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Preface 

 

Concrete is a popular and efficient building material. However, being used that widely all over 

the world, its environmental impact sums up to large numbers, among which 8% of the carbon 

ŘƛƻȄƛŘŜ ŜƳƛǎǎƛƻƴǎ ŀƴŘ ƻǾŜǊ нл҈ ƻŦ ŜŀǊǘƘΩǎ ƴŀǘǳǊŀƭ ǊŜǎƻǳǊŎŜǎ ŜȄŎŀǾŀǘŜŘ ŦƻǊ ǳǎŜ ŀǎ ŎƻƴǎǘǊǳŎǘƛƻƴ 

minerals. The upside of this observation is that when improving the environmental impact of 

concrete, significant improvements can be made in terms of reducing carbon dioxide 

emissions and using less primary raw materials. This in line with the goals set forth 

internationally in terms of Circular Economy and Green Deal policies. In the family of greener 

concrete solutions, alkali-activated concrete is emerging rapidly being compatible with 

current solutions for structural concrete and whereby pilot projects and applications have 

already been realized in various countries. The characterization and application of alkali-

activated concrete remains however less advanced than traditional concrete, stressing the 

importance to provide a forum for researchers, professional practitioners, and governmental 

staff to share ideas and be challenged. This is the main goal behind organizing this DuRSAAM 

2023 Symposium. 

During the COVID crisis people longed for an improved social life and in response we opted to 

organize the DuRSAAM 2023 Symposium as an in-person event. Though the COVID crisis is 

ƎǊŀŘǳŀƭƭȅ ŘƛƳƛƴƛǎƘƛƴƎΣ ǘƘŜ ǿƻǊƭŘ ƛǎ ƴƻǘ ŦǊŜŜ ŦǊƻƳ ƻǘƘŜǊ ŎǊƛǎŜǎ ŀƴŘ ƻǳǊ ŦŜŜƭƛƴƎ ƻŦ ΨƴƻǊƳŀƭƛǘȅΩ Ƙŀǎ 

no doubt changed. So apologies to those who requested for a hybrid event, but we strongly 

felt to opt for collaborative participation through face-to-face interactions and to organise this 

event at a scale avoiding parallel sessions. Research on alkali-activated materials did not stop 

over the last years, rather the contrary, so that we were confident to excite many researchers 

to participate in-person, despite everyone being very busy. With more than 100 participants 

in this symposium, our expectations were met for a lively event of 3 days in exchanging 

knowledge, facilitating alkali-activated concrete more widely into practice, and jointly moving 

forward the agenda for more circular concrete.  

The DuRSAAM 2023 Symposium in fact celebrates the end of an exciting and successful EU-

ǇǊƻƧŜŎǘΣ ǘƛǘƭŜŘ ΨPhD Training Network on Durable, Reliable and Sustainable Structures with 

Alkali-Activated Materials (DuRSAAM)Ω and coordinated by Ghent University. In line with the 

scope of this European project, that has run from 2018 till 2023, the DuRSAAM2023 

Symposium focusses on new developments in all aspects of alkali-activated concrete, 

sometimes also referred to as geopolymer concrete. The programme is focussed on bringing 

stakeholders together along the triple helix academia ς industry ς government, to foster 

developments in circular concrete. As such we are proud that we have about equal amount of 

participants from academia versus industry and government, joining from 8 till 10 February 

2023 at this symposium hosted by Ghent University and all the DuRSAAM project partners. 

This highlights the growing and wider interest in alkali-activated concrete and bringing alkali-

activated research & technology into practice. 
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As coordinators of the DuRSAAM project and chairs of this symposium, we can happily say 

that the organization of the DuRSAAM 2023 Symposium has been made possible with the help  

of a motivated organizing team and scientific committee. You can find their names as part of 

these proceedings and we are grateful for their enthusiasm and support. Furthermore, this 

symposium was only feasible with the help from our partners fwo, fib and RILEM, next to the 

assistance provided by Ghent University, the City of Ghent and the North West Europe 

Interreg project URBCON. The latter being a sitter project of DuRSAAM, focussed on 

demonstration of alkali-activated concrete products in the urban environment. A special word 

of thanks goes to the DuRSAAM PhD fellows, who truly made the DuRSAAM project unique 

and who will without any doubt make a difference for the future.   

These open source proceedings collect the short papers, as presented by the participants 

during the symposium, and provides researchers, building professionals and stakeholders 

recent insights on advancing alkali-activated materials. Enjoy reading! 

 

Prof. Stijn Matthys, symposium chair 

Dr. Alessandro Proia, symposium co-chair 

Ghent, 2023 
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Prof. Geert De Schutter, Ghent University, Belgium 
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Prof. John Provis, University of Sheffield, UK 

Prof. Marijana Serdar, University of Zagreb, Croatia 

Prof. Thanasis Triantafillou, University of Patras, Greece 

Prof. Catherine Papanicolau, University of Patras, Greece 

Prof. Guillaume Habert, ETH Zurich, Switzerland 

Prof. Hubert Rahier, Vrije Universiteit Brussel, Belgium 

Dr. Emanuela Manolova, Aurubis Group, Bulgaria 

Yubo Sun, Ghent University, Belgium 

Zhiyuan Xu, Technische Universiteit Delft, the Netherlands 

Luiz Cesar Miranda de Lima Junior, Technische Universiteit Delft, the Netherlands 

Laura Rossi, Karlsruhe Institute of Technology, Germany 

Ivana Krajnovic, Ghent University, Belgium 

Lazar Azdejkovic, University of Patras, Greece 

Cassandre Le Galliard, University of Sheffield, UK 

Dr. Antonino Runci, University of Zagreb, Croatia 

Olivera Bukvic, University of Zagreb, Croatia 

Richard Caron, Karlsruhe Institute of Technology, Germany 
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Tamara Chidiac, University of Sheffield, UK 
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Dr. Alessandro Proia, Ghent University, Belgium (co-chair) 
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Prof. Hubert Rahier, Vrije Universiteit Brussel, Belgium 
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Ir. Ivana Krajnovic, Ghent University, Belgium 

Ir. Yubo Sun, Ghent University, Belgium 

Ir. Saeid Ghorbani, Ghent University, Belgium 

Mr. Jens Mortier, Ghent University, Belgium 
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Symposium program 

Day 1: Wednesday 8 February 2023 

08:15 ς 08:45 Arrival and registration 

08:45 ς 09:00 Welcome and opening 

09:00 ς 09:45 Keynote lecture 1 by Prof. Barbara Lothenbach (EMPA) 
¢ƻǇƛŎΥ άaƛȄ ŘŜǎƛƎƴ ŀƴŘ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜέ 

09:45 ς 10:45 Session 1.1 (focused on άaƛȄ ŘŜǎƛƎƴ ŀƴŘ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜέ ŀƴŘ ά5ǳǊŀōƛƭƛǘȅ 
ǇŜǊŦƻǊƳŀƴŎŜέύ 

09:45 ς 10:00 Influence of temperature on the kinetics of formation of sodium 
aluminosilicate hydrate gel 
L. Miranda de Lima, J. L. Provis and G. Ye 

10:00 ς 10:15 Benzoic acid derivates as admixtures for low alkaline activated BFS 
S. Bagheri, T. Luukkonen and J. Yliniemi 

10:15 ς 10:30 Influence of pre-saturation regime on the scaling resistance of alkali-
activated slag concrete 
hΦ .ǳƪǾƛŏ and M. Serdar  

10:30 ς 10:45 Shrinkage and creep of alkali-activated slag and applicability of the fib MC 
2010 
R. Caron, R. A. Patel and F. Dehn 

10:45 ς 11:15 Coffee break 

11:15 ς 12:15 Session 1.2 (focused on άaƛȄ ŘŜǎƛƎƴ ŀƴŘ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜέ ŀƴŘ ά5ǳǊŀōƛƭƛǘȅ 
ǇŜǊŦƻǊƳŀƴŎŜέύ 

11:15 ς 11:30 Background for the mix proportioning of alkali-activated materials 
V. Bílek Jr, J. Koplík, J. Hajzler and B. Kucharczyková 

11:30 ς 11:45 Effect of water to binder and solution to binder ratio on the hydration 
kinetics of waterglass activated slag/fly ash blends 
M. Mutti, S. Joseph and Ö. Cizer 

11:45 ς 12:00 Chloride ingress and carbonatation resistance of ternary blend alkali 
activated concrete 
S. Ghorbani and S. Matthys  

12:00 ς 12:15 Study on the influence of solution composition on shrinkage of low calcium 
fly ash geopolymers 
M. Hanumananaik and K. V L Subramaniam 

12:15 ς 13:15 Lunch break 

13:15 ς 14:00 Keynote lecture 2 by Prof. Aleksandra Radlinska (Pennsylvania State 
University) 
Topic: ά5ǳǊŀōƛƭƛǘȅ ǇŜǊŦƻǊƳŀƴŎŜέ 

14:00 ς 15:15 Session 1.3 (focused on άaƛȄ ŘŜǎƛƎƴ ŀƴŘ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜέ ŀƴŘ ά5ǳǊŀōƛƭƛǘȅ 
ǇŜǊŦƻǊƳŀƴŎŜέύ 

14:00 ς 14:15 Reaction of carbonate minerals in alkaline medium 
R. Firdous and T. Hirsch 

14:15 ς 14:30 Effect of mixing methods on workability and ultrasound measurements of 
alkali-activated materials 
L. Hertwig, B. H. Tekle and K. Holschemacher 
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14:30 ς 14:45 Preparation of precursors for alkali-activated materials by remelting 
T. Hirsch, A. Buchwald, R. Firdous and D. Stephan 

14:45 ς 15:00 Preservation of embodied carbon with sustainable resilience corrosion 
protection systems 
G. Jones, C. Van Nguyen, P. Mangat and P. Lambert 

15:00 ς 15:15 Impact of carbonation and other chemical attacks on alkali activated slag 
materials 
C. Le Galliard, D. A. Geddes, B. Walkley and J.L. Provis 

15:15 ς 15:45 Coffee break 

15:45 ς 17:00 Session 1.4 (focused on άaƛȄ ŘŜǎƛƎƴ ŀƴŘ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜέ ŀƴŘ ά5ǳǊŀōƛƭƛǘȅ 
ǇŜǊŦƻǊƳŀƴŎŜέύ 

15:45 ς 16:00 The relationship between mixture design and efflorescence formation in 
geopolymers made of iron ore tailings 
Rafaela K. R. Silva, Polyana F. F. Martins, Márlon A. Longhi and Fernando S. 
Lameiras 

16:00 ς 16:15 Freeze-thaw behaviour of hemp reinforced geopolymer 
Y. Lu, A. Darby, A. Heath and X. Ke 

16:15 ς 16:30 Immobilization of Cesium and Strontium-based waste by metakaolin 
geopolymer: Effect of waste loading and water-binder ratio on the 
properties of the host matrix 
E. Mukiza, Quoc Tri Phung, S. Seetharam, L. Frederickx, G. De Schutter 

16:30 ς 16:45 Influence of zinc sulphate on the setting and rheological properties of alkali 
activated binders 
A. Sai Surya Sree Nedunuri and S. Muhammad 

16:45 ς 17:00 Liquid release from superabsorbent polymer in alkali-activated slag and the 
mitigation of autogenous shrinkage 
H. Dong, B. Chen, Z. Li and G. Ye 

 

Day 2: Thursday 9 February 2023 

08:30 ς 09:00 Arrival and registration 

09:00 ς 09:45 Keynote lecture 3 by Prof. Jannie S.J. van Deventer (Zeobond) 
Topic: άStructural behaviour and designέ 

09:45 ς 10:45 Session 2.м όŦƻŎǳǎŜŘ ƻƴ άaƛȄ ŘŜǎƛƎƴ ŀƴŘ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜέ ŀƴŘ ά5ǳǊŀōƛƭƛǘȅ 
ǇŜǊŦƻǊƳŀƴŎŜέύ 

09:45 ς 10:00 Air-entraining additive effect on geopolymer mortar workability 
tΦ tǊƻŎƘƻƵΣ aΦ YťǇƴƛŀƪΣ YΦ ½ŀƱťƎƻǿǎƪƛ 

10:00 ς 10:15 Efficient use of calcium in developing sustainable high-strength geopolymer 
for in-situ applications 
K. K. Ramagiri and K. V. L. Subramaniam 

10:15 ς 10:30 The effect of phosphorus oxide content in precursor on setting time and 
freeze-thaw resistance of alkaline-activated binders 
tΦ tǊƻŎƘƻƵ ŀƴŘ 5Φ {ǘŀƵŎȊŀƪ 

10:30 ς 10:45 Effects of Mg on the reactivity of CaO-MgO-Al2O3-SiO2 glasses in the 
sodium silicate activated system 
T. Kim, A. Hamdan and A. Hajimohammadi 
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10:45 ς 11:15 Coffee break 

11:15 ς 12:15 Session 2.2 (focused on άaƛȄ ŘŜǎƛƎƴ ŀƴŘ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜέ ŀƴŘ ά{ǘǊǳŎǘǳǊŀƭ 
ōŜƘŀǾƛƻǳǊ ŀƴŘ ŘŜǎƛƎƴέύ 

11:15 ς 11:30 Mechanical, microstructure and durability properties of alkali-activated 
mortar based on phosphate mining waste rocks, fly ash and metakaolin raw 
materials 
S. Sbi, S. Mansouri, Y. Tamraoui and J. Alami 

11:30 ς 11:45 Use of lime kiln dust as a waste-based reagent in fly ash Class C-based alkali-
activated materials 
P. Shoaei, S. Pilehvar and R. Pamies 

11:45 ς 12:00 Influence of the fibre addition on shrinkage and pull-off bond strength of 
binary alkali-activated repair mortar made of blast furnace and copper slag 
LΦ YǊŀƧƴƻǾƛŏ and S. Matthys  

12:00 ς 12:15 Stress-strain response of FRP-confined rubberised one-part alkali-activated 
concrete 
M. Elzeadani, D. V. Bompa and A. Y. Elghazouli 

12:15 ς 13:15 Lunch break 

13:15 ς 14:00 Keynote lecture 4 by Prof. José Dinis Silvestre (Universidade de Lisboa) 
Topic: άGreening concrete with circular practices: environmental, 
toxicological, and economic benefits and challengesέ 

14:00 ς 15:15 Session 2.3 (focused on άaƛȄ ŘŜǎƛƎƴ ŀƴŘ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜέ ŀƴŘ ά{ǘǊǳŎǘǳǊŀƭ 
ōŜƘŀǾƛƻǳǊ ŀƴŘ ŘŜǎƛƎƴέύ 

14:00 ς 14:15 Performance of alkali-activated metakaolin at high H2O/Na2O ratios 
F. Souayfan, E. Rozière, C. Justino, M. Paris, D. Deneele, A. Loukili 

14:15 ς 14:30 Effects of activator compositions on the rheology of alkali-activated slag 
concrete 
Y. Sun, G. Ye, G. De Schutter 

14:30 ς 14:45 Behavior of alkali-activated slag mortar incorporated with other 
supplementary cementitious materials 
S. Tavasoli, A. W. Sadeed and W. Breit 

14:45 ς 15:00 Seismic Retrofitting of clay-brick masonry walls with AAM-TRM 
L. D. Azdejkovic, T. C. Triantafillou and C. G. Papanicolaou 

15:00 ς 15:15 Experimental investigation on long-term flexural behaviour of prestressed 
alkali-activated concrete (AAC) girders with cast-in-situ AAC topping 
Z. QianΣ DΦ ¸ŜΣ {Φ aŀǘǘƘȅǎ ŀƴŘ aΦ [ǳƪƻǾƛŏ 

15:15 ς 15:45 Coffee break 

15:45 ς 17:00 Session 2.4 (focused on άMix desƛƎƴ ŀƴŘ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜέ ŀƴŘ ά{ŜǊǾƛŎŜ ƭƛŦŜ 
ŀƴŘ ƭƛŦŜ ŎȅŎƭŜ ŀǎǎŜǎǎƳŜƴǘέύ 

15:45 ς 16:00 Calcined clay minerals as precursors for geopolymers and the influence of 
solubility on mixing ratios 
N. Werling, F. Dathe, F. Dehn and K. Emmerich 

16:00 ς 16:15 Chloride transport in alkali-activated slag paste under the exposure of 
wetting and drying cycles 
Z. Xu and G. Ye 

16:15 ς 16:30 Novel findings of pore shapes for hardened 3D printed concrete with silica 
fume by X-CT scanning 
Y. Chen and H. Rahier 
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16:30 ς 16:45 Sensitivity analysis for a probabilistic service life prediction of alkali-
activated concrete 
T. J. Chidiac, N. Ukrainczyk, D. P. Prentice, Z. Zhang, T. Soetens, B. Van 
Belleghem and J.L. Provis 

16:45 ς 17:00 The environmental impacts of alkali activated concretes: examining 
contribution of variability in constituents and of service life time to the 
uncertainty of LCA 
A. Komkova, T.J. Chidiac, J.L. Provis and G. Habert 

  

19:30 ς 22:30 Symposium dinner 
 

Day 3: Friday 10 February 2023 

08:30 ς 09:00 Arrival and registration 

09:00 ς 09:45 Keynote lecture 5 by Dr. Vilma Ducman (ZAG) 
Topic:  άIndustry perspective and application casesέ 

09:45 ς 10:45 Session 3.м όŦƻŎǳǎŜŘ ƻƴ ά5ǳǊŀōƛƭƛǘȅέ ŀƴŘ άLƴŘǳǎǘǊȅ ǇŜǊǎǇŜŎǘƛǾŜ ŀƴŘ 
ŀǇǇƭƛŎŀǘƛƻƴ ŎŀǎŜǎέύ 

09:45 ς 10:00 Degradation of alkali activated slag mortars subjected to accelerated 
leaching 
T. N. Nguyen, Q. T. Phung, L. Frederickx, D. Jacques, A. Dauzeres, J. Elsen, Y. 
Pontikes 

10:00 ς 10:15 Design and tendering experiences of a geopolymer concrete bridge 
C.B.M. Blom, W.D. Schutte, A.P. Allaart and J.L.M. van Leeuwen 

10:15 ς 10:30 Removal of ammonium from wastewater with metakaolin based-
geopolymer sorbents 
M. Otero, L. Freire, S. Gómez-Cuervo and P. Villar 

10:30 ς 10:45 Additive manufacturing of geopolymer-stones to replicate natural 
sandstones with low availability 
S. Partschefeld, A. Tutal and A. Osburg 

10:45 ς 11:15 Coffee break 

11:15 ς 12:15 Session 3.2 (focused on ά{ǘǊǳŎǘǳǊŀƭ ōŜƘŀǾƛƻǳǊ ŀƴŘ ŘŜǎƛƎƴέ ŀƴŘ άLƴŘǳǎǘǊȅ 
ǇŜǊǎǇŜŎǘƛǾŜ ŀƴŘ ŀǇǇƭƛŎŀǘƛƻƴ ŎŀǎŜǎέύ 

11:15 ς 11:30 Alkali-activated slag-based concrete incorporating single and multiple 
hooked-end steel fibers: mechanical behaviour and limitations to field 
applications 
L. Rossi and F. Dehn  

11:30 ς 11:45 Performance at load-bearing reinforced concrete with treated Cu slag as 
cement replacement 
P. Sivakumar, M. A. Yaqub and S. Matthys 

11:45 ς 12:00 Self-compacting alkali-activated concrete (AAC) for precast prestressed 
bridge girders - from lab research to industrial production 
S. Zhang, M. [ǳƪƻǾƛŏΣ ¸Φ ¸ŀƴƎΣ IΦ IŜǊŘŜǊΣ !Φ {ŎƘŀǊǊƛƴƎŀ ŀƴŘ DΦ ¸Ŝ 

12:00 ς 12:15 URBCON - By-products for sustainable concrete in the urban environment 
W. Crijns 

12:15 ς 12:30 Closure and intro to site visit 
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12:30 ς 13:30 Goodbye lunch 

13:30 ς 15:00 Site visit to City of Ghent "Zonnepoort" pilot 
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Keynote speakers 

 

Prof. Barbara Lothenbach 

EMPA 

Barbara Lothenbach is a professor and head of the group cement chemistry 
and thermodynamics at EMPA (Switzerland). PhD. at the Institute of 
Terrestrial Ecology, Soil Protection, Swiss Federal Institute of Technology 
(ETH) Zürich in 1996, she has worked as a project leader and consultant 
scientist for nuclear wastes at BMG Engineering Ltd, Schlieren, Switzerland. 
In 2002, she has joined the Laboratory Concrete & Asphalt at EMPA. Her 
current research topics include hydration mechanisms of cementitious 

materials, thermodynamic modelling, characterization techniques, pore solutions and supplementary 
cementitious materials and non-Portland cement binders. She is author of more than 150 scientific 
journal articles and 170 conference papers. 

