hydrogen storage medium 
for automotive applications have been identified as a low gravimetric hydrogen 
storage capacity and the difficulty of securing the reverse reaction, but it may still 
be viable for other applications such as fuel cells (Demerci et al., 2009). Rüscher 
et al. (2014) have shown that possible problems associated with the supply of the 
necessary water for the forward reaction (Eq. 28.1) and the chemical and thermal 
instability of NaBH4 can be mitigated to some extent by encapsulating the borohydride 
in a geopolymer matrix produced by mixing aqueous solutions of sodium aluminate 
and NaBH4, followed by the dropwise addition of sodium silicate solution. The 
resulting geopolymer was cured at 80–110°C to form a typically X-ray amorphous 
compound containing the BH4

– anion, and is thermally stable up to 300°C without 
significant degradation or release of hydrogen due to the protection of the anion 
by the geopolymer matrix (Rüscher et al., 2014). The high alkalinity of the system 
protects the borohydride from hydrolysis; below 40°C unencapsulated NaBH4 forms 
the hydride NaBH4.2H2O which decomposes spontaneously at about 40°C, whereas 
the geopolymer composite is stable in water up to at least 70°C (Rüscher et al., 
2014). Hydrogen can be released controllably at room temperature from the NaBH4–
geopolymer composites by lowering the pH with hydrochloric acid. The amount of 
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hydrogen produced increases linearly with the amount of NaBH4 in the composite 
(Figure 28.8(a)) up to about 72% of the hydrogen evolved from the pure borohydride 
(Rüscher et al., 2014). Hydrogen evolution also depends on the curing temperature 
of the geopolymer composite, the optimum temperature being about 80°C (Figure 
28.8(b)) (Rüscher et al., 2014).The reverse reaction, the regeneration of NaBH4 by 
hydrogenation of the NaBO2 product, is more difficult, but several possibilities have 
been suggested, including reaction with hydrogen in the presence of a Pt catalyst at 
temperatures as low as 150°C (Rüscher et al., 2014). Thus, with improved handling 
and protection techniques afforded by encapsulation in a geopolymer matrix, NaBH4 
may yet prove a useful solid-state hydrogen storage material. 
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Figure 28.8 (a) Hydrogen release from aluminosilicate geopolymers as a function of their 
NaBH4 content. The asterisk point represents pure NaBH4. (b) Effect of the geopolymer curing 
temperature on hydrogen release from geopolymers with two different NaBH4 contents: (a) 
NaBH4/solid weight ratio = 0.59, (b) NaBH4/solid weight ratio = 0.47. Adapted from Rüscher 
et al. (2014).
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28.12 Inorganic polymers containing aligned nanopores

Depending on the method by which the pores in inorganic polymers are generated, 
materials with a very wide range of pore sizes and degrees of connectivity can be 
produced, ranging from nanopores up to pores a few mm in size such as required 
for building insulation. Porous geopolymers for the latter application are commonly 
synthesised by the in-situ generation of pore-forming gases (Bell and Kriven, 2008; 
Brooks et al., 2010, Medri et al., 2013; Hung et al., 2013). 
 A novel approach to the generation of continuous pores down to nanopore size is 
to incorporate fibres such as Nylon 66 or polylactic acid (PLA) fibres in an uncured 
metakaolinite-based geopolymer mixture. The fibres can then be removed after curing 
by gentle heating or treatment with alkali, or a combination of both (Okada et al., 
2011a). The continuous nanopores introduced in this way can be unidirectionally 
aligned by extruding the mixture through an orifice prior to curing, thereby aligning 
the fibres parallel to the extrusion direction (Okada et al., 2011a) (Figure 28.9(a)). 
Depending on the fibre content and diameter, the resulting nanoporous geopolymers 
have proved capable of drawing up water to a height of at least 1125 mm by capillary 
action (Figure 28.9(b)), thus mimicking the mechanism occurring in the xylem of 
trees. The possible use of these materials for cladding buildings suggests a novel 
application for passively cooling the building by drawing up water on its surface and 
exploiting the latent heat of the water evaporation (Okada et al., 2009, 2011b). 

28.13 Inorganic polymers reinforced with organic fibres

The mechanical behaviour of geopolymers is identical to that of other ceramics, which 
fail catastrophically under load in a brittle manner rather than in a ductile (graceful) 
mode. The considerable work that has been done on the use of short inorganic fibres 
or woven fibre cloth reinforcement to promote graceful failure in inorganic polymers 
is outside the scope of this chapter, as is the much more limited data on the use of 
unidirectional inorganic fibres, discussed by MacKenzie and Welter (2014).
 By contrast with reinforcement of geopolymers with inorganic fibres, organic 
fibre reinforcement has received much less attention, despite their advantage of ready 
availability and cheapness, and their compatibility with the ambient temperature 
synthesis conditions. An additional advantage of inorganic polymer composites with 
natural organic fibrous materials should be the thermal protection of the fibres by 
the non-flammable inorganic matrix. Teixeira-Pinto et al. (2008) have reported that 
raw jute fibres can be used to improve the mechanical properties of a metakaolin-
based geopolymer, while the addition of an optimum content of 0.5 wt.% of short 
cotton fibres has been reported to improve the flexural strength of a fly ash-based 
geopolymer from 10.4 to 11.7 MPa (Alomayri et al., 2013a). Reinforcement of the 
same fly ash-based geopolymer with woven cotton fabric has allowed a much higher 
fibre content to be achieved, resulting in an optimum enhancement of the mechanical 
properties at a fibre content of 2.1 wt.%, and enhanced thermal protection of the fibres 
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Figure 28.9 (a) Scanning electron micrographs of aligned nanopores introduced into a 
sodium aluminosilicate geopolymer by extrusion of a composite containing 13 vol.% of 12 
mm polylactic acid (PLA) fibres as pore formers: (A) perpendicular to the extrusion direction, 
(B) parallel to the extrusion direction. (b) Capillary lift height of water for (A) the reference 
geopolymer without nanopores, (B) geopolymer prepared with 13 vol.% 12 mm PLA fibres, 
(C) 16 vol.%, (D) 19 vol.%, (E) 22 vol.%. Adapted from Okada et al. (2011a).