 

Prof. Aleksandra Radlinska 

The Pennsylvania State University 

!ƭŜƪǎŀƴŘǊŀ wŀŘƭƛƵǎƪŀ ƛǎ ŀƴ ŀǎǎƻŎƛŀǘŜ ǇǊƻŦŜǎǎƻǊ ŀǘ ǘƘŜ tŜƴƴǎȅƭǾŀƴƛŀ {ǘŀǘŜ 
University. She holds a Ph.D. degree in civil engineering from Purdue 
University (2008). Her research interests include developing innovative 
materials to enhance infrastructure durability and reduce CO2 impact. To 
date, she has focused her research on mechanisms and mitigation of 
shrinkage and carbonation in alkali-activated concrete, prediction and 
reduction of the probability of early-age cracking in concrete, cement 

solidification in the microgravity environment, and binders for Moon and Mars infrastructure, as well 
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Alkali activated materials: Mix design and microstructure 
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KEYNOTE SUMMARY 

Alkali-activated binders based on ground granulated blast-furnace slag, fly ash or glasses can be a 
viable and sustainable alternative to Portland cement, since they use by-products of other industrial 
manufacturing processes. The presentation aims to summarise recent investigations on pore solution 
composition, on the effect of composition on the reactivity of the glassy phases and the changes 
occurring during carbonation. In addition, the effect of MgO and Al2O3 content of slags on the hydrate 
assemblage, and on compressive strength is discussed and compared with thermodynamic modelling 
predictions. The effectiveness of slag, fly ash or glass activation and thus the hydration kinetics 
depends on the activator used, on the mineralogical composition and the fineness of the glassy phase. 
The addition of alkalis stimulates the dissolution of glasses and thus the formation of hydration 
products. Alkali activated slags form mainly calcium silicate hydrates incorporating significant amounts 
of aluminium (C(-A)-S-H), hydrotalcite-like phase and strätlingite, while in alkali activated fly ashes or 
glasses rather N-A-S-H gels are formed. 
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Influence of temperature on the kinetics of formation of sodium 

aluminosilicate hydrate gel 
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2University of Sheffield, Department of Materials Science and Engineering. Sheffield, United Kingdom. 
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HIGHLIGHTS 

¶ At room temperature, degree of reaction of alkali-activated pastes is linearly correlated with 
chemistry of the binder. 

¶ Combination of secondary electrons grayscale images with selective dissolution treatments 
allows the quantitative determination of sodium aluminosilicate hydrates in hardened alkali-
activated matrixes. 

¶ Acceleration periods observed in isothermal calorimetry tests performed at 60 ºC are 
indications of conversion of initial precipitates into ordered zeolite-like structures. 

Keywords: phase assemblage, degree of reaction, sodium aluminosilicate hydrate gel 

INTRODUCTION 

The implementation of alkali-activated materials (AAMs) is one of the most suitable alternatives to 
ordinary Portland cement (OPC), in both structural and non-structural applications within the 

construction field. The similar-to-superior performance and durability characteristics, the lower 
embodied energy and lower CO2 emission involved in the process, and the reutilization of industrial 

byproducts as raw-materials [1], [2] are among the advantages of this class of alternative building 
materials.  

The initial mineralogy and chemical composition of the precursors used in these systems have a direct 

impact in their dissolution and further hardening reactions of AAMs [3]. However, the extensive list 
of potential precursors described in the literature imposes obstacles to the estimation of behavior of 
these materials. The evolution of the performance of AAMs is directly correlated with the phase 
assemblage within the hardened microstructure. The nature and the quantity of reaction products 
are among the main factors controlling the in-service behavior of these building materials, such as 

mechanical properties and durability characteristics. Hence, the possibility of quantitatively 

determining the solid phases formed during alkali-activating reactions is extremely desired, as it 

would allow accurate structural calculations and service life predictions, among other characteristics, 
to be modeled.  

The present study investigated quantitatively the formation of sodium aluminosilicate hydrate (N-A-
S-H) gels during the alkali-activation of synthetic glasses resembling blast furnace slags and coal fly 
ashes. A correlation of binder chemistry and phase precipitation is achieved at room temperature. 
The reaction mechanism is slightly modified when higher curing temperatures are applied. With the 

use of different experimental tools such as isothermal calorimetry, scanning electron microscopy, and 
selective chemical dissolution, corrections to the quantitative analysis of N-A-S-H gel have been 

applied and validated. 
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MATERIALS & METHODS 

The synthetic glasses of simplified chemical compositions, comprising for Al2O3, CaO and SiO2, were 

designed aiming for a resemblance with siliceous fly ash, calcareous fly ash, and blast furnace slags.  

Reagent grade Al2O3 and SiO2, and CaCO3 as a source of CaO, were mixed, melted using alumina 
crucibles with an ultimate temperature of 1600 ºC, and quenched in water after 2 h of dwell time. 
Glasses were dried and ground until reaching a D50 value of approximately 20 µm. Table 1 displays 

the chemical compositions obtained with X-ray fluorescence, and the D50 values obtained with laser 
diffraction analysis. 

Table 1. Experimental chemical composition and particle properties of synthetic glasses. 

Glass Glass  

type 

Atomic ratios D50 (µm) 

 Si/Ca Si/Al Al/Ca Ca / (Si +Al) 

S4 Siliceous Fly ash 4.16 1.51 2.75 0.15 22.1 

S2 Calcareous fly ash 2.04 1.47 1.39 0.29 17.2 

S1 Blast furnace slag 1.00 1.56 0.64 0.61 21.5 

S0.9 Blast furnace slag 0.93 2.05 0.46 0.72 16.6 

A total of 8 different pastes were prepared by alkali-activation of the four synthetic glasses. Each glass 

was activated with solutions composed of sodium hydroxide (N8S0 ς 8 g of Na2O per 100 g of glass) 

and sodium silicate (N8S12 ς 8 g of Na2O per 100 g of glass and a silicate modulus of 1.5). The pastes 
were cured in sealed containers for 7 and 28 days at room temperature (mixtures prepared with all 

glasses), and at 60 ºC (mixtures prepared with fly ash-like glasses). Pastes were also prepared and 
analyzed through isothermal calorimetry for 7 days, at 20 ºC and 60 ºC, targeting the study of reaction 
kinetics according to the initial chemistry of the binder. Scanning electron microscopy (SEM) was used 

for the determination of the degree of reaction at different ages with the use of grayscale images [4]. 

In order to analyze N-A-S-H gel individually, 1g of each hardened paste was submitted to a selective 
dissolution procedure (combination of salicylic acid and methanol (SAM) [5]), which is able to 

eliminate low-ordered calcium containing phases. The weight loss during the dissolution 
experiments, normalized by reaction degree of the binder, was used to calculate the quantity of N-A-
S-H gel formed in each paste. The characterization of the microstructure was performed with X-ray 

diffraction (XRD) measurements after 7 days of curing for each one of the eight paste mixtures. 

RESULTS & DISCUSSION 

The reactivity potential calculated for each paste, after 7 days of curing time at room temperature, 
indicated a direct correlation with binder chemistry, and more specifically with the Ca content of the 
mixture. As observed in Fig. 1a, the degree of reaction increased from 32.7 % for the paste S4-N8S12, 
to 48.2 % for the paste S0.9-N8S0 (Ca/(Si+Al) ratios of 0.16 and 0.85, respectively the lowest and 
highest values). Increased formation of N-A-S-H gel is also observed to be inversely proportional to the 
overall amount of Ca in the binder (Fig. 1b). Although it did not affect significantly the degree of 
reaction, the presence of aqueous silicate in the activator had a positive influence on inhibiting other 
Ca-based hydrates, as all glasses, except S0.9, showed residual N-A-S-H gel after selective dissolution. 
Although N-A-S-H gel is usually described in the literature as the dominant reaction product in fly ash-
like systems [3], a great contribution of Ca was observed to the phase assemblage of these binders. As 
seen in Fig. 1, the maximum calculated quantity of N-A-S-H gel was only 61.7 % (S4-N8S12), indicating 
sufficient room for the growth of Ca-based phases. 
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Figure 1. Influence of Ca content on the: a) overall degree of reaction; and b) quantity of N-A-S-H present in 

the microstructure of hardened pastes. 

Ca has been proven to have significant impact on the initial reactivity of alkali-activated materials, since 
its release to the aqueous media occurs before the release of Si and Al during dissolution of the 
precursor [6]. The nucleation of Ca-based phases begins immediately after the initial contact of the 
precursor with the activating solution. Therefore, fly ash-based systems tend to present delayed N-A-
S-H gel precipitation, as evidenced by the results from isothermal calorimetry tests shown in Fig. 2. 
After the dissolution peaks, an absence of acceleration peaks is observed in the calorimetry curves of 
S4-based pastes cured at room temperature (Fig. 2a), regardless of the activating solution. Combined 
with the non-negative low heat flow through the course of the experiment, this indicates a continuous, 
although slow and incomplete, process of N-A-S-H gel formation, yielding an unstable hardened matrix. 
Using a temperature curing regime of 60 ºC enhances the reaction potential of fly ashes-type glasses, 
as illustrated in Fig. 2b. Wider dissolution peaks are observed with the use of both activators, in 
addition to two distinct acceleration peaks for NaOH-activated glasses. These two peaks reflect the 
formation and transformations of N-A-S-H gel, as the implementation of increased temperatures is 
known to intensify its degree of structural ordering [7], converting it into zeolite-like solid phases 
without necessarily affecting the quantity of sodium aluminosilicate-based phases. Contrarily, 
waterglass-activated pastes display a broader dissolution peak with only one acceleration shoulder, as 
the presence of liquid silicate species in the activator favors a more disordered N-A-S-H gel structure, 
preventing its conversion into crystalline-like phases. The analysis of the cumulative heat release in 
both curing regimens, visualized in Figs. 2c and 2d, indicate that the reactions at room temperature 
are still under development after 7 days, as they present significantly lower values, while the 
microstructure after 7 days of curing at 60 ºC presents itself as more mature when compared to room 
temperature cured systems. 
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Figure 2. Isothermal calorimetry curves of glass S4-based pastes cured at: a) 20 ºC; and b) 60 ºC; and 

cumulative heat release curves of the same pastes at: c) 20 ºC; and d) 60 ºC. 

The direct impact of temperature curing on the final microstructure of the hardened binders can be 
better visualized in the X-ray diffractograms of the four analyzed systems, displayed in Fig. 4. The use 
of waterglass as activator did not show any distinctive peaks in none of the curing regimens, as the 
high content of aqueous silicate species favours the precipitation and growth of reaction products with 
low-range degree of order. The influence played by temperature relies on the overall reactivity of the 
system, which can be qualitatively analyzed with cumulative heat release. On the other hand, sodium 
hydroxide-activated pastes were more susceptible to structural changes with implementation of 
elevated temperature curing. The observed acceleration periods observed for the system S4-N8S0 at 
60 ºC promoted a more complex microstructure, as the diffractogram shows the presence of intense 
peaks of different zeolite structures (Faujasite-Y, Hydrosodalite, Na-P1), when compared to room 
temperature cured pastes, indicating the conversion of initially precipitated amorphous gels into 
reaction products with higher range of degree of order. 

The observed differences in calorimetric response, due to the activating solution, combined with the 
microstructural characterization performed with XRD, illustrate the importance of the evaluation of 
the structure of reaction products present in a hardened matrix, in addition to quantitative 
determination of each of these phases. 

 

Figure 3. X-ray diffractograms of S4-based pastes cured at room 20 ºC and 60 ºC: a) N8S0 systems; and b) 

N8S12 systems. 
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CONCLUSION 

Based on this study, it can be concluded that Ca has a direct impact on the degree of reaction of alkali-
activated materials and on the formation of sodium aluminosilicate hydrate (N-A-S-H) gel. A low Ca 
content hinders the dissolution of the precursor and the release of reactive species to the activating 
solution, thus delaying the process of formation of Ca-less phases. The use of waterglass as activating 
solution increases the quantity of N-A-S-H gel in the hardened matrix, even in slag-based systems, but 
does not have a significant impact on the degree of reaction. Implementation of increased 
temperature curing overcomes the lack of Ca on the binder, accelerating the precipitation of N-A-S-H 
gel which lead to an increased overall content. Lastly, the use of selective dissolution was proven to be 
successful in the quantitative determination of N-A-S-H gel, and further characterization of the solid 
residue of dissolution could provide valuable information over the activator effect on the reaction 
mechanism and on the structure of the gel. 
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HIGHLIGHTS 

¶ Benzoic acid derivate ligands were studied as admixtures for sodium carbonate activated BFS 

¶ Certain ligands showed promising acceleration of the hydration process 

¶ The effect of ligand is sensitive depending on the dissolution and pore solution chemistry of the 
binder 

Keywords: compressive strength, isothermal calorimetry, benzoic acid derivates 

INTRODUCTION 

Blast furnace slag (BFS) is a common material used as a Portland cement additive and as a calcium-rich 
precursor in AAMs [1ς3]. As an alternative to traditional activators like sodium silicate and sodium 
hydroxide, sodium carbonate offers a way to generate more environmentally friendly AAM with less 
alkalinity, a smaller carbon footprint, and greater workability of the fresh paste [4]. The challenge with 
low alkaline activators such as sodium carbonate is the slow strength development. Here, we 
investigate how certain complexing agents affect strength development of sodium carbonate activated 
BFS. 

Carboxylic acids are chemical molecules with the functional group carboxyl (-COOH) [5,6]. One of the 
most basic carboxylic acids, benzoic acid (BA) has a wide variety of derivatives, such as 4-aminobenzoic 
acid (ABA), salisylic acid (SA), and 3,4-dihydroxybenzoic acid (DHBA). Similar to amino acids, proteins, 
and many medicins, 4-aminobenzoic acid is an aromatic molecule with amino and carboxylic groups in 
the para position. salisylic acid and 3,4-dihydroxybenzoic acid (DHBA) are a phenolic acid with ςCOOH 
and ςOH functionalities. Each functional group could form various complexes, for example, with Ca, 
Mg, and Al, which could potentially affect the dissolution and precipitation reactions of BFS hydration 
[7]. 

 

Figure 1. Benzoic acid (BA), 4-aminobenzoic acid (ABA), salisylic acid (SA) and ,4-dihydroxybenzoic acid (DHBA). 
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MATERIALS & METHODS 

Ground granulated blast furnace slag is from Finnsementti, Finland (Table 1). 

Table 1. Chemical composition of BFS (wt%). 

 
SiO2 MgO Al2O3 Fe2O3 Na2O CaO 

BFS 33,8 10,1 9,9 0,37 0,56 37,7 

Table 2. Mix design of the prepared samples, Na2CO3-solution molarity is 2.07 (mol/L). 

Sample code 

Blast 

furnace 

slag (g) 

Na2CO3-

solution (g) 

Water-to-

binder ratio Type of ligand 

Ligand 

dosage per 

binder mass 

(wt.%) 

BFS_CO 40 18.3 0.35 
  

BFS_CO_DHBA0.1% 40 18.3 0.35 3,4-Dihydroxybenzoic acid 0.1 

BFS_CO_ABA0.1% 40 18.3 0.35 4-Aminobenzoic acid 0.1 

BFS_CO_SA0.1% 40 18.3 0.35 2-Hydroxybenzoic Acid 0.1 

BFS_CO_DHBA0.3% 40 18.3 0.35 3,4-Dihydroxybenzoic acid 0.3 

BFS_CO_ABA0.3% 40 18.3 0.35 4-Aminobenzoic acid 0.3 

RESULT & DISCUSSION 

Figure 2.a) shows the trends in compressive strength of hydrated BFS with different benzoic acid 
derivates after hardening for 1, 3, and 7 days. Many of the ligands decreased early-age strength 
development even with low dosages showing strong, but counterproductive, interaction in the 
hardening process. We also observed inconsistency on the effect of ligands when experiments were 
repeated (Figure 2.b). 

 

 
Figure 2. a) Compressive strength of the samples with benzoic acid derivates at different curing ages (1, 3 and 7 

days), b) different results from multiple experiments as a function of ligands. 

We believe this inconsistency is due to quality variation of BFS when different BFS batches were used, 
which consequently affected BFS differences in the BFS reactivity, and the effectivity of the ligand. 
We present chemical composition, BET surface area, and particle size distribution of both BFS batches 
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in the oral presentation and discuss about possible reasons for different results. Nevertheless, there 
was a clear acceleration in the reaction kinetics with certain ligands and dosages (Figure 3). 

 

Figure 3. Isothermal calorimetry of activated BFS with and without 3,4-dihydroxybenzoic acid. 

CONCLUSION 

This work demonstrates that small amounts of benzoic acid derivates influence the early-age reaction 
kinetics of Na2CO3-activated BFS binder. The functional group of the ligand can affect the strength 

development, while retaining or improving the fluidity of the pastes. The effect was negative in most 
cases, but some promising results were obtained with BFS of certain quality. 
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HIGHLIGHTS 

¶ The mixing design of alkali-activated materials is recommended based on the activator molarity 

and the precursor volume fraction in the system (paste). 

¶ The role of these two parameters, along with different types of activators, is illustrated on alkali-
activated slag pastes from the perspective of microstructure and physical-mechanical properties. 

¶ AAS with sodium hydroxide was found to be the most sensitive to changes in the slag volume 
fraction. 

Keywords: microstructure, molarity, volume fraction 

INTRODUCTION 

Alkali-activated materials (AAMs) have considerable potential as a part of the sustainable toolkit of the 
inorganic binders [1]. Naturally, their properties are compared to those of binders based on ordinary 
Portland cement. The analogous expression of their composition is generally used based on the water-
to-precursor (binder) weight ratio. The dose of the alkaline activator is then typically expressed as the 
content of Na2O or K2O with respect to the weight of the slag. The dry matter of the activator can but 
does not necessarily be incorporated in the expression of water content as a water-to-solids ratio. 
Furthermore, other expressions, such as the solution-to-precursor weight ratio, combined with 
activator molarity, are also quite common. Another critical variable arises in the silicate modulus when 
silicate activators are used. All of these aspects inherently lead to a still-growing jungle of compositions 
of AAMs over the scientific literature. It thus complicates the comparison of the results, further 
optimization of these promising materials, and their wider use in real applications. 

In this abstract, we would like to discuss another approach based on the molarity of activating solution 
and the initial precursor volume fraction in the system. We are convinced that this approach is very 
reasonable, but it is surprisingly rarely used. The molarity of the activating solution dictates its pH, 
dissolution process, saturation of the pore solution with dissolved species, the stoichiometry of the 
arising solid products, etc. The solid volume fraction is vital for rheological properties, especially for 
concentrated suspensions. Still, it also affects hardened properties because of the different nature of 
the reaction products, depending on the activator type. 

Therefore, the aim of this study, which is only a small part of our more comprehensive research, is to 
induce a change in thinking about the proportioning of AAMs. Alkali-activated slag (AAS) pastes were 
selected to illustrate the key aspects of the recommended mix design. Three of the most common 
alkali activators, sodium hydroxide, sodium waterglass (silicate modulus of 1.5), and sodium 
carbonate, were used. Unlike the vast majority of other studies, all results presented herein were 
obtained using the approach, according to which the paste is defined by the slag volume fraction and 
the molarity of the activator. Regardless of the activator type, its molarity is expressed as the molarity 
of sodium cations. 
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RESULT & DISCUSSION 

Figure 1 illustrates the differences in the AAS pastes' microstructure with the most common activators, 
namely sodium hydroxide, sodium waterglass (silicate modulus of 1.5), and sodium carbonate. It 
corresponds to the findings in literature [2,3], i.e., relatively inhomogeneous and porous 
microstructure for the activation with sodium hydroxide, given by the presence of the reaction 
products close to the slag grains. On the contrary, sodium waterglass and sodium carbonate showed a 
homogenous matrix of reaction products among the slag particles with only rare signs of capillary 
porosity. The matrix is disturbed by cracking, which can partially originate from autogenous shrinkage 
during the curing period but is mainly affected by mechanical action during the sample preparation 
and severe conditions during its observation in SEM (vacuuming and exposure of the sample to the 
electron beam). 

 
Figure 1. Comparison of the microstructure of alkali-activated slag pastes with three basic types of activators of 

the same molarity of 4M Na+ and slag volume fraction of 0.52 after 28 days of reaction. 

The differences in microstructure can also be observed by mercury intrusion porosimetry (MIP) for the 
pore sizes below 100 nm (Figure 2A), i.e., much finer porosity than shown by SEM. In this case, only 

the results for the pore entry diameters corresponding to the pores lower than 5 mm were considered. 
This corresponds well with the results of autogenous shrinkage (Figure 2B), which is 3 to 11 times 
higher for waterglass compared to sodium hydroxide, depending on the slag volume fraction. Another 
interesting phenomenon is a different evolution of autogenous shrinkage with decreasing slag volume 
fraction. The autogenous shrinkage of both sodium hydroxide and sodium carbonate-activated slag 
paste decreases with decreasing slag volume fraction, while the opposite (and not so pronounced) 
trend can be observed for waterglass. These differences are again due to the different nature of the 
reaction products. The increased shrinkage with an increase in the slag volume fraction points to the 
significant microstructure refinement and consequently to an increase in the driving force of shrinkage. 
The restraining effect of the slag particles, along with the likely marginal changes in pore sizes, explains 
the behaviour of the pastes with waterglass. 

Microstructural differences are directly related to the effects of the slag volume fraction and molarity 
on compressive strength. Similar to autogenous shrinkage, the slag volume fraction had the most 
significant impact on the compressive strength of the sodium hydroxide-activated slag (Figure 3A). The 
same can be observed for the absolute values of the reference compressive strength used for this 
figure, which were 47, 104, and 72 MPa for sodium hydroxide, sodium waterglass and sodium 
carbonate, respectively. The magnitudes of the compressive strength are also affected by the molarity 
of the activator, which is demonstrated here on AAS with sodium hydroxide (Figure 3B). The highest 
compressive strength values were achieved with molarities of 2 to 4M. Reference pastes with 4M 
NaOH reached 8, 15, 23, and 31 MPa at the age of 1, 2, 7, and 28 days, respectively. This shows that 
there is an optimal range of molarities. A further increase in molarity beyond 4M resulted in a gradual 
decrease in the values of the compressive strength, while a rapid strength decrease was observed as 
the molarity decreased from 2 to 1M. More details about the results presented herein can be found in 
our previous papers [4,5]. The differences in strengths of 1 and 2M NaOH are the most significant at 
early ages (24 and 48 hours), which nicely illustrates another factor vital from both a scientific and 
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practical perspective. It is the effect of molarity on the reaction kinetics of AAS, to which the evolution 
of the microstructure and the physical-mechanical properties over time are inherently related. 

 
Figure 2. MIP response (A) and autogenous shrinkage (B) of alkali-activated slag pastes with three basic types 

of activators with the same molarity of 4M Na+ after 28 days of reaction. 

 

 
Figure 3. Effect of the slag volume fraction (A) and NaOH molarity (B) on the compressive strength of AAS 

pastes. The paste with the slag volume fraction of 0.54 for each activator and the paste with 4M at each time 

were taken as references. 

CONCLUSION 

The mix proportioning of AAMs based on the activator molarity and precursor volume fraction was 
proposed and discussed. In addition to the results presented here, the role of molarity in the reaction 
kinetics and temperature is of great importance. However, this is beyond the possibility of this short 

contribution and will be discussed in more detail in our subsequent publications and personally at 
the symposium. 
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HIGHLIGHTS 

¶ The water to binder ratio has a significant impact on the rate of the hydration process but does 

not affect the overall reactivity significantly. 

¶ The solution to binder ratio, whilst only slightly affecting the rate of the hydration, exhibits a 
pronounced effect on the total heat release. 

Keywords: alkali-activated materials, solution to binder ratio, water to binder ratio 

INTRODUCTION 

Alkali-activated materials (AAMs) are an alternative use of SCMs in combination with an alkali source 
to mimic cement hydration while actually ruling out ordinary Portland cement (OPC) itself from the 
formulation [1]. However, not all SCMs attracted the same interest as a potential precursor to be used 
in AAMs due to different reasons, on top of which there is their worldwide availability [2]. Ground 
granulated blast furnace slag (GGBFS) and fly ash (FA) nowadays represent the most investigated, and 
ŀǾŀƛƭŀōƭŜΣ ōƛƴŘŜǊǎ ǎǳƛǘŀōƭŜ ŦƻǊ !!aǎΩ ŦƻǊƳǳƭŀǘƛƻƴǎΦ ¢ƘŜǎŜ ƳŀǘŜǊƛŀƭǎ ŀǊŜ ōŀǊŜƭȅ ǊŜŀŎǘƛǾŜ ǿƘen mixed 
with water, hence the need of an alkali source that can provide the appropriate environment to trigger 
their hydration. Hydroxide and silicates are by far the most investigated activators, especially as 
sodium salts, due to the possibility to achieve mechanical properties comparable, when not superior, 
to OPC [3ς5] Due to the presence of the alkaline activator, the mix design of AAMs is inherently more 
complex than that of a system based on OPC. In case of waterglass activation, parameters such as 
Na2O, SiO2, water to binder (w/b) and solution to binder (s/b) ratios need to be carefully evaluated as 
they can drastically change the hydration kinetics and the development of the mechanical properties 
of the material. Whilst being strictly dependent on each other and difficult to evaluate separately, the 
s/b and w/b ratios appear to differently affect the hydration kinetics of AAMs. The s/b ratio have been 
reported to exhibit effects similar to those of w/b in OPC based systems while the w/b appears to have 
an even more pronounced impact [6ς9]. The objective of this study is thus to evaluate separately, 
taking into account their interdependency, the effects exhibited by s/b and w/b ratios on the hydration 
kinetics of AAMs. All the materials used in this study were procured commercially. GGBFS and FA were 
used as binder. The activating solutions were prepared beforehand starting from a waterglass solution 
(abcr, 8.3% Na2O 27.5% SiO2). Na2O and SiO2 contents were adjusted using NaOH(aq), prepared by 
dissolving NŀhI ǇŜƭƭŜǘǎ ό±²wΣ җфт҈ύΣ ŀƴŘ ŘŜƛƻƴƛȊŜŘ ǿŀǘŜǊΦ ! ǘƻǘŀƭ ƻŦ ŦƛǾŜ ŎƻƳǇƻǎƛǘƛƻƴǎ ǿŜǊŜ ŘŜǎƛƎƴŜŘ 
either changing the s/b or the w/b ratio of a reference composition (Table 1). Isothermal calorimetry 
measurements were carried out using a TAM Air 8-channel kept at 20°C. The reported experimental 
results are normalized by the mass of binder. In the case of total heat curves, the first 30 minutes were 
discarded to not take into account the time necessary for the stabilization of the calorimeter after the 
sample insertion. 
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Table 2. Mixes composition. 

ID BFS/FA s/b w/b Na2O % SiO2 % Ms (SiO2/Na2O) 

Ref 50/50 0.55 0.42 5.26 7.56 1.44 

HS 50/50 0.70 0.53 6.69 9.63 1.44 

LS 50/50 0.48 0.36 4.54 6.53 1.44 

HW 50/50 0.65 0.51 5.26 7.56 1.44 

LW 50/50 0.52 0.37 5.26 7.56 1.44 

RESULT & DISCUSSION 

As widely reported in literature, the heat flow of AAMs activated with sodium silicate solutions 
exhibits, analogously to OPC, two well distinct peaks. The first peak is occurring as soon as the binder 
is mixed with the activating solution and it is associated to the wetting and initial dissolution of reactive 
particles while the second peak is associated to the formation of significant amount of reaction 
products and, as visible from the heat flow curves reported in Fig.1a, occurs between 20 and 40h for 
the compositions investigated in this study. The heat flow curves show that the s/b ratio has a rather 
limited influence on the hydration kinetics as both the occurrence of the hydration peak and its 
intensity appear close to those of the reference composition despite such parameter was modified up 
to around 30% (Ref to HS). In contrast to what observed in case of changes in s/b, the w/b ratio exhibits 
a much greater effect on the hydration kinetics. Despite being modified at a slightly lower magnitude, 

up to 22%, the hydration peaks of HW and LW appear significantly shifted with respect to that of the 
reference composition and are also of significantly lower intensity in the case of HW. The differences 
evaluated in the heat flow curves are reflected in the total heat release, reported in Fig.1b, at least in 
the first few days of hydration. Here, it can be seen that the curves associated to all the compositions, 
with the exception of HW, almost overlap up to 24h from mixing time corresponding to the hydration 
peak maximum of HS. After that, the total heat release of both HS and LS starts to diverge from that 
of Ref. The heat release of LW also appears to diverge but to a lesser extent while that of HW gradually 
approaches the Ref one. These behaviours observed in the isothermal calorimetry measurements 
clearly indicate that the concentration of the activating solution plays a more significant role than the 
absolute amount of introduced species in defining the hydration kinetics of AAMs despite the almost 
identical pH of the activating solutions. The quicker occurrence of the hydration peak observed in LW 
compared to LS, and the opposite for what concerns HS and HW, might be inferred to the lower extent 
of dissolution of the binder necessary to reach saturation with respect to the hydration products. 
Moreover, the polycondensation of dissolved silicates eventually leads to their precipitation, thus 
favouring further hydrates precipitation by acting as nucleation seeds [10]. This phenomenon is once 
again promoted by the higher concentration of alkalis originated by reducing the w/b while keeping 
both Na2O and SiO2 constant. Whilst accelerating/decelerating the precipitation of hydrates, it does 
not appear that w/b exerts a significant influence on the extent of the hydration process; the opposite 
seems true for the s/b ratio. Assuming that analogous phase assemblages are formed in the 
investigated compositions, the gaps observed in the total heat release are thus associated to a 
different amount of hydrates that precipitates. Whilst exhibiting similar rate, the amount of volume 
available for the precipitation of products significantly changes between LS, Ref, and HS. This means 
that more products need to be precipitated in order to arrest the system and move towards a diffusion 
controlled process [9,11]. This is true also in the case of changes in w/b ratio but in that case the effects 
ƻŦ ǘƘŜ ŀŎǘƛǾŀǘƻǊΩǎ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ŀǇǇŜŀǊ ǘƻ ǇǊŜǾŀƛƭΦ 
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Figure 1. a) Heat flow curves b) Total heat release. 

CONCLUSION 

In this study we investigated the effect of s/b and w/b ratios on the hydration kinetics of waterglass 
AAMs. The experimental results clearly indicate that the w/b exerts more influence on the reactivity 
of the system. Affecting the concentration of the activating solution leads to significant shortening or 
ƭŜƴƎǘƘŜƴƛƴƎ ƻŦ ǘƘŜ ƛƴŘǳŎǘƛƻƴ ǇŜǊƛƻŘΦ ¢Ƙƛǎ ƳƛƎƘǘ ōŜ ŘǳŜ ǘƻ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ŜȄǘŜƴǘ ƻŦ ōƛƴŘŜǊΩǎ Řƛǎǎƻƭǳǘƛƻƴ 
necessary to achieve the conditions for the products to precipitate, assuming a similar dissolution rate 
for the different compositions. Over longer periods it appears that the s/b ratio plays a greater role; it 
does not affect the rate at which the hydration occurs but it seems to influence the amount of hydrates 
that can precipitate. This is assumed to be due to both the volume availability as well as the amount 
of silicates introduced with the activating solution. 
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HIGHLIGHTS 

¶ Anhydrous carbonate minerals react with NaOH and Na-silicate solutions. 

¶ They can supply cations for formation of C-N-S-H gel. 

¶ Formation of Na- and Ca-Na-carbonates can be detrimental for building products. 

Keywords: carbonate minerals, alkali-activated materials, thermodynamics 

INTRODUCTION 

The environmental goals of the EU aim at achieving carbon neutrality by 2050 and therefore all the 
industrial processes must be re-thought. Reusing and recycling industrial, agricultural, and urban 
wastes to achieve a circular economy is one of these major goals. Building construction materials 
industry makes up to 10% of the anthropogenic CO2 emissions with the highest share originating from 
production of clinker for various types of Portland cement [1]. In a road map defined by cement 
technology authorities several ways from the manufacture to use of Portland cement have been 
defined in order to reduce these emissions [2]. Several types of cements show varying CO2 reduction 
potential based on their clinker content. Other alternative solutions include alkali-activated materials, 
which can be synthesized by the reaction of an aluminosilicate raw material with an alkaline source. 
Researchers have shown that depending upon the mixture design, type of materials and methods used, 
a lot of different strength classes and CO2 reductions can be observed [3]. The freedom of choice of 
raw material for these binders makes it possible to consider aluminosilicate-rich industrial, agricultural, 
or urban residues for production of such binders. This on the one hand shows a potential of recycling 
these materials, however, on the other hand this variation in materials leads to the fact that for each 
component of the raw material a detailed understanding should be developed. The minerals contained 
in these raw materials affect the mechanical, durability and micro-structural characteristics of these 
binders [4]. 

Carbonates are one of the mineral groups which are commonly available throughout the globe and 
can be not only a part of naturally occurring materials but can be also found in waste materials. 
Anhydrous carbonates containing various endmembers such as calcite, dolomite, siderite, ankerite, 
natrite are often observed in the raw materials. Previous work [5] on the reaction of calcite in alkaline 
medium showed that upon its reaction with sodium silicates, calcite can provide calcium for the 
formation of a sodium-containing calcium silicate hydrate. Whereas the carbonate can react with 
sodium and water from the solution to form water-containing sodium carbonate. Such a growth of the 
sodium carbonate was found to be detrimental for the binder, as precipitation of this phase in 
hardened binder was exhibiting an inner tensile pressure thus reducing the strength of the binder. 
Moreover, the formation of this phase was also depleting the system in alkalis and water.  

The current work deals with determination of reactivity of two iron-magnesium-calcium carbonates 
(dolomite-ankerite solid solution) with sodium hydroxide and sodium silicate solutions. The carbonate 
samples milled in laboratory disk-mill are characterized by X-ray diffraction analysis (XRD) for their 
composition and are reacted with sodium hydroxide (16 mol/kg, labelled NH) and sodium silicate 

mailto:rafia.firdous@tu-berlin.de,
mailto:t.hirsch@tu-berlin.de
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(SiO2/Na2O = 1.1 mol/mol, labelled NS) solutions. Reaction kinetics are studied in an isothermal 
conduction calorimeter at 20 °C. The reaction products are tested with XRD and thermogravimetric 
analysis (TGA). Moreover, thermodynamic modelling is performed to predict the phase assemblage. 

RESULTS & DISCUSSION 

The characterization of the carbonate samples with XRD showed that both samples contain varying 
ŀƳƻǳƴǘǎ ƻŦ ǘƘŜ ŜƴŘƳŜƳōŜǊǎΦ ¢ƘŜ ǎŀƳǇƭŜ ƴŀƳŜŘ ά5έ ŎƻƴǘŀƛƴŜŘ ƳƻǊŜ ƳŀƎƴŜǎƛǳƳ ǘƘŀƴ ƛǊƻƴ ŀƴŘ ƛǎ ōȅ 
XRD approximately CaMg0.77Fe0.23(CO3)2. The other Fe-rich sample ƛǎ ƴŀƳŜŘ ά{έ ŀƴŘ ƛǘ ƛǎ ŜǎǘƛƳŀǘŜŘ 
to be CaMg0.32Fe0.68(CO3)2. The isothermal conduction calorimetry results for both samples with 
NH and NS are presented in Figure 1. The heat flow is normalized to the weight of the carbonate 
samples. Both sodium silicate and sodium hydroxide samples exhibit an exothermic reaction 
immediately at contact of liquid with solids. However, the samples reacted with NH solution show a 
second exothermic reaction. The time of the second exothermic reaction is different for both high- and 
low-iron samples. The Fe-rich carbonate (S) showed this peak in first 48 h, whereas the Mg-rich 
carbonate (D) showed this peak starting 24 h and continued till 144 h. Whereas samples reacted with 
NS showed no second exothermic reaction till 144 h. 

 

Figure 1. Isothermal conduction calorimetry curves for all samples. 

The crystalline phase assemblage of reacted samples measured via X-ray diffraction analysis and 
complete phase assemblage predicted via thermodynamic modelling is tabulated in Table 1. The 
crystalline phases observed in XRD included gaylussite, brucite and pirssonite for NH reaction. 
Whereas for NS reacted samples thermonatrite and gaylussite are observed. Thermodynamic 
modelling performed via GEMS calculations is in fully oxidized conditions. The predicted phase 
assemblage is reported for 50% allowed degree of carbonate sample reaction. However, the actual 
degree of precursor reaction is so far not measured. For NH reacted samples compared to XRD, 
thermodynamic modelling showed additionally formation of ferrihydrite. Similarly for NS samples 
formation of amorphous C-N-S-H and M-S-H gels and ferrihydrite is predicted for the Mg-rich sample. 
Whereas for the Fe-rich sample at 50% allowed degree of reaction, formation of M-S-H, ferrihydrite 
and amorphous silica is predicted. 

Table 1. Phase assemblage measured via X-ray diffraction and thermodynamic analysis 

Sample ID X-ray diffraction analysis Thermodynamic analysis 

D-NS Ankerite, Thermonatrite, 
Gaylussite 

Pore solution, CNASH, Gaylussite, MSH, Ferrihydrite, 
Unreacted precursor  

S-NS Ankerite, Thermonatrite, 
Gaylussite 

Pore solution, Gaylussite, MSH, Ferrihydrite, amorphous 
silica, Unreacted precursor 

D-NH Ankerite, Gaylussite, 
Brucite, Pirssonite 

Pore solution, Gaylussite, Ferrihydrite, Brucite, Unreacted 
precursor 

S-NH Ankerite, Gaylussite, 
Brucite, Pirssonite 

Pore solution, Gaylussite, Ferrihydrite, Brucite, Unreacted 
precursor 
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The TGA conducted on NH reacted samples (Figure 2) showed a characteristic water loss from 
gaylussite in temperature range of 100-200 °C, whereas the carbonate decomposition is observed 
around 600-700 °C. A mass loss around 300 °C could be due to brucite. For NS reacted samples (Figure 
2) a mass loss around 100 °C could be due free and partially bound water. Here also carbonate mass 
loss can be observed around 500-700 °C. Additionally in Mg-rich carbonate (D) a mass change observed 
around 800 °C could be due to C-N-S-H type phases. 

 
Figure 2. Thermogravimetric analysis for all samples. 

CONCLUSION 

The findings show that upon reaction of mineral samples from the dolomite-ankerite solid solution 
series under alkaline conditions with sodium hydroxide and sodium silicate formation of C-N-S-H gel 
like phases can be observed. Whereas the carbonate can lead to formation of other carbonate phases. 
Inclusion of Ca-Mg-Fe carbonates in aluminosilicate material for alkali-activation could not only 
enhance the formation C-N-A-S-H type gel but can also supply free carbonate for formation of other 
carbonate phases which could be detrimental for durability. Further work should be conducted to 
clarify this effect. Moreover, the limitations of the thermodynamic database should be improved in 
future to make better predictions. 
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HIGHLIGHTS 

¶ Ultrasonic measurements of alkali-activated materials 

¶ Speed, mixing time and rest time affects workability and setting behaviour 

Keywords: alkali-activated material, mixing methods, workability, ultrasonic testing, setting time 

INTRODUCTION 

As a new construction material, alkali-activated binders are attracting considerable research. This is 
due to the use of by-products or waste materials, environmental promises, and comparative 
performance with ordinary Portland cement binders. Most research in this area is limited to the 
investigation of mechanical and durability behaviours. A better understanding of their fresh properties 
and mixing procedures is paramount for better acceptance and application of alkali-activated materials 
in the construction industry.  

Alrefaei et al. found that the choice of the mixing device, the mixing regime, and the mixing order 
effects the fresh and hardened concrete properties [1]. Puertas et al. suggested increasing the mixing 
time to improve the setting behaviour and increase workability [2]. In their study on Na2SiO3-
anhydrous-activated binder, Alrefaei et al. compared one-part and two-part mixing techniques and 
proposed a hybrid mixing method where the mixing water is divided into two parts [1]. Their results 
showed that the mixing technique adopted affects the fresh and hardened concrete properties, with 
no change in chemical composition. Rasuli et al. observed that storing ingredients at a higher 
temperature of 45 °C and mixing them at a constant temperature of 24 ς 26 °C results in a significant 
improvement in the flow and rheology of the mixture [3]. 