by the matrix up to 800°C (Alomayri et al., 2013b). Short cellulose fibres derived 
from alkali-treated sorghum (the residue from ethanol production) have been used by 
Chen et al. (2014) to reinforce a geopolymer based on Class F fly ash. The optimum 
flexural strength of the composite (5.5 MPa) was obtained with a fibre content of 
2 wt.%, after which the properties decreased (Chen et al., 2014). A much greater 
improvement in the flexural strength of a sodium metakaolin-based geopolymer 
has been obtained by reinforcement with unidirectional fibres of another cellulose-
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based fibre, New Zealand flax (phormium tenax), that is reported to improve the 
flexural strength from about 5.8 MPa in the unreinforced matrix to about 70 MPa, 
changing the fracture mode of the matrix from brittle to graceful failure (Alzeer 
and MacKenzie, 2013) (Figure 28.10(a)). The flexural strengths of the composites 
depends on the fibre content, being greatest at the highest concentration (curve a). 
The flax fibres were thermally protected by the inorganic matrix up to 400°C, and 
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Figure 28.10 Stress–strain curves for sodium aluminosilicate geopolymer reinforced with 
(a) unidirectional cellulose (flax) fibres, (A) 10 wt.% fibre, (B) 7 wt.% fibre, (C) 4 wt.% 
fibre, (D) unreinforced geopolymer matrix (reprinted from Alzeer and MacKenzie (2013), 
Copyright © 2013, with permission from Elsevier). (b) 5 wt.% unidirectional protein (carpet 
wool) fibres, (A) treated with formaldehyde, (B) cleaned, (C) as-received, (D) unreinforced 
geopolymer matrix (from Alzeer and MacKenzie (2012), with kind permission from Springer 
Science and Business Media).
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were not damaged by the alkaline environment of the matrix. Protein-based fibres 
(wool) have also been shown to produce an approximately 40% improvement in the 
flexural strength of metakaolin-based geopolymers and cause them to fail gracefully 
(Alzeer and MacKenzie, 2012) (Figure 28.10(b)). No significant difference was 
found between coarse carpet wool and finer (more expensive) Merino wool, but 
the flexural strength of the composites was improved by treatment of the wool with 
formaldehyde to increase the alkali resistance of the fibres (curve a). The occurrence 
of a chemical interaction between the wool fibres and the matrix was evidenced by 
the development of a blue colouration in the wool fibres due to the formation of a 
sodalite compound by reaction between the aluminosilicate matrix and the sulphide 
groups at the surface of the wool fibres (Alzeer and MacKenzie, 2012). These studies 
suggest that a combination of ecologically-friendly geopolymer matrices and abundant 
natural fibres producing strong and fire-resistant materials holds good promise for 
new and novel future applications of cost-effective fibre-reinforced geopolymer 
composites. 

28.14 Future trends

Although all geopolymer-based materials discussed in this chapter have been 
developed and their properties demonstrated at the laboratory level, it remains for 
many of these applications to be taken up and exploited on a practical scale. This 
will involve overcoming further problems before these materials are fully utilised, but 
these examples show that geopolymers are capable of many more high-technology 
applications than are currently in use. Furthermore, the interesting chemistry and 
physical properties of geopolymers will continue to lead to the development of 
materials with new functionalities designed into their structure, or as scaffolds for other 
compounds. At the same time, the physical properties of the new geopolymer-based 
materials will continue to be developed and investigated, with the aid of cutting-edge 
electron optical and spectroscopic techniques, and the adoption of methodologies from 
other disciplines such as the innovative use of bright-field electron tomography to 
investigate the complex inner pore structures of porous coal ash-based geopolymers 
(Lee et al., 2014). The future outlook for new geopolymer-based materials is bright, 
provided they are taken up and developed into usable products.

28.15 Sources of further information and advice

K.J.D. MacKenzie and M. Welter. Geopolymer matrix composites: new possibilities 
for CMC-like materials. Chapter 18 in Advances in Ceramic Matrix Composites 
(CMCs), Ed. I.M. Low, Woodhead Publishing, Cambridge (2014), pp. 445–70. 

K.J.D. MacKenzie. Utilization of non-thermally activated clays in the production of 
geopolymers. Chapter 14 in Geopolymers: Structure, Processing, Properties and 
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Industrial Applications, Ed. J. Provis and J. van Deventer, Woodhead Publishing, 
Cambridge (2009), pp. 294–314. 
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