In this paper, four factors: the total mixing speed, the total mixing time, the length of a rest time, and 
the time at which the superplasticizer (SP) was added are investigated to understand the effects of the 
mixing on alkali-activated materials. Three variations are studied for each factor. A self-compacting 
fine-grained mortar with a maximum grain size of D = 3.15 mm was used. A mixed precursor system 
containing fly ash (FA), ground-granulated blast-furnace slag (GGBS), and silica fume (SF) is used. The 
chemical composition of the precursors can be found in [4]. The activator solution was a mix of sodium 
silicate and sodium hydroxide. The sodium silicate solution includes 26.82 % silicate, 8.2 % sodium 
oxide, and 64.98 % water. The sodium hydroxide is a 50 % by-weight solution. The amount of the sand, 
water, FA, GGBS, SF, sodium silicate, and hydroxide solutions in kg/m3 are 1180, 113, 357.5, 260, 32.5, 
165, and 66. A SP (Geo-1, Sika Deutschland GmbH, Stuttgart, Germany) was applied to increase the 
workability and improve the setting time. The planetary mixing device (mortar mixer, 5 l, Testing Bluhm 
& Feuerherdt GmbH, Berlin, Germany) with two rotational speeds and complying with EN 196-1 was 
used. The low speed is 140 rpm with a planetary rotation of 62 rpm, and the high speed is 285 rpm 
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with a planetary rotation of 125 rpm.  

 
Figure 1. Experimental results (left) and illustration of used mixing regimes (right). 

All mixtures were dry mixed for 120 s prior to adding the alkaline solution and extra water. The alkaline 
solution was premixed before the mixing day, and the extra water was added to the solution. The mix 
of alkaline solution and water was added slowly during mixing for about 30 s. The SP was slowly poured 
during the mixing process. At the beginning of the rest period, the vessel and paddle were scraped and 
manually checked for agglomeration for 10 ς 15 s. The mixing regime of each sample can be found in 
Figure 1. The investigated parameters include the slump flow using the Hägermann cone and the 
ultrasonic parameters such as maximum acceleration and the time at which maximum acceleration 
was attained. The ultrasonic measurement was performed using IP-8, UltraTest GmbH, Achim, 
Germany. The slump tests started 3 ς 6 min after finishing the mixing process. The ultrasonic 
measurements started within 5 ς 8 min after mixing. 

RESULT & DISCUSSION 

Within the investigated ranges, the mixing regime showed different effects more pronounced on the 
workability than on the ultrasonic parameters. The ultrasonic velocity measurement typically shows 
three stages. In the beginning, there is a dormant stage with low velocity development. The second 
stage is the acceleration stage, where the ultrasonic velocity increases very fast due to the formation 
of reaction products transitioning from the liquid to the solid phase. In the third stage, the ultrasonic 
velocity increases more slowly over time. A previous study by the authors showed a good relationship 
between the time of the maximum acceleration and the initial and final setting times of the Vicat 
needle test [5]. 

To study the effects of mixing parameters on workability and setting time, the slump flow, the 
maximum acceleration amax and the time of the maximum acceleration ta=max were analyzed. Each 
measurement of the investigated factor is compared to a common control mix. The factor ranges were 
selected keeping a realistic mixing regime. To simplify the interpretation of the results only one 
property of the mixing regime was changed at once. The properties of the control mix were measured 
on five different batches to provide an uncertainty window. Figure 2 illustrates a summary of the 
investigated factors and the measured results. The increase in mixing time from 5 min to 11 min led to 
an increase in the slump by about 15 mm. Increasing the resting time from 0.5 min to 4.5 min also 
ƛƴŎǊŜŀǎŜŘ ǘƘŜ ǿƻǊƪŀōƛƭƛǘȅΦ ¢ƘŜ ŦŀŎǘƻǊ ϦǎǇŜŜŘέ is displayed by the total mean of rotations per minute 
(rpm). The slump generally increased with a higher mean rotation rate. Regarding the setting 
behaviour the time of the maximum acceleration and the maximum acceleration were analyzed. In 
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general the acceleration maximum was not affected much by the different factors. Only the increase 
of speed led to a higher amax until the mean rotation rate of 200 rpm. At 240 rpm amax was lower 
than the control mix, but increased ta=max by 13 min. The ultrasonic parameters are usually inversely 
proportional. Samples with higher ta=max had lower amax and vice versa. An exception is the mixing 
time (c.f. Figure 2f). The acceleration maximum at a mixing time of 8 min did not change, however the 
time when it was reached was prolonged (Figure 2j). A further increase of the mixing time to 11 min 
led to a decrease. Fernández-Jiménez and Puertas linked the initial pH of the alkaline solution with the 
setting time [6]. As the amount of the alkaline solution was kept constant this may explain why the 
mixing regime affected the workability more than the setting behaviour. 

 
Figure 2. Results of slump, maximum acceleration and the time of maximum acceleration according to 

investigated factors. The standard deviation is only available for the control mix. 

CONCLUSION 

The method of mixing alkali-activated materials affects the fresh concrete properties. Mixing speed, 

mixing time, rest period, and the time of addition of the SP are investigated as parameters. Based on 

the results observed, the following conclusions can be drawn: 

¶ the investigated parameters showed different effects on workability and setting behaviour, 

¶ the mixing methods mainly affect the workability, the time of maximum acceleration is slightly 
affected by the mixing speed and the mixing time, 

¶ the investigated parameters showed inverse effect on maximum acceleration and time at which 

this acceleration is attained, 

¶ the investigated parameters showed no major effects on the acceleration maximum, 

¶ the workability increase with the mixing speed, mixing and rest time,  

¶ longer mixing and resting time led to the highest workability increase. 
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HIGHLIGHTS 

¶ Preparation of highly reactive precursor glass by remelting waste 

¶ Characterization of the glass in alkali activation 

¶ Thermodynamic modelling of reaction products 
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INTRODUCTION 

Due to the urgent need to decrease the CO2 emissions of humanity and to reduce waste, the use of 
secondary raw materials for the production of building materials is increasing [1]. Such inorganic 
secondary raw materials can be used as a substitute for Portland cement and as a raw material for 
alternative binders like alkali-activated materials (AAM). Common secondary raw materials as 
precursors for AAM are ground granulated blast furnace slag and fly ash [2]. However, both materials 
are already virtually completely in use [2]. Furthermore, the substitution of coke in iron production 
and the closedown of coal power plants lead to changes in the reactivity of ground granulated blast 
furnace slag and a decrease in fly ash production, respectively. 

On the other hand, large quantities of inorganic wastes are used for low-requirement applications or 
are even currently unused [3]. These less common secondary raw materials include mine tailing 
material, slags of metal production with lower annual turnover than iron, waste burning ashes and 
multiple more [2]. Some of these materials may already be reactive, but most possess a low reactivity 
and can vary in composition over time. 

These issues might be overcome by remelting these materials to obtain more reactive, homogeneous 
materials. This is the target of the project PHöMixBeton. The current publication deals with the basic 
characterization of such a remolten material used to produce an alkali-activated material. 

MATERIALS AND METHODS 

The glass precursor for the alkali-activated material was prepared by the fusion of ferrochrome slag 
with several wastes and additives in an industrial electric arc furnace. The melt was granulated and 
ground in a ball mill with air classification. The composition of the glass is given in Table 1. 

Table 1. Composition of the glass as determined by X-ray fluorescence [wt%]. 

Al2O3 CaO Cr2O3 Fe2O3 K2O MgO Na2O SiO2 SO3 TiO2 LOI 

18.5 41.6 0.6 1.4 0.2 6.5 0.9 28.3 0.8 0.6 0.2 

Geopolymer pastes were prepared with several activating solutions. These alkaline solutions include 
sodium hydroxide solutions with 3 to 25 wt% sodium hydroxide and sodium as well as potassium water 
glass solutions. 

mailto:firstauthorsname@aaaa.bbb
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The heat generation of the pastes was observed by isothermal conduction calorimetry using an MC-
CAL/100P (C3 Prozess- und Analysentechnik GmbH) at a glass-to-solution ratio of 0.5. The pastes were 
externally prepared by mixing 1 min with a vortex mixer. 

Thermodynamic calculations were performed with GEMS 3.7 [4] and the databases PSI-Nagra12/07 [5] 
ŀƴŘ /ŜƳŘŀǘŀму ώсϐΦ ¢ƘŜ ά/b!{I ǎƻƭƛŘ ǎƻƭǳǘƛƻƴέ ƳƻŘŜƭ ǿŀǎ ŎƘƻǎŜƴ ƛƴ ǘƘŜ ŎŀƭŎǳƭŀǘƛƻƴǎ ŀǎ /-S-H model. 

RESULT & DISCUSSION 

As can be seen in Figure 1, the artificial glass shows with variable alkaline solutions a strong reaction. 
In the case of sodium hydroxide solutions, not only an initial peak but one or more additional heat 
release events can be observed. These later events shift to an earlier time with increased sodium 
hydroxide content. With a sodium hydroxide solution of 25 wt%, these events are so strongly 
accelerated that they overlap indistinguishable with the initial peak. The activation of the artificial glass 
with waterglasses of sodium and potassium resulted in a flash set due to the high reactivity of the 
glass. 

 
Figure 1. Heat flow by the alkali-activated artificial glass. 

Thermodynamic modelling was performed so that it mimes a congruent gradual reaction of the slag. 
The reaction products with sodium hydroxide solution are majorly C-S-H (containing sodium and 
aluminum), strätlingite and hydrotalcite (MgAl-OH-LDH) (Figure 2), which is quite similar to alkali-
activated blast furnace slag [7]. 
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Figure 2. Reaction products of the activation of the artificial glass by the addition of low-concentrated sodium 
hydroxide solution. The unreacted slag is not shown. The horizontal axis indicates the degree of reaction of the 

artificial glass. 

CONCLUSION 

It is possible to produce a highly reactive precursor for alkali activation based on ferrochrome slag, 

which can be activated by very low-concentrated alkaline solutions. The expected reaction products 
are comparable to blast furnace slag. 
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HIGHLIGHTS 

¶ The iron ore sand from the beneficiation of the iron ore in the Iron Ore Quadrangle (Minas Gerais, 
Brazil) was used to produce solid sodium silicate for the synthesis of a one-part geopolymer. 

¶ The iron ore sand was also used as fine aggregate to produce a one-part geopolymer mortar. 

¶ A simplex centroid mix design of metakaolin, solid sodium silicate, and iron ore sand (as 
aggregate), with the addition of water as a process variable, was performed to study the 

efflorescence of the geopolymer mortar. 

Keywords: geopolymer, iron ore sand, efflorescence formation 

INTRODUCTION 

Iron ore tailings are available in large amounts in the state of Minas Gerais, especially in the Iron Ore 
Quadrangle area, which concentrates some of the most important iron ore mines in Brazil. After the 
collapse of two dams with huge social and environmental impacts, new applications for these tailings 
are required to reduce their disposal in the environment. The tailings result from the iron ore 
beneficiation process, which separates the quartz particles from the iron oxide ones in a flotation cell 
or column (Duarte & Lameiras, 2022), and can be used in geopolymer mortar as fillers. They can also 
be used as a raw material to produce an anhydrous solid sodium silicate after a thermal process at 
400-450°C (Vogt & Lameiras, 2019) to synthesize a one-part geopolymer. This solid sodium silicate 
produced with iron ore sand is a new material and not reported in the literature currently available, so 
this work also aims to achieve more information on the use of this material in geopolymer composition. 

Geopolymers are a type of cement with low content of calcium obtained by the reaction of an 
aluminosilicate source, such as ground natural rocks or industrial by-products, and an alkali activator, 
such as sodium or potassium hydroxide or silicate (Provis, 2017). Geopolymerization consists of the 
formation of a ceramic-like structure composed of chains of covalent-bonded molecules, resulting in 
an inorganic polymer, with properties like high mechanical strength, and resistance to fire and acid 
attack. The applications include civil construction, aviation, and art pieces, amongst others (Davidovits, 
2017). This material can be synthesized by the mixture of a liquid activator with a powder precursor 
(two-part geopolymer), or by a mixture of solid precursor and activator with the addition of water 
(one-part geopolymer), which amplifies the scale of the in-site applications of the geopolymers (Provis, 
2017). 

Nonetheless, geopolymers present issues that may affect their durability, such as efflorescence. 
Efflorescence is visually identified as a white formation on the geopolymer surface and originates from 
the growth of salts at the surface and in the pores by the transport of alkalis through the pore matrix 
and reaction with atmospheric carbon dioxide.  It may affect the geopolymer aesthetically and 
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decrease the mechanical strength, when in excess (Longhi et al., 2021). The availability of free alkalis 
in the geopolymer framework is an important factor for efflorescence formation. Therefore, the 
porosity and the improvement of the reaction extent are relevant to mitigate and control the 
efflorescence formation in geopolymers (Longhi et al. 2020). This work aims to understand the 
relationship between the mix design parameters of geopolymers in efflorescence formation. 

¢Ƙƛǎ ǎǘǳŘȅ ǳǎŜŘ άƛǊƻƴ ƻǊŜ ǎŀƴŘέΣ ŀ ǘŀƛƭƛƴƎ ŦǊƻƳ ǘƘŜ ƛǊƻƴ ƻǊŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǇǊƻŎŜǎǎ όaŀǘƛƻƭƻ Ŝǘ ŀƭΦΣ нлнлύΣ 
analyzed by energy-dispersive X-ray spectroscopy (EDX), with 80% of SiO2 and 13.42% of Fe2O3, and 
the solid sodium silicate produced with it, with 52.65% of Na2O, 42.46% of SiO2, and 3.86% of Fe2O3 
as main components. The kaolin clay used had a mean particle size of 12.17 µm and was calcined at 
800ºC for 4 h, which resulted in an amorphous and highly reactive material (metakaolin). The 
metakaolin sample was analyzed by the X-ray fluorescence and showed 48.99% of SiO2, 40.80% of 
Al2O3, 2.74% of CaO, and other oxides with concentrations lower than 1%. 

The experiment design was based on the simplex centroid mixture designs of three components 
(Montgomery, 2013), resulting in 20 mixtures (Figure 1). The three components were iron ore sand, 
solid sodium silicate, and metakaolin, which were mixed to obtain a homogeneous dry mixture. The 
water was considered a process variable and its amount was coded into two levels: low (-1), 
corresponding to 19wt% of the dry mixture, and high (+1), corresponding to 23wt%. It was added to 
the dry mixture and mixed to form a uniform paste. 

 

 
Figure 1. Centroide simplex design to study the influence metakaolin, sodium silicate, iron ore sand, and 

water on the properties of geopolymers. 

The samples were cast in cylindrical molds with dimensions (100mm x 50mm), based on the Brazilian 
standard ABNT NBR 7215 (ABNT, 2019), to perform the compressive strength and efflorescence 
susceptibility tests after 7 and 28 days of curing in temperature and humidity of the environment. They 
were demolded after 24 hours of hardening. The density and open porosity were measured with the 
xylol immersion and penetration method. The efflorescence tests consisted first of a visual inspection, 
where the cylindrical samples were inserted on plates with a 5 mm column of water, and the water 
was replaced daily until the 14th day, while the samples were photographed from 0 to 28 days. The 
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efflorescence potential was measured by the pH registered by two cylindrical samples of the same 
composition immersed in different recipients with deionized water for 24 h. Before immersion, the 
samples were weighed and dried in an oven at 60°C for 3 h. After the immersion, they were dried at 
60°C for 24 h and weighed again, and the difference between the final and the initial mass divided by 
the initial mass is the percentage of the mass loss, which represents the potential for efflorescence 
formation by mass loss. These tests were adapted from Longhi et al. (2021). 

RESULT & DISCUSSION 

Visual analysis of cylindrical samples showed that the content of solid sodium silicate is a significant 
factor for efflorescence formation. Samples with higher content of solid sodium silicate (30%) showed 
more efflorescence with deleterious effects, such as the disintegration of samples at 28 days. All the 
samples had some efflorescence as shown in Figure 2. The compositions and test results of four 
samples of the simplex design of Figure 1 are shown in Table 1. 

 
Figure 2. Geopolymer samples of two mix designs. a) Geopolymer sample of composition 2 with 20% of solid 

sodium silicate at 0 and 28 days. b) Geopolymer sample of composition 4 with 30% of solid sodium silicate at 0 
and 28 days. 

Table 1. Results for geopolymer samples (MK = Metakaolin, SS = Sodium Silicate, IOS = Iron Ore Sand). 

Sample 

Composition (wt%) 
Molar 

Na/Al 

Molar 

Si/Al 

Maximun 
Compressive 

Strength (MPA) 
pH 

(24 h) 

Na2O 
content 
(wt%) 

Mass 
loss 

(wt%) 
MK SS IOS Water 7 days 

28 
days 

1 0.23 0.13 0.64 19 0.77 1.39 33 35 12 6.84 15.30 

2 0.30 0.20 0.50 23 0.91 1.45 40 38 12 10.53 19.46 

3 
0.20 0.30 0.50 19 

2.05 2.02 
6 10 

12 - 
13 

15.80 18.01 

4 
0.20 0.30 0.50 23 

2.05 2.02 
6 11 

12 - 
13 

15.80 61.44 

The efflorescence susceptibility by pH measurement showed that the higher content of solid sodium 
silicate, the higher the pH after 24 hours. The same effect was observed in the loss of mass test, where 
samples with more than 15wt% of Na2O content had a loss of mass higher than 60wt% (highest Na/Al 
molar relation), the sample with less loss of mass had 6.84wt% of Na2O content and 15.30wt% of mass 
loss. The porosity measurements revealed that all the porosity in the samples is open, which also 
contributed to the efflorescence susceptibility. Compressive strength tests with cylindrical samples 
resulted in compression resistance from 6 MPa to 40 MPa, and the samples of mix designs with more 
content of solid sodium silicate had the lowest values. 
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CONCLUSION 

The content of solid sodium silicate is a significant factor for efflorescence formation, as the pH 
measurement indicated. The mix designs with more content of sodium present more leachability of 
alkalis, as shown by loss of mass measurements. The best result were obtained with the Na/Al molar 
ratio close to 1, which is in accordance with the Literature. Regarding the water level as a process 
variable, no influence was observed in the range studied. The efflorescence phenomenon may lead to 
geopolymer structure degradation, as visual analysis showed during the accelerated test. The 
mechanical properties were higher for geopolymers with lower content of Na2O. All geopolymer 
samples showed only open porosity, which also contributes to efflorescence formation. 
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HIGHLIGHTS 

¶ High water-binder ratio showed detrimental effects on the performance of MK geopolymer. 

¶ Cs and Sr exert negative influence on properties of host matrix with more effects observed with 

Sr. 

¶ MK geopolymer preserved sufficient strength even at high content of Cs and Sr-simulated waste. 

Keywords: geopolymer, Cs and Sr waste, immobilization 

INTRODUCTION 

The first-generation nuclear power plants and reprocessing facilities are approaching the end of their 
service lives [1]. As a result, spent nuclear fuel (SNF) and radioactive waste, generated by both the 
normal operations and decommissioning of nuclear power plants will undoubtedly rise significantly 
[2]. Reprocessing of SNF has long been regarded as a viable solution to address existing disposal issues. 
Under the Belgian waste management framework; the ASOF (Advanced Separation for Optimal 
management of spent Fuel) Project is advancing the development of new, innovative processes for the 
separation of minor actinides (Americium) and fission products Cesium (Cs) and Strontium (Sr) to 
optimise SNF disposal. In parallel, approaches for conditioning Cs and Sr are being investigated. Alkali-
activated materials (AAMs) have been intensively studied in recent years and are considered as one of 
the potential alternatives to ordinary Portland cement (OPC) for waste immobilization. Geopolymer, a 
class of AAMs with a low calcium system and consisting of alkali aluminosilicate gel as the main 
product; offers a good immobilization and binding capacity of cations due to the pseudo-zeolitic 
structure of its amorphous network as well as high alkalinity. However, only one study exists to date 
in the literature concerning the possibility of co-immobilization of Cs and Sr into one single matrix. Li 
et al (2016 & 2018) investigated the immobilization of Cs and Sr by paper sludge (PS) ash-based 
geopolymer bearing 1% wt Sr(NO3)2 and CsNO3 to address the issue of Cs and Sr present in 
contaminated water from Fukushima Daiichi NPP [3,4]. However, the reported mechanical properties 
were very low (Flexural strength < 1MPa) which potentially limits its wide adoption and application in 
other countries. This work aims to develop a metakaolin (MK)-based geopolymer mortar bearing high 
Cs and Sr loading and exhibiting high mechanical properties. The focus was to evaluate the effect of 
the water-binder (W/B) ratio and simulated Cs and/or Sr waste loading on the properties of MK 
geopolymer. 
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MATERIALS AND METHODS 

MK was used as the aluminosilicate source and the activating solution (SiO2/Na2O=2) consisted of a 
mix of sodium hydroxide (NaOH 10 M) and sodium disilicate (Na2Si2O5). MK geopolymer mortars were 
designed with W/B of 0.55 and 0.75. Water refers to the overall amount of water including water in 
sodium hydroxide solution, water in solid Na2Si2O5 as well as additional water. MK geopolymer with 
W/B=0.75 initially designed to suit liquid wastes with high water content [5] was adopted and lowered 
to 0.55 to evaluate the effect of W/B ratio on the properties of Cs/Sr-bearing MK waste forms. 
Radioisotopes Cs-137 and Sr-90 were simulated by stable Cs and Sr incorporated as CsNO3 and 
Sr(NO3)2 and waste loading varied between 0 and 4%. The choice of nitrates was based on the fact 
that Cs/Sr waste stream contains significant nitrate content originating from HNO3 used in Cs/Sr 
partitioning from SNF. The activating solution was prepared 24h before casting by dissolving solid 
Na2Si2O5 into a mix of additional water and 10M NaOH solution. Then CsNO3 and/or Sr(NO3)2 were 
mixed with the activating solution and the resulting solution was mixed with MK precursor and sand. 
The MK geopolymer slurry was cast into 40×40×160 mm moulds and cured at 20°C and relative 
humidity of 95% for at least 24h and then demoulded and cured in the same conditions until 28d before 
testing. MK geopolymer formulations investigated in the present study are presented in Table 1. 

Table 1. MK Geopolymer formulations. 

Recipe Code W/B ratio CsNO3 Sr(NO3)2 

MK-0.55-Ref 0.55 0 0 

MK-0.75-Ref 0.75 0 0 

MK-0.55-Cs 0.55 4 0 

MK-0.55-Sr 0.55 0 4 

MK-0.75-Cs 0.75 4 0 

MK-0.55-Cs-Sr 0.55 4 4 

MK-0.75-Cs-Sr 0.75 4 4 

 

RESULTS & DISCUSSION 

Compressive strength 

The findings of compressive strength are presented in Figure 1. The compressive strength varied 
between 21 MPa and 54 MPa and satisfies the minimum requirement of 8 MPa as per Belgian waste 
acceptance criteria (ACRIA). It was noticed that increasing W/B in MK waste forms only benefits the 
workability of the geopolymer (observed during mixing) but negatively affects the mechanical 
properties for both reference MK geopolymer and Cs and or Sr-bearing MK waste forms as shown in 
Figure 1. The compressive strength of MK-075-Ref was published in [5] and was quoted in the 
presented work for the sake of having a complete overview of the effect of Cs and Sr in matrices with 
different W/B ratios. 
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Figure 1. Effect of W/B ratio and Cs and Sr on mechanical properties. 

Similarly, the incorporation of CsNO3 and Sr(NO3)2 negatively impacted the compressive strength of 
MK geopolymers and a higher strength loss was observed for Sr-bearing geopolymer than comparable 
Cs-containing MK matrices with a similar W/B and waste loading. This could be attributed to the 
behavior of Sr2+ in the system. After adding Sr(NO3)2 into the activating solution, a white precipitate of 
Sr(OH)2 (which was visually noticeable) was formed immediately as a result of the interaction of Sr2+ 

and OHҍ ions and this decreased the OHҍ content available for dissolution of metakaolin. As a 
consequence, Sr-bearing MK geopolymer systems contained lower amounts of dissolved silicate and 
aluminate groups and higher amount of unreactive MK binder compared to reference MK geopolymer 
and Cs-containing MK waste forms. As dissolution is the limiting step of the entire geopolymerization 
process [6], the low dissolution degree of MK binder certainly reduced the geopolymerization degree 
and negatively affects the strength development. 

Porosity 

The pore volumes determined by the water-accessible porosity test are presented in Table 2. It is 
evident that the volume of water-accessible pores increased significantly with increasing W/B ratio. 

Table 2. Water-accessible porosity of MK geopolymer matrices. 

Recipe Water-Accessible Porosity (%) 

MK-0.55-Ref 34.72 

MK-0.55-Cs 34.09 

MK-0.55-Sr 35.52 

MK-0.55-Cs-Sr 33.61 

MK-0.75-Cs-Sr 46.251 

On the other hand, the volume of water-accessible pores slightly decreased with the incorporation of 
Cs while it increased with Sr addition. The high porosity in Sr-bearing matrices could be explained by 
the interaction of Sr2+ with the activating solution. As highlighted earlier, Sr2+ consumes part of the 
alkali activator thereby lowering the dissolution extent of MK precursor and leading to low amount of 
geopolymeric gel (N-A-S-H) formed. This leads to more unreacted particles in Sr-bearing MK system 
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and consequently, more gaps between N-A-S-H gel and unreacted particles. 

CONCLUSION 

This work intended to design the MK geopolymer suitable for the solidification of Cs and Sr. Based on 
the interaction of Cs and Sr with MK geopolymer. Findings showed that MK geopolymer is promising 
as a host of Cs and Sr since it preserved sufficient strength even when loaded with high content of Cs 
and Sr-simulated waste. However, a high W/B ratio was detrimental to the performance of MK 
geopolymer. Equally, Cs and Sr exert a negative influence on the properties of the host matrix with 
more effects observed with Sr. Since Cs-137 and Sr-90 are high heat generating and radiation emitting 
radioelements, future studies should focus on understanding the effect of irradiation and decay heat 
on the properties of Cs/Sr-based metakaolin waste forms. 
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HIGHLIGHTS 

¶ ZnSO4.7H2O is an effective retarder that can prolong the setting times of alkali activated 

materials.  

¶ The rate of evolution of storage modulus decreased with an increase in the dosage of ZnSO4.7H2O.  

¶ The initial storage modulus increased with an increase in the dosage of ZnSO4.7H2O. 

Keywords: retarder, storage modulus, setting time 

INTRODUCTION 

The production of ordinary Portland cement (OPC) increased from 1.6 billion metric tons in 2000 to 
4.3 billion metric tons in 2021 [1], accounting for 7-8% of global CO2 emissions [2]. To reduce these 
emissions from the cement sector, it is necessary to explore alternative cementitious materials. Alkali 
activated materials (AAM) are considered one such alternative. The widespread usage of these 
materials is limited by their drawbacks, such as quick setting [3], rapid loss of workability and high 
drying shrinkage [4ς6]. This study attempts to address the issue of quick setting in AAM. The quick 
setting phenomenon in AAM is due to the predominant rigidification of the network caused by the 
precipitation of hydration products [7]. Therefore, to address the quick setting, it is necessary to use a 
retarder that can retard the precipitation of early hydration products and prolong the setting time. In 
this study, zinc sulphate heptahydrate (ZnSO4.7H2O) was used as a retarder. The influence of retarder 
on the setting time and the evolution of storage modulus with hydration time of AAM was investigated. 

MATERIALS & METHODS 

Ground granulated blast furnace slag (GGBFS) was used as a precursor along with the volume 
replacement by 50% fly ash. Sodium silicate of molar modulus 1.5 was used as an activator. The 
activator dosage (% of Na2O by weight of precursors) and water to precursor (w/p) ratio were 
maintained at 6% and 0.40, respectively. ZnSO4.7H2O was added at 0.0, 1.0, 2.0 and 3.0% by the 
weight of precursor. Since zinc sulphate heptahydrate does not dehydrate at temperatures lower than 
88 oC [8], the water content of zinc sulphate heptahydrate was not considered in the mixture design. 
The required amount of zinc sulphate was dissolved in the mix water (the water required to maintain 
the water to precursor ratio). Both the activator solution and the mix water with dissolved zinc 
sulphate were added to the precursors for the preparation of paste mixtures. The mixing protocol 
mentioned in ASTM C305 [9] was followed for the preparation of paste mixtures. Setting time of paste 
mixtures was determined as per the procedure in IS 4031 part 5 [10]. Small amplitude oscillatory shear 
(SAOS) test was carried to understand the rate of evolution of the flocculated network with hydration 
time. A preshear with a shear rate of 300 s-1 was applied for 90 s, followed by a rest period of 60 s. 
Storage modulus was measured by subjecting the sample to a sinusoidal strain of 0.01% at a frequency 
of 1 Hz for a period of 60 min. Data was collected every 30 s. 
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RESULT & DISCUSSION 

The initial and final setting times of AAM with 0, 1, 2 and 3% of ZnSO4.7H2O are shown in Figure 1. An 
increase in both the initial and final setting times was observed with an increase in the proportion of 
fly ash and dosage of ZnSO4.7H2O. A significant increase in initial and final setting times was observed 
with an increment in the dosage of ZnSO4.7H2O (2100% and 900%, respectively) when compared to 
an increase in the fly ash proportion from 0 to 50% (250% and 133%, respectively). The incorporation 
of a 50% fly ash and a 3% dosage of retarder prolonged the initial and final setting times by 2500% and 
1100%, respectively. An increase in the amount of fly ash, containing relatively less reactive calcium 
[11], would slow down the hydration reactions and thus exhibit prolonged setting times [12]. The 
prolonged setting times obtained with an increase in the dosage of ZnSO4.7H2O can be attributed to 
the retardation in the formation of early reaction products by encapsulating the reactive ions such as 

Ca2+ and {ƛhп
пπ in the form of complexes [13,14]. 
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Figure 1. Initial and final setting time of AAM with increase in the dosage of ZnSO4.7H2O. 

The evolution of the storage modulus of AAM with an increase in the dosage of ZnSO4.7H2O from 0 to 
3% in 100% GGBFS mixtures with progress in hydration time is provided in Figure 2. At 0% ZnSO4.7H2O, 
the storage modulus was observed to increase rapidly. This rapid increment can be attributed to the 
structure formed by the precipitation of hydration products [7,15]. Increase in the dosage of 
ZnSO4.7H2O from 0% to 3%, decreased the rate of increment in storage modulus and the secondary 
increment in storage modulus was not observed in the mixture with 3% ZnSO4.7H2O. This can probably 
be due to retardation in the hydration reaction with the addition of zinc sulphate. The absolute value 
of storage modulus was observed to increase with an increase in the dosage of ZnSO4.7H2O from 0 to 
3%. The possible formation of calcium-zinc [14] and zinc-silicate [13] complexes would have resulted 
in the formation of more coagulated contact points, which is reflected by the higher storage modulus 
values. 
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Figure 2. Evolution of storage modulus with progress in hydration time in AAM with increase in the content of 

ZnSO4.7H2O. 

CONCLUSIONS 

1. The increment in the proportion of fly ash from 0% to 50%, prolonged the initial and final setting 
times of AAM by 250% and 133%, respectively. ZnSO4.7H2O was found to be an effective retarder 
in prolonging the initial and final setting times of AAM by 2100% and 900%, respectively.  

2. The addition of ZnSO4.7H2O decreased the rate of evolution of storage modulus in 100% GGBFS 
mixtures due to retardation in the hydration reaction.  

3. At higher dosage of ZnSO4.7H2O (3%), secondary evolution of storage modulus was not observed 
indicating a minimal rigidification of the network.  

4. The absolute value of the initial storage modulus increased with an increase in the dosage of 
ZnSO4.7H2O. 
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HIGHLIGHTS 

¶ Highlight 1. The liquid release from superabsorbent polymer (SAP) in alkali-activated slag pastes 
was studied by calculating the particle size of SAP before and after internal drying based on 

reconstructed 3-dimensional CT-image. 

Keywords: superabsorbent polymer, particle size, autogenous shrinkage, alkali-activated slag 

INTRODUCTION 

Superabsorbent polymer (SAP) has a high capacity of liquid absorption, and has been proven efficient 
in mitigating autogenous shrinkage with the internal curing effect both in cement-based materials [1] 
and in  alkali-activated materials [2,3]. The liquid absorption and release of SAP depend on its 
molecular structure, and further determines the efficiency in autogenous shrinkage mitigation [4]. This 
study evaluated the effects of SAP on compressive strength, internal relative humidity and autogenous 
shrinkage of alkali-activated slag pastes. The particle size of SAP in alkali-activated slag pastes before 
and after internal drying (i.e., self-desiccation) was calculated based on the reconstructed 3-
dimensional CT image. The calculation results give insight into a deeper understanding on internal 
curing process of alkali-activated materials by SAP. 

EXPERIMENTAL 

Materials and paste formulation 

The precursor used in this study was BFS provided by ECOCEM, chemical composition can be found in 
[5]. The alkali activators were NaOH solution from Brenntag (50% concentration) and water glass 

solution from PQ Corporation (Na2OÖ2SiO2, 44,1% concentration). SAP (Floset 27cc, a cross- linked 
copolymer of acrylamide and acrylate) was provided by SNF SAS. The absorption capacity of the SAP 
in the alkali activator solution used in this study was 21, 25 and 35 times after 15 min, 1 hour and 24 

hours, respectively. SAP particles with the size of 63-125 mm were obtained by sieving and used for 
preparation of pastes, at a dosage of 0, 0,15% and 0,3% by weight of BFS.  

Paste formulation and preparation 

The paste formulation of the mixtures is listed in Table 1. The alkali activator solution was prepared 1 
hour before mixing. All dry materials (i.e., BFS and/or SAP) were mixed for 1 min in a Hobart mixer. 
Then the alkali activator solution was added to the mixture, followed by another 2min mixing. The 
mixtures were cast in 40 mm × 40 mm × 160 mm moulds, demoulded after 1 day and cured under 
sealed condition at 20 ᴈ until compressive strength tests. The mixtures were cast in corrugated tubes 

for autogenous measurements. For CT-scan tests, the mixtures were cast in f4 mm × 10 mm tubes, 
and sealed at 20 ᴈ until testing at 7 days. 
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Table 1. Paste formulation* of alkali-activated slag with/without SAP. 

 BFS NaOH (solid) Na2OÖSiO2 (solid) SAP Water 

Ref 

1 0,026 0,059 

0 

0,412 SAP15 0,0015 

SAP30 0,0030 

*Na2O% = 4% by weight of BFS, modulus of alkali solution SiO2/Na2O = 1, water-to-binder (BFS + solid alkali 

activators) ratio = 0,38. 

Methods 

The final setting time of the pastes was determined using a Vicat apparatus. The compressive strength 
was tested at 7 and 28 days. The autogenous shrinkage was recorded after mixing until 7 days 
according to ASTM C1968-09. The samples were scanned at 7 days using a Phoenix Nanotom Nano-CT-
Scanner at 120 kev/60 mA. Reconstruction of the CT images was carried out with VG Studio Max, with 
a spatial resolution of 3 µm. The particle size of SAP in the pastes before and after internal drying was 
analyzed using an in-house numerical tool based on the CT images. 

RESULTS AND DISCUSSION 

The final setting time of Ref, SAP15 and SAP 30 is 13h25min, 12h50min, 12h35min, respectively. The 
addition of SAP shortened the setting time of paste. It can be explained by the reduced water-to-binder 
ratio caused by water absorption of SAP. The compressive strength ([MPa]) of Ref, SAP15 and SAP 30 

is 59 ° 0,8, 53 ° 1,4 and 50 ° 0,7 at 7 days, 71 ° 0,9, 66 ° 0,7 and 61 ° 0,8 at 28 days. The addition of 
SAP reduced the compressive strength of paste due to the induced voids. The self-desiccation caused 
a reduction in internal relative humidity of Ref sample over time (Figure. 1). The incorporation of SAP 
ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƛƴŎǊŜŀǎŜŘ ǘƘŜ ǊŜƭŀǘƛǾŜ ƘǳƳƛŘƛǘȅ ƻŦ ά{!tмрέ ŀƴŘ ά{!tолέ ŎƻƳǇŀǊŜŘ ǘƻ άwŜŦέ ŘǳŜ ǘƻ ǘƘŜ 
internal curing effect (Figure. 1). The efficiency increased with the increasing dosage of SAP. As a result, 
ά{!tолέ ǎƘƻǿŜŘ ǘƘŜ ƭƻǿŜǎǘ ŀǳǘƻƎŜƴƻǳǎ ǎƘǊƛƴƪŀƎŜΣ ŎƻƳǇŀǊŜŘ ǘƻ ά{!tмрέ ŀƴŘ άwŜŦέ όCƛƎǳǊŜΦ нύΦ CƛƎΦ о 
shows the CT image of a cross-ǎŜŎǘƛƻƴ ƻŦ ά{!tмрέ ŀǘ т ŘŀȅǎΦ 5ǳŜ ǘƻ ǿŀǘŜǊ ǊŜƭŜŀǎŜ ŦǊƻƳ {!t ŦƻǊ ƛƴǘŜǊƴŀƭ 
curing, the SAP particles shrank to a certain extent and left air voids in the paste. Based on 
reconstructed 3-dimensional CT image, the equivalent size (i.e., the diameter of spherical SAP particles 
ǿƛǘƘ ǘƘŜ ǎŀƳŜ ǾƻƭǳƳŜύ ƻŦ {!t ǇŀǊǘƛŎƭŜǎ ƛƴ ά{!tмрέ ŀƴŘ ά{!t олέ ōŜŦƻǊŜ ŀƴŘ ŀŦǘŜǊ ƛƴǘŜǊƴŀƭ ŘǊȅƛƴƎ όŀǘ т 
days) was calculated and shown in Figure. 4. Note that the original size (i.e., before drying) of each SAP 
in the pastes was calculated based on the total volume of SAP particle and air void (see Figure. 3). The 
ƳŀȄƛƳǳƳ ǎƛȊŜ {!t ǇŀǊǘƛŎƭŜǎ ǎƘǊŀƴƪ ŦǊƻƳ олс ҡƳ ǘƻ нру ҡƳ ŦƻǊ ά{!tмрέΣ ŀƴŘ ŦǊƻƳ опн ҡƳ ǘƻ нпл ҡƳ 
ŦƻǊ ά{!tолέΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ²ƛǘƘ ǘƘŜ ǿŀǘŜǊ ǊŜƭŜŀǎŜ ŦǊƻƳ {!t ǇŀǊǘƛŎƭŜǎΣ ǘƘŜ ǾƻƭǳƳŜ of SAP particles 
ŘŜŎǊŜŀǎŜŘ ŦǊƻƳ мΣм҈ ǘƻ лΣс҈ ŦƻǊ ά{!tмрέ нΦр҈ ǘƻ мΣс҈ ŦƻǊ ά{!tолέΣ ƛƴŘƛŎŀǘƛƴƎ ǘƘŜ ǿŀǘŜǊ ǊŜƭŜŀǎŜ ŦǊƻƳ 
{!t ǇŀǊǘƛŎƭŜǎ ƻŦ лΣр҈ όōȅ ǾƻƭǳƳŜ ƻŦ ǇŀǎǘŜύ ŦƻǊ ά{!tмрέ ŀƴŘ лΣф҈ ŦƻǊ ά{!tолέ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢Ƙƛǎ ŜȄǇƭŀƛƴǎ 
ǘƘŜ ƘƛƎƘŜǊ ŜŦŦƛŎƛŜƴŎȅ ƻŦ {!t ƛƴ ά{!tолέ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŀǘ ƛƴ ά{!tмрέΦ .ŀǎŜŘ ƻƴ ǘƘŜ ƻǊƛƎƛƴŀƭ ǎƛȊŜ όƛΦŜΦΣ 

63-125 mm) of SAP particles before internal drying, there is still potential of SAP particles to mitigate 
autogenous shrinkage of pastes after 7 days. 
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Figure 1. Internal relative humidity of AAM pastes 

with/without SAP. 

Figure 2. Autogenous shrinkage of AAM pastes 

with/without SAP. 

 

  

Figure 3. CT image of SAP15 at 7 days. Figure 4. SAP particle size distribution in the pastes 

before and after internal drying. 

SUMMARY 

Akali-activated slag pastes were prepared with 0, 0,15% and 0,30% of SAP particles by weight of slag. 
With higher dosage of SAP, the compressive strength at 7 days and 28 days was lower due to the 
induced voids, the internal relative humidity in the pastes was higher, and the autogenous shrinkage 
was lower due to the internal curing effect of SAP. The size of SAP particles in the pastes before and 
after drying was calculated. The reduction of SAP size after drying of pastes provided quantitative 
information for explaining the efficiency of SAP in mitigating autogenous shrinkage of alkali-activated 
pastes. 
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HIGHLIGHTS 

¶ It is possible to modify a geopolymer composite with components that increase its thermal 
insulation without critically affecting workability.  

¶ Perlite sand dosage is statistically insignificant for affecting the consistency of the composite. 

¶ Perlite powder dosage decreases the workability. 

Keywords: geopolymer, workability, air-entraining additive 

INTRODUCTION 

Production of ordinary Portland cement (OPC) is a carbon-intensive process that generates significant 
amounts of carbon dioxide (CO2) from the combustion of fossil fuels and thermal decomposition of 
limestone [1]. 

The recent advent of geopolymers shows great potential to reduce carbon footprint by utilizing the 
industrial by-products and converting them into a binding material [2,3]. Besides the low-carbon 
emissions, geopolymers are well known for their prominent properties, such as superior compressive 
strength, low permeability, chemical resistance, exceptional fire and heat resistance, and high 
durability [4,5]. 

In the presented research, an attempt is made to increase the thermal insulation properties of the 
geopolymer composite. In order to obtain a geopolymer composite with enhanced thermal insulation, 
attempt was made to introduce additives that could potentially improve the thermal performance of 
the material. Waste perlite powder perlite sand and cenospheres were used to modify the composite 
composition. The introduction of a porous fine-grained material with an increased specific surface area 
could significantly impair the workability of the composite. A verification experimental plan was 
prepared to determine the limiting dosage of the additives and to assess their effect on the 
geopolymer composite. 

RESULTS & DISCUSSION 

The influence of geopolymer composite modification on the composite properties was analysed on the 
basis of three additives potentially increasing thermal insulation: perlite powder, perlite sand and 
cenospheres. The aim of the experiment was to optimize the dosage ranges of individual components 
with a critical impact on workability. For the factor analysis, three composition parameters were 
selected as factors: amount of perlite sand, perlite powder and cenospheres in kg per m3 of composite. 
Each of the variables was studied at one of three levels: lower, middle and upper (Tab.1). 

The experiment was carried out using a randomized fractional factorial plan for three variables, which 
were assigned three levels of value. To estimate the error resulting from the study procedure, the 
experiment matrix was enriched with three processes with variables set at central levels. 

In this study, the undesirable feature of the composite indicating the critical interaction of dependent 
variables was consistency measured by immersion of the cone less than 10 mm. The test was 
performed on 10 l mixture by immersion of a 300 g cone (slant height 150 mm, max. diameter 75 mm) 
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in 10 s. 

Table 1. Test factors and assigned value levels. 

 Factor 

Perlite sand [kg] (PS) Perlite powder [kg] (PP) Cenospheres [kg] 

(C) 

Upper level 30 50 50 

Middle level 15 25 25 

Lower level 0 0 0 

The tests were carried out on geopolymer mortars with a composition per 1 m3: 50 kg of metakaolin, 
50 g of zeolite, 400 kg of fly ash, 10 kg of redispersible powder, 5 kg of magnesium formate, 60 kg of 
limestone powder, 50 kg of hydrated lime, 275 kg of sodium hydroxide, 150 kg of water, 45 kg of water 
glass and perlite powder, perlite sand and cynospheres according to the experiment plan. The natural 
sand content was determined each time as to obtain 1m3 of the composite. The full experimental plan, 
composition variables, together with the measurement results are summarised in Tab. 2. 

Table 2. Variable parameters of composite composition in the experiment plan and the experiment response. 

No. Components Experiment 

response 

Natural sand [kg] Cenospheres [kg] Perlite powder 

[kg] 

Perlite sand [kg] Consistency [mm] 

1 1100 0 0 0 150 

2 400 0 25 30 105 

3 443 0 50 15 80 

4 515 25 0 30 150 

5 560 25 25 15 115 

6 601 25 50 0 100 

7 670 50 0 15 125 

8 715 50 25 0 100 

9 17 50 50 30 15 

C1 560 25 25 15 95 

C2 560 25 25 15 100 

C3 560 25 25 15 95 

For all of the analysed compositions the critical value of workability measured by consistency was 
achieved. The statistical significance of the independent variables was determined using the results 
obtained through Pareto analysis (Fig. 1) [6]. The Pareto analysis allows the calculation of correlation 
coefficients for individual independent variables and the calculation of the limiting coefficient at the 
assumed level of confidence (marked with a red line in Figure 1). Exceeding the limiting factor means 
that the independent variable has a significant impact on the analyzed dependent variable. The results 
of the analysis indicate that the modification with perlite powder (PP) and cenospheres (C) are 
statistically important for the workability of the composite. 
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As the perlite powder content increases, the workability of the composite decreases significantly, 
which is related to the grain size and shape of the filler grains. The effect of cenospheres content on 
workability is lower (Fig.2). 

CONCLUSION 

The presented research indicates that it is possible to modify a geopolymer composite with 
components that increase its thermal insulation without critically affecting workability. It is useful to 
note that modification with perlite sand, for which best results in terms of increased thermal insulation 
could be expected, is statistically insignificant for the consistency of the composite. Modification with 
perlite powder adversely affects workability, but within the maximum planned dosage it does not lead 
to exceeding the critical workability value. 

 

 
Figure 1. Pareto analysis of composite consistency. 

 
Figure 2. Consistency depending on perlite powder and cenospheres content. 
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HIGHLIGHTS 

¶ Minimal supply of calcium ensues significant performance enhancement of geopolymer under 
ambient conditions. 

¶ Mix proportioning is based on reactive oxide composition. 

¶ Significantly high compressive strength associated with N-A-S-H gel formation. 

Keywords: geopolymer, ambient curing, N-A-S-H gel 

INTRODUCTION 

From 2015-2021, the direct CO2 intensity of cement manufacturing grew by around 1.5% each year. 
To reach net zero emissions by 2050, annual declines of 3% are needed through 2030 [1]. A greater 
emphasis on producing binders from alternative source materials is required. Alkali-activated binder 
(AAB) utilizes industrial residues as raw materials, thereby lowering carbon footprint and addressing 
residue disposal. Because of their wide availability, low-calcium fly ash and ground granulated blast 
furnace slag (slag) are utilized as source materials in AAB [2]. In order to activate low-calcium fly ash, 
a curing temperature of 60-85 °C is generally required owing to its inadequate reactivity at room 
temperature [3]. Slag can improve properties of fly ash-based geopolymer owing to the presence of 
CaO which promotes dissolution of fly ash [4]. However, a higher slag content increases the 
autogenous and drying shrinkage. Furthermore, the performance of fly ash-based geopolymer is also 
governed by the activator type and concentration. The dissolution of fly ash and the subsequent 
leaching of Al3+ and Si4+ ions depend on the molarity of sodium hydroxide [5]. Previous research 
reported use of a high molarity of NaOH for requisite strength gain [6]. However, the high molarity of 
NaOH limits the in-situ applications of AAB in the construction sector. 

In this study, the mechanical performance of fly ash-based geopolymer activated with a 3M sodium 
hydroxide and cured at ambient temperature is investigated. The compressive strength development 
with inclusion of 5% of slag and using the activator after different resting periods is examined. The 
reaction products are identified and quantified. 

MATERIALS AND METHODS 

Precursors used were low-calcium fly ash and ground granulated blast furnace slag meeting the 
requirements of ASTM C618 and ASTM C989/C989M specifications, respectively [7,8]. Table 1 shows 
the oxide composition of the precursors along with d50 and d90 values. The reactive SiO2 and Al2O3 
contents of the fly ash were 23.98% and 13.00%, respectively, as determined by an XRD-based analysis 
[9]. 
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Table 1. Oxide composition (%) and LOI (%) of fly ash and slag. 

 CaO SiO2 Al2O3 Fe2O3 MgO K2O SO3 TiO2 LOI d50 d90 

Fly ash 4.0 52.8 23.5 6.4 2.7 3.0 1.1 2.0 0.1 108.4 1115.4 

Slag 43.1 29.7 16.4 0.9 4.7 0.8 2.2 1.1 1.5 15.9 48.3 

 

The mix composition is outlined in Table 2. Sodium silicate (14.70% Na2O, 34.17% SiO2, and 51.13% 
H2O) and sodium hydroxide were used to make the alkaline activating solution. As previously reported, 
the molarity of sodium hydroxide was kept constant at 3M for complete dissolution of reactive 
components in fly ash [10]. A drum mixer was used to make the activated pastes. The NaOH solution 
was made by dissolving pellets in water. The activating solution is used at two different temperatures 
of 45 °C and immediately after cooling down to room temperature. 

Table 2. Mix proportions of fly ash-based geopolymer. 

Mix designation 
Fly 

ash/slag 

SiO2/H2O in the 

activating 

solution 

Solution/binder 
Activator 

temperature 

Reactive oxide ratio in the 

activated paste 

SiO2/Al2O3 Al2O3/Na2O 

100 FA_45 °C 1 0.34 0.35 45 °C 2.4 2.5 

95 FA_45 °C 0.95 0.34 0.35 45 °C 2.4 2.5 

100 FA_R 1 0.34 0.35 ambient 2.4 2.5 

95 FA_R 0.95 0.34 0.35 ambient 2.4 2.5 

Compressive strength and X-ray diffraction 

Standard 70.6 mm cubes conforming to IS 4031-1988 specifications were cast to evaluate compressive 
strength [11] and cured at 27 ± 1 °C in a sealed condition. The cubes were demoulded after 24 h and 
sealed cured until the day of testing at 27 ± 1 °C. The 100 FA specimens were not tested for 1 day owing 
to their longer setting times. The compression test was carried out in accordance with IS 516-1959 at 
a loading rate of 14 MPa/min [12]. Samples from the crushed cubed were ground to size finer than 60 
µm, solvent exchanged using isopropanol, dried at 40 °C, and stored in sealed condition. 

The X-ray diffraction (XRD) scans were recorded in a in a vertical Bragg-.ǊŜƴǘŀƴƻ όʻκʻύ ƎŜƻƳŜǘǊȅ ŦǊƻƳ 
млϲ ǘƻ тлϲ ǘƘǊƻǳƎƘ ŀ /ǳYʰ ǊŀŘƛŀǘƛƻƴ ǎƻǳǊŎŜΦ ¢ƘŜ ǎǘŜǇ ǎƛȊŜ ŀƴŘ ǎǇŜŜŘ ǿŜǊŜ ƪŜǇǘ Ŏƻƴǎǘŀƴǘ ŀǘ лΦлнϲ ŀƴŘ 
0.6 s/step, respectively. Direct decomposition technique is used to quantify the amorphous reaction 
product of fly ash-based geopolymer [9]. 

RESULTS & DISCUSSION 

The compressive strength of fly ash-based geopolymer as a function of age is presented in Figure 1. 
The N-A-S-H content evaluated through direct decomposition technique is also presented in Figure 1. 
The incorporation of 5% slag provides a synergistic enhancement in the N-A-S-H content and improves 
both the early age strength gain and the compressive strength achieved at 28 days. The compressive 
strength of mixture with 5% slag (95 FA_R) improved by 121% and 33% at 7 and 28 days, respectively 
compared to 100 FA mixture cured at room temperature. The presence of Ca from slag promotes 
dissolution of vitreous phases in fly ash and subsequently the additional silica from slag contributes to 
geopolymerization. Ca elevates the pH locally, which increases the solubility of fly ash [13]. As 
presented in Figure 2, characteristic peaks of C-A-S-H gel are not observed in the intensity signature. 
C-A-S-H is semi-crystalline, distinct peaks centered near 29° нʻ [14]. The primary reaction product in 
the 95 FA mixtures is produced by geopolymerization of fly ash. The presence of 5% slag, therefore, 
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enhances the geopolymerization at room temperature for improved compressive strength. While 
using the activating solution at 45oC resulted in enhanced strength gain up to 7 days, the 28-day 
strength was slightly lower than the activating solution mixed at room temperature. There is no 
significant difference in the N-A-S-H contents in the mixtures made using activating solutions at the 
two different temperatures. The effect of the higher temperature mixing on the early strength gain is 
significant in the 100 FA. With the addition of 5% slag there is no significant difference between high 
temperature mixing and room temperature processing. High strength can therefore be achieved for 
room temperature processing under ambient curing conditions with the use of 5% slag in an activated 
fly ash. 

 
Figure 1. Variations in compressive strength and N-A-S-H content. 

Figure 2. XRD pattern of activated fly ash mixtures. 

CONCLUSION 

The effect of incorporating 5% slag in fly ash-based geopolymer activated with low molarity activator 
and cured under ambient conditions is examined. A minimal addition of slag to the fly ash-based 
geopolymer produces a synergistic enhancement in strength. The strength gain is attributed to an 
increased formation of N-A-S-H gel. The incorporation of 5% slag promotes effective utilization of fly 
ash with enhancement in the final strength. Using activator at a higher temperature result in improved 
strength gain, while the final strength achieved is comparable to the room temperature. Ambient 
cured geopolymers are produced under room temperature processing with the incorporation of 5% 
slag in an activated fly ash mixture. 
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HIGHLIGHTS 

¶ Alkali activation PMWRs is a viable and promising technology for the sustainable management 
of these industrial by-products. 

¶ Introducing FA and MK improve the mechanical strength and the durability performance of 
PMWRs mortars. 

¶ PMWR/FA/MK alkali activated mortars showed better mechanical and durability properties 
compared to PCM mortar. 

Keywords: alkali activated mortar, phosphate mining waste rocks, microstructure, durability 

ABSTRACT 

Each year, phosphate mining industry generates a significant amount of phosphate mining waste rocks 
(PMWRs) which usually deposited on large areas as stockpiles within the mine site, leading to high 
ecological costs and environmental challenges. In this research, a feasibility study is performed on 
alkali activation of phosphate mining waste rocks so that they can be recycled and utilized as 
construction material. Considering the extremely high silicon to aluminum (Si/Al) ratio for these waste 
rocks, metakaolin and fly ash are used to adjust the Si/Al ratio. Sodium hydroxide (NaOH) solution and 
silicate sodium (Na2SiO3) are used as alkaline activator.  Replacements of 50% of PMWRs by FA/MK 
were carried out and compressive strengths in the range 35ς57 MPa were obtained after 28 curing 
days, which is promising for construction applications. Microstructural studies are investigated using 
X-ray diffraction (XRD), Fourier-transform infrared (FTIR), Scanning Electron Microscopy (SEM) and 
Energy-Dispersive X-ray spectroscopy (EDX). The results show the formation of C-(A)-S-H and N-(A)-S-
H gels as the main reaction products, with the formation of a hybrid C-(N)-A-S-H gels. The durability of 
alkali-activated mortars was compared to ordinary Portland cement (OPC) mortar in term of sulfuric 
acid resistance, fire resistance and water absorption. The behavior of alkali-activated mortars was 
better than that found for plain OPC mortars for all durability tests. However, the increase of 
metakaolin content appears to have a strong enhancement on the mechanical and microstructural 
properties of the synthesized mortars. As a general conclusion, phosphate mining waste rocks 
(PMWRs) show good cementing properties as a rich calcium precursor blended with metakaolin (MK) 
and fly ash (FA) in alkali-activated systems. 
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INTRODUCTION 

Alkali-activated materials (AAMs) have emerged as most promising alternative to conventional 
ordinary Portland cement (OPC)[1]. In addition to superior strength and durability performance[1]ς
[3], AAMs can offer substantial environmental and social-economic benefits such as, lower CO2 

emission and less energy consumption[1]. AAMs are generally manufactured through alkali-activation 
of aluminosilicate raw materials with an alkaline solution (e.g., sodium hydroxide and sodium silicate 
solutions). A wide range of aluminosilicate materials can be used as AAM precursors which are 
generally wastes or industrial by-products, such as blast furnace slag (BFS) and coal fly ash (FA)[4]ς[6]. 
For instance, class F fly ash is the most widely utilized industrial by-products in AAMs synthesis, and 
this is due to its high content of reactive silica and alumina along the low Ca-content, low water 
demand and worldwide availability[4], [6], [7]. The formation process of alkali-activated fly ash (AAFA) 
system consists of the dissolution of Si and Al species from FA in strong alkali solution, yielding in the 
formation of amorphous aluminosilicate gel known as sodium aluminosilicate hydrate (N-A-S-H) 
gels[7], [8], which is attributed to the same or higher mechanical strength performance than calcium 
silicate hydrate (C-S-H) in OPC[3].  

One challenge for wide application of AAFA materials is the requirement of curing at elevated 
temperature[9]. In the strive towards improving the AAFA cured at ambient condition, several studies 
have attempted to enhance the reactivity of fly ash by adding some calcium containing materials, such 
as slag and OPC[4], [6], [10]. The addition of calcium source into AAFA system was reported to largely 
affect the fresh and hardened properties of this materials due to an additional C-S-H or C-A-S-H gel 
formation in the presence of N-A-S-H[4], [6]. 

Phosphate mining waste rocks (PMWRs) constitute one of the industrial solid by-products generated 
in huge amounts in many countries. In Morocco only, phosphate mining sites generate approximately 
780 Mt to 3120 Mt of PMWRs every year[11], which are often deposited in stockpiles within the site 
mine. Consequently, the challenge of a sustainable disposal or valorization of these wastes is becoming 
considerably more critical. PMWRS are generally composed of clays and Ca-rich marls with high 
chemical and environmental stability[12], [13], that make them as excellent alternative secondary raw 
material in constructure sector. Serval studies have demonstrated that PMWRs are promising source 
material in road construction[13], fired brick manufacturing[14], as well as in alkali-activation 
process[12], [15]. In our recent study[12], PMWRs demonstrated high reactivity toward alkaline 
activation, resulting in the formation of C-S-H gel as the main reaction product with the coexistence of 
some trace of C-(A)-S-H and N-A-S-H gels and/or the possibility of formation C-(N-A)S-H gels. Therefore, 
the incorporation of PMWRs in AAFA can results in the high material performance in short- and long-
term. 

Metakaolin are different from other pozzolanic materials due to their fineness and high reactivity[16]. 
The inclusion of metakaolin in different alkali activated systems has been proven to improve their 
mechanical strength and final performance[3], [17], [18]. 

Incorporating cementitious additives into AAFA is expected to yield various changes in mechanical and 
microstructure characteristics due to different chemical reactions among constituents. This study aims 
to investigate the impact of substituting 50% of fly ash with different cementitious additives such as 
PMMWRs and metakaolin on compressive strength, structure/microstructure development, water 
absorption, efflorescence test, thermal stability and sulfuric acid resistance alkali activated mortars 
mixtures cured at moderate (55°C) conditions. The effects of binder composition on compressive 
strength development were monitored at different curing ages. 

MATERIALS AND METHODS 

Materials 

The raw materials used in this study were the following: 

¶ Portland cement (CPJ 45) was used to formulate the standardized Portland mortar.  
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¶ Metakaolin (MK) from calcination of kaolinitic clay (SIBILCO, France) at 750 °C/2h 

¶ Fly ash (FA) from JORF LASFAR (El-Jadida, Morocco). 

¶ Phosphate mining waste rocks from the cover layer (milled and calcined at 900°C/2h [12]) 
(Khouribga phosphate mine site, Morocco) 

¶ Standardized sand was used for mortar formulation  

¶ Sodium hydroxide (NaOH), with 97% of purity, was mixed with commercial sodium silicate 
solution (SiO2/Na2O=3.1) to achieve the desired molar ratio. 

Mix design method and experimental approach 

Alkali activated mortars (AAMs) were prepared according to the requirement of NF EN 196ς1. OPC 
standardized mortar (PCM) was also formulated in order to have a clear insight on the difference 
between alkali activated based materials and Portland cement in term of mechanical strength and 
durability performance. 

The effect of PMWRs/MK incorporation as partial substitution of 50% wt. FA was investigated, using 
three different PMWRs/MK proportions 25/75, 50/50 and 75/25. However, the total water to solid 
ratio, NaOH concentration and the molar ratio of the alkaline solution were maintained constant 
(W/S=0.5, NaOH 12M, SiO2/Na2O=1.33). Fig 1, illustrates the different mixture proportions of the AAMs 
at three replacements ratios of FA by PMWRs and MK. 

The calculated amount of FA, Mk and PMWRs were dry mixed together for 2 minutes, followed by the 
addition of activator solution containing sodium hydroxide 12M and sodium silicate at fixed molar 
ratio, and mixed for another 10 minutes. The standardized sand was added to the mix and the resultant 
mixture was mixed for 5 min. The mixture obtained was then filled in molds of side 4 cm each and 
compacted with the help of a vibrating table to expel the air bubbles. The casted cubes were first cured 
at 55 °C in sealed bags for 24 h, followed by standard curing at ambient conditions (25 ± 0.5 °C) until 
testing. The purpose of implementing 55 °C as the curing temperature at an early age is to facilitate 
the alkali activation reaction of NaOH-activated FA/MK/PMWRs paste systems. 

 

Fig.1. Alkali activated mortars AAMs preparation protocol. 

Tests and characterization method 

Raw materials (PMWRs, MK and FA) and AAMs mineralogical composition was evaluated by X-ray 
diffraction (XRD) using Bruker D8 Advance X-ray diffractometer (Cu Ka radiation). Raw materials 
chemical composition was evaluated by X-ray fluorescence (XRF) using a Malvern Panalytical energy-
dispersive, Epsilon 4. Fourier Transform Infrared Spectroscopy (FTIR), with the brand name of 
PerkinElmer Frontier FT-IR Spectrometer, was used to assess the functional group of raw materials and 
AAMs with 4 cmҍм of resolution and scanned from 400 cmҍм to 4000 cmҍм. Particle size distribution was 



59 | DuRSAAM 2023 Symposium ς Mix design and microstructure 

determined by laser diffraction (Mastersizer 2000, Malvern Instruments). The morphological and 
microstructure analysis of AAMs was investigated using Scanning Electron Microscopy (SEM) coupled 
with Energy Dispersive X-ray Analysis (EDX) (Gemini scanning electron microscope, ZEISS 300). The 
compressive strength test was conducted on AAMs prism samples 4x4x4 cm (ASTM C 109) at 7 and 28 
days of curing, using Cyber-Plus Progress (CONTROLAB) with max load of 500 KN. 

Efflorescence formation on AAMs was evaluated by visual analysis. The principle of the test is to 
partially immerse an AAM specimen in distilled water to provoke efflorescence. Thereafter, when all 
the water evaporated, the intensity of precipitated efflorescence can be evaluated. For this purpose, 
!!a ǎǇŜŎƛƳŜƴǎ ǿŜǊŜ ǇŀǊǘƛŀƭƭȅ ǎǳōƳŜǊǎŜŘ ƛƴ ŀ Ǝƭŀǎǎ tŜǘǊƛ ŘƛǎƘ ŎƻƴǘŀƛƴƛƴƎ пл Ƴƭ ƻŦ ŘƛǎǘƛƭƭŜŘ ǿŀǘŜǊΦ ¢ƘŜ 
ǘŜǎǘ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳƴŘŜǊ ŀƳōƛŜƴǘ ǘŜƳǇŜǊŀǘǳǊŜ όнр ϲ/ύΦ Lǘ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ŎƻƳǇƭŜǘŜŘ ǿƘŜƴ ŀƭƭ ǘƘŜ ǿŀǘŜǊ 
evaporated. 

Water absorption and fire resistance of AAMs were investigated after 28 days of curing. The water 
absorption tests were measured following the protocol described in ASTM D2216-05 2005. However, 
for fire resistance the AAMs cubes were put into an electric furnace in room temperature and 
subjected to heat treatment in the furnace at 400, 600, 800 and 1000°C for 2 hours at an incremental 
rate of 4°C per minute from 25°C. Then the specimens were allowed to cool down for 24 hours at room 
temperature inside the furnace for weight loss measurements and compressive strengths. 

The durability of AAMs was investigated by accelerated erosion tests on AAMs specimens. The 
program consisted of immersion of specimens in solutions of 5% Sulfuric acid to a long time period and 
evaluation of its resistance in terms of surface corrosion, residual alkalinity, changes in weight and 
compressive strength at regular intervals. The acid sulfuric solution was replaced with a fresh solution 
every 10 days. 

RESULTS AND DISCUSSION 

Raw materials characterization 

Fig. 2 shows the XRD pattern of the FA, MK and PMWRs, their chemical compositions are presented in 
Table 1. XRF analysis reveals of high calcium content of PMWRs. The XRD patterns of MK and FA reveal 

their amorphous nature, as denoted by the hump centered at around 25° 2q. Nevertheless, the 
presence of some crystalline phases, mainly quartz and mullite, was detected. On the other hand, 
calcined PMWRs is much more crystalline than MK or FA, being quartz, periclase, calcite, lime and 
periclase group mineral (this latter would justify the presence of high calcium content detected via 
XRF), however, minor amount of amorphous phase cannot be excluded. 

Fig.3 presents the particle size distribution of the solid components (FA, MK, and PMWRs). The PMWRs 
and FA show a broader particle size distribution when compared with MK (uniform particle size 
distribution around 6 µm). 
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Fig.2. XRD analysis raw materials. 

Table 1. Chemical properties of raw materials from XRF analysis. 

Chemical Composition, wt. % 

FA 

PMWRs 

MK 

SiO2
 

Al2O2
 

CaO MgO Fe2O3 K2O P2O5 SO3 Other 

55,59 13,78 6,41 0.24 16,72 2,85 1,33 0,94 2.14 

20.42 2.60 41.67 5.86 2.60 0.73 1.78 0.13 0.86 

63.64 30.47 ------ ------ 1.45 3.60 0.37 ----- 0.47 

 

Fig.3. Particle size distribution of raw materials. 

Alkali activated mortars characterization 

Compressive strength 

The effect of the different combinations FA/PMWRs/MK on the compressive strength of AAMs at the 
ages of 7 and 28 days is given in Fig. 4. For AAM specimens, a significant increase of the compressive 
strength is observed when the PMWRs/MK ratio decreased. In fact, decreasing the MK content results 
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in reducing the high reactive amorphous content in the binder which leads to this weakening in AAM 
system. It is important to note that all mixes of Alkali-Activated Materials (AAMs) have competitive 
mechanical resistances when compared to PCMs. The highest compressive strength was observed in 
the AAM-F3 mix, reaching a value of 56 MPa. 

 

Fig.4. Compressive strength of all AAMs after 7-28 days (PCM represent compressive strength of Portland 

Cement Mortar specimens after 28 days). 

XRD analysis 

The XRD patterns of all AAM mixtures at the age of 28 days are shown in Fig. 5. The XRD patterns of all 
AAMs mixtures exhibited a broad hump in the range of 20°ςплϲ нʻΣ ǿƘƛŎƘ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ the 
amorphous aluminosilicate framework, suggesting that the products of AAMs are mainly 
aluminosilicate gels (coexistence of C-(A)-S-H and N-A-S-H gels) [19]. The broadness of the amorphous 
hump increased with the increase of MK content in the mix. These results indicate that increasing MK 
content from 15 to 35% by weight results in more amorphous aluminosilicate gels, which can explain 
the compressive strength test results reported earlier.  

It can also be seen that some mineral phases from raw materials are still present in the hardened 
AAMs, but with decreased intensity, such as calcite, quartz, and periclase. These crystalline phases 
mainly come from unreacted PMWRs particles, where with changes in the formulation, an increase in 
PMWRs content leads to an increase in the intensity of these phases. 
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Fig.5. XRD analysis results of AAMs after 28 days of curing. 

FT-IR analysis 

Fig. с ƛƭƭǳǎǘǊŀǘŜ ǘƘŜ C¢Lw ǎǇŜŎǘǊŀ ƻŦ ŀƭƭ !!aǎ ǎǇŜŎƛƳŜƴǎ ŀǘ ŀƎŜ ƻŦ ну Řŀȅǎ ŎǳǊƛƴƎΦ ¢ƘŜ Ƴŀƛƴ ōŀƴŘ ŀǘ 
around 1000 cm-1 is attributed to the asymmetric stretching vibration of Si-O-T where (T is Si or Al) 
[20], which is the typical structure of aluminosilicate chains contained in C-A-S-H or N-A-S-H type gel 
[21], [22]. The band at around 682 cm-1 and at 460 cm-1 corresponding to Al-O-Si bending vibration 
[23], and Si-O-Si bending vibration [24], respectively. 

The same locations of the detected bands in different AAMs specimens indicate that the same type of 
reaction product, probably C-A-S-H and N-A-S-H gel, was formed in the pastes, irrespective of the raw 
material proportion. However, the broad bands at around 1000 cm-1 become more intensive with the 
incorporation of MK, indicating that the amount of reaction products increased when more MK was 
present in the AAMs mix. This is in line with the XRD results and the results of [25]. 

Water absorption bands were recorded at 3388 cmҍм ŀƴŘ мспн ŎƳҍм which are assigned to the 
stretching vibrations of HςOςH and the bending vibration of OςH group [24], [26]. The small band at 
мпус ŎƳҍм attributed to OςCςO asymmetric stretching band in calcite [23], [27]. 
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Fig.6. FTIR analysis results of AMMs after 28 days of curing. 

SEM/EDS analysis 

The 28 d micrographs and EDS analysis for all AAMs are represented in Fig. 7 and 8. It can be seen from 
all SEM images a similar morphology between the differently AAMs mixes. 

All AAMs samples exhibited: partially unreacted and partially attacked spherical fly ash particles, sand 
particles and a dense and compact alkali activated matrix resulting from NςAςSςH and C-(N)-A-S-H gel 
precipitation. 

 

Fig. 7. Micrographs analysis of AAMs after 28 days of curing. 

 

Fig. 8. EDX analysis of AAMs after 28 days of curing. 
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Thermal stability of AAMs 

TGA analysis results 

It can be seen from the TGA curves Fig. 9, a massive mass loss for all AAMs mixtures arises at about 
100 °C, in part as the result of the evaporation of free water heated to under 100 °C, which is believed 
to have been wholly removed at 120 °C. After a significant mass loss between 105 and 180 °C all 
samples show a gradual decrease in mass until a temperature of 600 °C, followed by a stable curve 
with remarkably low mass loss (0.5 to 1.43%) between 600 and 1000 °C. This may indicate that the de-
hydroxylation of hydrated gel namely C-A-S-H and N-A-S-H gels and removal of entrapped water inside 
the pore gel structure[28], [29]. 

 

Fig. 9. TG analysis of AAMs after 28 days of curing. 

Fire resistance test 

Fire resistance of AAMs was determined in terms of visual appearance, weight loss, residual 
compressive strength, and structure change by XRD and FT-IR. The influence of high temperatures on 
the properties of AAMs was investigated at temperatures of 400, 600, 800 and 1000°C. One sample 
was kept sealed without heating, as reference, up to the characterization analysis was performed.  

Physical appearance 

Typical photographs in Fig.10 (b) show the physical appearance of the AAM specimens that depicted 
the color changes after being subjected to the different elevated temperatures. 

AAMs specimens turned to grey from black after exposure to 400 °C, to brown after 600 °C, to pink 
after 800°C and then to beige after 1000°C as shown in Fig.10 (b). The color changes in these AAMs 
mixtures are slight similar to that observed in PCM after high temperature exposure, which primarily 
results from gradual dehydration of AAMs binder and microstructural transformations occurring within 
the matrix. 

It can be also clearly seen that there is no visible effect on the surface or changing in the size or shape 
of all AAMs specimens heated up to 1000°C. However, the PCM specimens show a major damage and 
total deterioration after being exposed to 800°C (Fig.10 (a)). This can be attributed to the 
decomposition of binding phases. 
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Fig .10. (a) Photos of PCM and (b) AAMs -28 days of curing after post-exposure to elevated temperatures of 

400°C, 600°C, 800°C, and 1000°C. 

Residual mass loss and compressive strength  

Fig.11(a) shows the evolution of the relative residual mass (mT/m25) with the temperature of AAMs 
specimens. The trend of all AAM specimens is identical. A constant residual weight of approximately 
0.9 was observed for all AAMs specimens at each heating temperature. This is probably due to 
dehydration of free water and water from aluminosilicate gel, as it is showed in TGA analysis results 
(Fig.9). However, sample prepared with PCM present the highest loss of mass of all (20% of loss), which 
can indicate the high thermal stability of AAMs at higher temperature. 

Fig.11 (b) shows the evolution of the relative residual compressive strength (RCT/RC25) of AAMs after 
the exposure to different temperatures. The trend of both AAMs (AAM-F2 and AAM-F3) is identical. 
There is a continuous loss of compressive strength after heating at 400°C. However, AAM-F1 
(containing 35% PMWRs) showed a gain of compressive strength after the exposure at high 
temperature of 1000°C. This may a good indication of the positive attribution of PMWRS addition for 
a high thermal stability of AAMs specimens. 
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Fig.11. (a) Evolution of relative residual mass and (b) relative residual compressive strength of AAMs with the 

temperature. 

Structure development (XRD analysis) 

Fig. 12 (a, b, c) shows that all the XRD patterns of all alkali activated mortar mixtures exhibited similar 
crystalline phases before and after exposure to 400°C, with a slight reduction of the amorphous hump. 
New phases, which were jadeite and nepheline, were identified after exposure to 600°C in all the XRD 
patterns. However, no calcite phase was detected at this temperature [30]. Basically, the formation of 
jadeite (NaAlSi2O6) and nepheline (NaAlSiO4) was originated from Na2O and Al2O3 in each mixture [18], 
[31].  

Fig. 12 (d) shows the XRD results of PCM before and after exposure to high temperatures. In the PCM 
samples heated up to 400°C, a reduction in the intensity of the lime peak (and calcium silicate hydrate 
(CςSςIύ ǇŜŀƪ όŀǊƻǳƴŘ нфΦпϲ нʻύΦ ¢ƘŜ ƛƴǘŜƴǎƛǘȅ ƻŦ ǘƘŜǎŜ ǇŜŀƪǎ ŀƭǎƻ ŘŜŎǊŜŀǎŜŘ ŀǎ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ 
increased with no detection at the high temperature up to 600 °C. This is mainly due to the chemical 
deteriorations occurring at high temperatures where both chemically bound and intercalated water 
are lost with the decomposition of lime and CςSςH, accounting governing the strength loss of PCM 
with the increasing exposure temperature. 
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Fig. 12. XRD analysis of (a, b, c) AAMs and (d) PCM before and after exposure to high temperatures. 

According to Fig. 13 (a, b, c) when the AAMs specimens was subjected to elevated temperatures the 
intensity of the diffuse band at 3200 cmҍм decreased and at 400 °C it completely disappeared. This 
proves that first free water and then constitutional water is released from the structure of AAMs. The 
number of carbonate species is also reduced due to their decomposition, which starts at about 400 °C 
and is completely finished at 800 °C. It can be also noted that upon exposure to 400°C, all AAM samples 
show a sharp reduction in intensity of the Si-O-Si/ Al-O-Si band. This may be related to the decrease in 
the chain length of AAMs, which account for the regression of compressive strength between 200 and 
400°C as mentioned in section above. After raising the temperature to 1000°C, it can be noticing a 
pronounced increase in the intensity of this band for all AAMs specimens. This could be related to the 
further polymerization of unreacted metakaolin which promotes the densification of AAMs, which also 
is reflected in the residual strength values. A new peak can be also seen at 1087 cm-1 for the same 
temperature, related to the formation of new crystalline phases likely, nepheline and jadeite, which is 
emphasized by XRD patterns. 

On the other hand, the FT-IR spectra of PCM heated at high temperature 25-1000°C (Fig. 13, d) shows 
a significant reduction of the main band related to the C-S-H gel, which reflected the total deterioration 
of cement matrix at higher temperature. 
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Fig. 13. FTIR analysis of (a, b, c) AAMs and (d) PCM before and after exposure to high temperatures. 

Efflorescence test of AAMs 

Efflorescence is the formation of white salt deposits on or near the surface of concrete. It is generally 
harmless in Portland cement-based products but can be a big issue in AAM products, when are exposed 
to humid air or in contact with water. The prepared AAMs samples (Fig. 14) show smooth surface and 
efflorescence occurs on the surface when they contact with water. It can be also seen from the figure 
an excessive efflorescence formation in AAM-F1 specimens compared to the others, which is 
reasonably due to the low Al availability in this system (High PMWRs content) that cause high mobility 
of excessive alkalis and such efflorescence formation. 

 

Fig.14. Efflorescence of AAMs in contact with water for 3 days. 
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Water absorption test of AAMs 

To determine the water absorption of mortar specimens, the AAMs cubes from each mixture were 
oven dried at a temperature of 105°C for 24 hours and its weight determined as initial weight. The 
samples were then immersed in water and its saturated surface dry weight was recorded as the final 
weight at each time interval measurement. Water absorption of specimens is reported as the 
percentage increase in weight.  

The following equation was used to calculate the water absorption.  

Water absorption of AAMs (%) = [(Mw-Md)/ (Md)] x100% 

Where Mw = weight of specimen after immersion in water 

Md = Weight of specimen after oven drying at 105°C for 24 hours. 

The results of water absorptions of mortars are shown in Fig.15. Regarding the PMWRs/MK variation, 
evolution of water absorption does not reveal a clear tendency. AAM-F1(with high PMWRs content) 
shows the lowest water absorption at the range of 2.9-3.12% for all time exposure. However, the AAMs 
specimens with high MK content (25-35%) show the highest water absorption (9-14%) for all time 
immersion. It should be noted that the water absorption of AAMs is deeply affected by the specific 
surface and pore volume inside the matrix, though these results would require further investigation 
and analysis. 

 

Fig.15. Water absorption of AAMs mortar with time. 

Acid attack test 

The impact of long-term exposure to acid solution (5% H2SO4) on Alkali-Activated Materials (AAMs) 
was evaluated using AAM-F1 specimens, as they have high calcium content (35% wt. PMWRs) and thus 
have a higher tendency to acid attack (such as visual deterioration and loss of compressive strength, 
among others). 

Physical appearance 

Fig.16 displays the appearance of the AAMs after exposure to 5% solutions of sulfuric acid for 10, 30 
and 60 days. AAMs mortars have suffered limited visible damage in general, with almost no 
deterioration visible. However, at 60 days of acid sulfuric immersion, AAMs show some alkali activated 
paste loss and the exposure of sand particles that increase with the time exposure. 
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Fig.16. Typical appearances of AAM specimens after 5% acid sulfuric attack. 

Residual Alkalinity 

The residual alkalinity of the AAMs specimens was approximately determined after cutting the 
specimens into halve and spraying a 1% Phenolphthalein solution on the freshly cut surface. On 
spraying, de-alkalized part of specimen showed colorless while remaining part exhibited a pink color 
indicating its residual alkalinity. This provides an indication of how far the acid has penetrated or how 
far into each mix significant ion exchange with the acid solution has taken place. 

Figure 17 illustrates the residual alkalinity of AAM-F1 specimens in acid solutions. It can be observed 
that the GP-F1 specimens (after 30 days of acid sulfuric exposure) show a pink section within the 
matrix, indicating a residual alkalinity of about 60%. This could be due to the acid resistance of the 
material, which slows down acid migration, providing a high degree of protection against aggressive 
agents and reducing permeability. However, the AAM-F1 specimen (after 60 days of acid sulfuric 
exposure) shows total dealkalization, indicating that the acid solution has fully migrated into the AAM 
matrix. 

 

Fig.17. Residual alkalinity of AAM-F1 specimen after 30 to 60 days in 5% Sulfuric acid. 

Change in Compressive strength 

AAM-F1 specimens after 30 days of acid exposure, showed very little loss in strength initially (27 MPa). 
However, even after a long-time acid solution exposure (60 days), AAM-F1 specimens still possessed 
substantial residual compressive strength (7 MPa). 

Change in structure (XRD analysis) 

Fig. 18 shows the XRD pattern of AAM-F1 specimen before and after acid sulfuric immersion. When 
these specimens were exposed to sulphuric acid for 30 days, the AAM-F1specimen showed the 
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presence of quartz with high peak intensity, and with the addition of new peaks attributed to anhydrite 
phase. Anhydrite corresponds to calcium sulfate which tends to develop in the PMWRs based alkali 
activated system due to the reaction between sulfuric acid and the calcium based hydrated products 
whereas calcite refers to the co-existence of free calcium in the geo-polymeric system. 

The formation of calcium sulfate may have a negative impact on the compressive strength of exposed 
specimens and can be considered as a significant factor for the concrete deterioration. This calcium 
sulfate either can reacts further to form gypsum or can be deposited as a weak layer on the concrete 
surface which decreases its density and softens the matrix. Therefore, the addition of high amount of 
PMWRs which considered as calcium rich precursor can results in quicker failure of concrete and 
causes its deterioration. Similar deterioration due to calcium sulfate layer deposition was also reported 
in previous studies. 

 

Fig.18. XRD patterns of AAM-F1 before and after 30 days of sulfuric acid attack. 

CONCLUSION 

This study presents an investigation of the microstructure properties, mechanical strength and 
durability behavior of alkali activated mortars based on the combination of FA/ PMWRs/MK. The 
following conclusions have been drawn from the experimental results and previous discussion: 

- All AAMs show good mechanical properties (35ς57 MPa) compared to PCM mortar.  

- The performance of developed alkali activated mortars is considerably higher than that in PCM 
mortars. 

- Visual observation of specimens after exposure to high temperature shows a severe 
deterioration in the PCM specimens, while in alkali activated mortars, no sign of deterioration 
was detected for all performed tests.  

- The XRD, FTIR and SEM/EDX show a probable formation of Cς(A) ςSςH and NςAςSςH gels as 
the main reaction products with the coexistence of some trace of gels Cς(NςA)SςH gels.  

- The microstructure observation of all AAMs show a denser and high compact matrix, which 
results in the good mechanical properties of these materials. 

- AAMs containing 35% of PMWRS pastes gained strength after thermal exposure to 600°C 
which may be due to the further polymerization of initially un-reacted materials leading to the 
formation of a dense matrix and improved the strength properties.  
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- All AAMs show a good durability performance under high thermal exposition and aggressive 
solution compared to conventional cement. 

Therefore, more advanced tests and research on these materials may accelerate the standardization 
process and consequently increase their application in the civil construction market. 
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HIGHLIGHTS 

¶ High calcium fly ash can be successfully activated by using LKD. 

¶ It could reach up to 28.2 MPa after 28 days of curing.  

¶ Curing in water results in reduced mechanical strength. 

Keywords: high calcium fly ash, lime kiln dust (LKD), alkali-activated materials 

INTRODUCTION 

Alkali activation facilitates utilization of industrial by-products as a binder in concrete mixes. The by-
products suitable for use in alkali-activated concrete should be a source of aluminosilicates. The 
aluminosilicate source is mixed with silicates or alkali metals such as sodium silicate and sodium 
hydroxide to initiate geopolymerization. However, the production of silicates can be costly and energy 
intensive with high carbon footprint, which obstacles the widespread application of alkali-activated 
materials [1]. Therefore, it is important to find other materials with lower environmental impact to 
replace the silicates. Lime kiln dust (LKD) is a by-product of quick lime (QL) production, which is mostly 
landfilled. LKD is able to create a highly alkaline environment when mixed with water; hence, it can be 
used in alkali-activated concrete to dissolve Si and Al oxides. Previous studies have explored utilization 
of LKD in soil stabilization [2-4]; however, the use of LKD as a reagent in alkali-activated materials has 
been scarcely studied. Chee Ban et al. [5] studied the performance of fly ash (FA)-slag mixes 
incorporating LKD as the alkali activator. It was shown that using 10% LKD led to the optimal mix. In 
this study, LKD was used in alkali-activated mixes based on high calcium FA. For this purpose, mixes 
were made with different contents of LKD and the compressive strength of cube specimens cured in 
different conditions were measured at different ages. 

MATERIALS AND METHODS 

The binder used in this study was high calcium FA with the specific gravity of 2.5 and specific surface 
area of 3000 cm2/g. LKD was provided by the Nordkalk company in Sweden. The specific gravity and 
specific surface area of the LKD was 2.8 and 7990 cm2/g, respectively. Furthermore, the elemental 
composition of the FA and LKD was determined by X-ray fluorescence (XRF) analysis and the results 
are presented in Table 3. 
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Table 3. XRF analysis results. 

Chemical 

compound 
LKD FA 

CO2 19.7 4.3 

Na2O 0.6 1.5 

MgO 1.1 1.4 

Al2O3 5.8 17.7 

SiO2 12.4 42.7 

P2O5 0.25 0.9 

SO3 5.3 2.6 

K2O 3.1 2.1 

CaO 48.8 18.9 

TiO2 0.3 0.9 

Fe2O3 2.1 5.4 

L.O.I (%) 19.7 5.3 

Mix design and sample preparation 

Three different FA/LKD mass ratios of 90:10, 80:20, and 70:30 were selected. The water-to-binder ratio 
was selected equal to 0.4 for all mixes. FA and LKD were poured into a mixing bowl and then the water 
was added. The materials were mixed for 2 minutes at 140 rpm, and then the mixer was stopped to 
scrape the walls of the bowl to make sure all powdery materials are in contact with water. Thereafter, 
the mixing was continued for another 2 minutes at 225 rpm. The fresh paste was poured into 30×30×30 
mm3 cubes and was compacted by means of a vibrating table. A number of three samples were made 
from each mix and the average value was reported. The samples were pre-cured at ambient 
temperature for 48 h followed by demolding. The samples were cured in two different curing 
conditions including ambient and water at 20 °C. The compressive strength tests were performed after 
7 and 28 days by using a Galdabini Quasar 100 Material Testing Machine with 5 mm/min loading rate. 
Furthermore, in order to investigate the effect of heat-curing on the strength development of mixes, 
a series of specimens were pre-cured in an oven at 60 ᴈ for 24 h. Afterwards, the specimens were 
cured for 7 and 28 days in the ambient and water. 

RESULT & DISCUSSION 

Figure 2 shows the compressive strength of specimens cured in different conditions. In this figure, the 
mixes are named as FAC-X-Y where X denotes the water-to-binder ratio and Y denotes the percentage 
of LKD. It can be observed that the rate of strength development was low. According to the test results, 
the 28-day compressive strength of mixes was more than two times of the corresponding 7-day 
compressive strength. Furthermore, the water-cured samples showed about 43% lower compressive 
strength compared to the air-cured samples. The results showed that mixes containing 20% and 30% 
LKD had a lower compressive strength compared to that of the mix with 10% LKD. This could be due 
to the oversaturation of calcium ions in the mix when the LKD content exceeded 10% [5]. Thus, FAC-
0.4-10 was the optimal mix and was selected for evaluating the effect of pre-curing with heat. It was 
shown that pre-curing increased the reaction rate. The pre-cured specimens showed a significantly 
higher compressive strength at 7 days compared to mixes without pre-curing. For example, the 7-day 
compressive strength of the pre-cured mix was about 40% higher than that of the counterpart air-
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cured mix. The heat accelerates the reactions, and thereby it leads to a higher early-age strength [6]. 
However, it appears that pre-curing limited the strength development of the air-cured mixes, as the 
28-day compressive strength was lower than that of the mixes without pre-curing. It has been reported 
that heat-curing may prevent the formation of a compact matrix [6]. On the contrary, pre-curing 
favored the compressive strength of water-cured specimens. Based on the test results, the 28-day 
compressive strength of the heated mix, which was cured in water, was about 19% higher than that of 
the counterpart mix without any pre-curing. 

 

Figure 2. Compressive strength of mixes. 

CONCLUSION 

In this study, alkali-activated mixes based on high calcium FA and LKD were made and the strength 
development under different curing conditions was evaluated. The results showed that LKD can be 
successfully used as a waste-based reagent in alkali-activated materials based on high calcium FA. The 
product will have a lower environmental impact as it is exclusively made with industrial by-products. 
Also, it is possible to achieve a compressive strength value, which meets the requirements for 
structural concrete. Future studies should focus on finding the optimized mix design and a 
comprehensive mechanical performance and durability assessment of mortar and concrete mixes. 
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HIGHLIGHTS 

¶ Activated metakaolin with high H2O/Na2O ratios and constant Si/Al and Na/Al atomic ratio 

¶ Influence of water on the reactivity of the precursor  

¶ Decrease in compressive strength with H2O/Na2O  

Keywords: geopolymer, water content, compressive strength, nuclear magnetic resonance 

INTRODUCTION 

Deep soilmixing allows improving the physical and mechanical properties of soil in-depth, by mixing in 
situ the soil with a diluted mixture called grout, using a specific tool. Currently, most of grouts are 
based on cement. Nevertheless, the durability of these materials exposed to aggressive medium has 
been questioned [1]. Geopolymers obtained from solid aluminosilicate sources (such as metakaolin) 
and an alkaline solution have opened new insights for soil improvement. Metakaolin can be used as 
precursor, due to its relatively low carbon footprint [2] and high durability [3]. Few studies have 
focused on the design of alkali-activated metakaolin mixtures used as grouts for soil improvement. The 
mixtures used as grouts have a high water-to-solid ratio; the water-to-solid ratio of the soilmix is even 
higher due to the initial water content of the soil. Grouts are expected to satisfy several specifications 
in fresh and hardened states. Grouts should be stable during storage before use and have relatively 
low viscosities, and these properties should be maintained during the entire duration of the process 
[4]. The hardened grout is expected to provide the soilmix with adequate mechanical properties and 
durability. 

This study focused on the influence of high H2O/Na2O ratios on the properties of metakaolin-based 
grouts MK21, MK24, MK28 and MK34 defined respectively with H2O/Na2O ratios of 21, 24, 28 and 34 
and constant Si/Al and Na/Al atomic ratios (1.8 and 1 respectively). Metakaolin was produced from the 
flash calcination of clay from Fumel, France. The proportion of the pure metakaolin Al2O3(SiO2)2 
phase was 43 wt. %. The activation solution was prepared by diluting a sodium silicate solution with a 
fixed SiO2/Na2O ratio of 1.7 and 44% dry content in demineralized water. The advancement of 
geopolymerization reactions was studied through nuclear magnetic resonance (NMR) spectroscopy of 
Al and Si and the mechanical characterization was based on compressive strength at 7, 28, and 90 days. 
The 29Si spectra were decomposed into a formed phase and a signal representing remnant 
metakaolin. Remnant metakaolin was considered by fitting a scaled component spectrum calculated 
from the 29Si spectrum of raw metakaolin. The reaction degree of metakaolin RDmk was calculated 
using the silicon content from metakaolin of known chemical composition X(Si)mk and the remnant 
metakaolin deduced from 29Si RMN decomposition Rmk. (equation 1). 
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RESULT & DISCUSSION 

The 29Si spectra decomposition of two grouts MK21 and MK34 with H2O/Na2O ratios of 21 and 34 
respectively is presented in Figure 3. The water content did not affect the structure of geopolymer-
type phase as the peak position and full width at half height (FWHH) of the formed phase were the 
same at H2O/Na2O ratios of 21 and 34. Increasing this ratio resulted in higher content of unreacted 
metakaolin and a lower product fraction. The lower concentration of alkaline activator at high H2O/ 
Na2O content presumably resulted in a lower dissolution of silicates and aluminates from the raw 
material, resulting in fewer SiO4 and AlO4 tetrahedral units to form a geopolymer gel. 

 

Figure 3. Decomposition of 29Si MAS NMR spectra for a) MK21 and b) MK34 at 28 days. 

The reaction degree of metakaolin RDmk Ὑ is presented in Figure 4 for all mixtures. The time 
evolution of the reaction degree depended on the H2O/Na2O ratio. At H2O/Na2O ratios of 21 and 24, 
the degree of reaction nearly stabilized after 7 days, whereas at higher ratios, the degree of reaction 
significantly increased between 7 and 250 days. This shows that a higher amount of water delays the 
dissolution of the precursor without blocking the reaction progress. A significant amount of the 
amorphous fraction of metakaolin did not react even under highly alkaline conditions. About 20% of 
metakaolin did not react in MK21 and MK24 grouts after 250 days from an 29Si NMR perspective. 

 

 

Figure 4. Reaction degree as a function of time calculated from 29Si NMR spectroscopy. 

Compressive strength decreased with H2O/Na2O ratio (Figure 5). The grout MK34 (defined by 
H2O/Na2O of 34) did not develop significant strength after 90 days. The minimum compressive strength 

a) b

) 
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required in grouting specifications is 5 MPa at 28 days, which suggests that metakaolin is not suitable 
for applications requiring high water to solid ratios. The decrease in mechanical strength ca be due to 
the decrease in reactivity of precursor or change in structure of the reaction products depending on 
the amount of water available in the system and the concentration of alkali cations [5] [6]. Based on 
the analysis of nuclear magnetic resonance (NMR) spectra, the decrease in compressive strength with 
increasing H2O/Na2O ratio from 21 to 34 can be attributed to the influence of water on the reactivity 
of the precursor rather than the change of products structure. 

 

Figure 5.Evolution of compressive strength as a function of H2O/Na2O. 

CONCLUSION 

The H2O/Na2O ratio is likely to affect strength at two levels: the properties of binding phase and initial 
porosity. Results showed that the properties of binding phase (i.e. geopolymer phase) were not 
affected by the amount of water. The variations of strength can be explained by higher porosity related 
to higher water content and lower reactivity of metakaolin. The adjustment of water content remains 
critical to find a tradeoff between workability and strength when designing geopolymer grout. The 
introduction of admixtures or additions to increase the strength at a given H2O/Na2O ratio can 
constitute a major challenge to strengthen the position of geopolymers among possible choices for 
construction materials especially as grout systems. 
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HIGHLIGHTS 

¶ Highlight 1: Rheology of alkali-activated slag concrete mixtures is assessed. 

¶ Highlight 2: Herschel-Bulkley model is applied to reveal the non-linear rheological behavior. 
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INTRODUCTION 

Alkali-activated material (AAM) is regarded as a green alternative binding material to replace Portland 
cement in concrete. With a proper mix design, AAM may provide equivalent or even better mechanical 
and long-term properties [1ς3]. Compared to PC materials, the activator is applied as an additional 
phase in AAMs to raise the alkalinity of the solvent and promote the dissolution of precursors [4,5], 
which makes the solid-liquid interactions rather complex in the system. Accordingly, the flow of AAMs 
is not properly understood, with distinctive rheological behaviors being reported [6,7]. Moreover, 
existing literature has been focused more on paste and mortar levels, while studies on the rheology of 
AAM concrete are limited to date. 

Therefore, this study aims to assess the rheological properties of alkali-activated slag (AAS) concrete. 
Stress growth and flow curve tests have been conducted with the ICAR Plus rheometer. Results have 
revealed the effect of silicate modulus (Ms) and sodium concentration (Na2O% by mass of precursor) 
on the rheology of AAS concrete. 

MATERIALS AND METHODS 

Ground granulated blast furnace slag (BFS, ECO2CEM from Ecocem Benelux B.V.,) with a specific gravity 
ƻŦ нΦуф ŀƴŘ ŀ ƳŜŘƛŀƴ ǇŀǊǘƛŎƭŜ ǎƛȊŜ όŘрлύ ƻŦ уΦну ˃ƳΣ ǿŀǎ ǳǎŜŘ ƛƴ ǘƘƛǎ ǎǘǳŘȅΦ 5Ŝǘŀƛƭǎ ƻŦ ǘƘŜ chemical 
composition determined by X-ray fluorescence (XRF) and loss on ignition (LOI) are listed in Table 1. 

Table 4. Chemical composition of BFS and LOI (wt.%). 

Precursor #Á/ 3É/  !Ì/  -Ç/ 3/  4É/  +/ &Å/  -Î/ :Ò/  Other LOI a 

BFS 40.9 31.1 13.7 9.16 2.31 1.26 0.69 0.40 0.31 0.12 0.05 0.10 
a LOI measured by TG analysis at 950ᴈ 
 

Sodium hydroxide and sodium silicate were used as activators in this study. Reagent-grade sodium 
hydroxide anhydrous pearls were provided by Brenntag N.V., and the sodium silicate solution (15% 
Na2O, 30% SiO2, and 55% water) was provided by PQ Corporation. River sand and gravel were used as 
the aggregate to prepare AAS concretes. The aggregates were air-dried before mixing. 

Details of five AAS concrete mixtures tested in this study are given in Table 2. 
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Table 5. Mixture proportions of AAS concretes. 

Mix BFS 
(kg/m3) 

Activator w/b  Aggregate (kg/m3) 

NaOH 
(kg/m3) 

Sodium silicate 
solution (kg/m3) 

Na2O Ms Extra water 
(kg/m3) 

0-4 
mm 

2-8 
mm 

8-16 
mm 

M1 400 13.55 10.00 3% 0.25 182.62 0.43 701 482 572 

M2 400 11.61 20.00 3% 0.5 178.28 701 482 572 

M3 400 7.74 40.00 3% 1.0 169.58 699 480 570 

M4 400 15.48 26.67 4% 0.5 177.70 689 474 563 

M5 400 19.35 33.33 5% 0.5 177.13 685 471 559 

           

AAS concrete mixtures were prepared by mixing solid components with the activators in a planetary 
mixer. A dry mixing was first performed on the solid components (including precursor, fine and coarse 
aggregates) for 2 minutes. Afterwards, the activator was added and mixed for another 3 minutes to 
derive a homogeneous fresh concrete. 

Rheological tests consisting of stress growth and flow curve steps were performed with an ICAR Plus 
rheometer. The rheometer van is consisting of 4 blades with 130 mm diameter and 130 mm height, 
while the cylindrical rheometer container has 390 mm depth and 286 mm inner diameter. In the 
beginning, about 20 L of fresh AAS concrete was loaded into the container. Afterwards, the rheometer 
vane was inserted, and the fresh concrete was left at rest for about 1 min since the end of remixing 
until the rheological test. 

Stress growth test was first conducted at about 5 min after the contact between the activator and solid 
precursors with a constant rotational speed of 0.025 rev/s for 60 s. The maximum torque observed 
along the test was then converted into the static yield stress according to Eq. (1) [8]. 

 †   (1) 

where ̱ s is the static yield stress (Pa), Tm is the maximum torque in Nm, D is the diameter of the vane 
m, and h is the height of the vane in m. 

Flow curve tests were subsequently conducted. The fresh concrete was subjected to a 60 s pre-shear 
at 0.6 rev/s, followed by ascending and descending shear steps. The rotational speed was varied 
between 0.05 and 0.6 rps with a step size of 0.05 rps, where each step lasted for 10 s to reach an 
equilibrium state. The torque at each speed was recorded as the average value of the last 5 s. 
Downward portions of the torque-rotational speed relationship were fitted based on the Herschel-
Bulkley model to derive the flow curves. Rheological parameters were derived based on the extension 
of Reiner-Riwlin equations [9,10]. 

RESULT & DISCUSSION 

The static yield stress determined by stress growth tests is displayed in Fig. 1 (a). In 3% Na2O mixtures, 
the static yield stress of M2 and M3 declined 19.8% and 60.6% compared to M1 respectively, which 
indicates a fluidizing effect of higher Ms in activators. Similar trends have been observed by improving 
the sodium concentration. This might be ascribed to the reduction in solid concentration by applying 
more liquid activator content in the binder phase [11]. 

Downward portions of flow curves are illustrated in Figure 1 (b) and (c), and the rheological parameters 
obtained by fitting the Herschel-Bulkley model are summarized in Table 3. It was found that the 
evolution of dynamic yield stress and plastic viscosity in AAS concrete was following the same trend as 
the static yield stress, which was reduced with increased Ms and sodium concentrations in the 
activator. It is noteworthy that a shear thinning behavior was observed in M1 with a flow index smaller 
than 1. In specific, the slope of the torque profile first declined with an increased rotational speed, but 
later almost linearly increased at higher shear speed regions. It is indicated clusters formed in AAS 
mixtures were gradually broken down [12], and remained a steady flow with higher rotational speeds 
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[13,14]. Further, shear thickening was observed in M5 by applying higher Ms in the activator. This can 
be ascribed to the viscous nature of high Ms activators [6], which entraps more particles to form 
clusters and block the flow [15]. Similarly, the shear-thickening also became more pronounced with 
higher sodium concentrations in the activator. 

 

Figure 1. Rheology of AAS concrete. (a) Static yield stress. (b) (c). 

Table 6. Dynamic rheological parameters of AAS concretes fitted with Herschel-Bulkley model. 

Mix Dynamic yield stress (Pa) Consistency factor (Pa·sn) Flow index R2 

M1 114.72 78.22 0.92 0.9988 
M2 111.11 54.10 0.98 0.9986 
M3 78.70 40.01 1.14 0.9993 
M4 71.74 45.27 1.02 0.9976 
M5 31.33 34.50 1.08 0.9984 

CONCLUSION 

This study aims to evaluate the rheological behavior of alkali-activated slag concretes with different 
compositions of activators. Results show that increases in silicate modulus (Ms) and sodium 
concentration (Na2O% by mass of precursor) have resulted in the reduction of yield stress and 
viscosity, indicating a fluidizing effect. Moreover, shear-thickening was observed in AAS concrete, 
which become more pronounced with higher alkaline doses in the activator. 
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HIGHLIGHTS 

¶ Substitution of GGBS by calcined clay results in higher early age strength of alkali-activated GGBS 
mortar. 

¶ Replacement of GGBS with CAC elongate the setting times of alkali-activated GGBS mortar. 
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INTRODUCTION 

Alkali-activated concrete (AAC) is considered as an alternative for ordinary Portland cement (OPC) 
concrete, due to its lower carbon footprint and energy consumption. Moreover, similar or higher 
performance of AAC is persuading researchers and engineers to bring it into practice. In this type of 
concrete ground granulated blast furnace slag (GGBS) for having higher potential of reactivity is the 
most used precursor among all common precursors [1,2]. However, due to the limited resources of 
GGBS, as well as not superior performance of AAC with GGBS in terms of carbonation, incorporating 
other supplementary cementitious materials, as well as binders can improve its behavior and reduce 
the costs. Due to the higher costs of AAC than OPC concrete in normal strength classes, using AAC in 
medium and higher strength concrete classes can be more beneficial [4]. For this purpose, using 
cheaper materials as activators or precursors are highly attended [4]. 

Substitution of GGBS with fly ash in alkali-activated fly ash/GGBS mortar, activated by sodium based 
activators, results in reduction of tensile strength, compressive strength and increase of setting times 
[4]. Calcined clay is considered as source of aluminosilicate and due to the lower cost of production, 
as well as CO2 production and vast availability globally is considered as a suitable alternative binder 
[2]. Alkali-activated metakaloin has longer setting times than pure alkali-activated GGBS paste and by 
increasing the replacement percentage of GGBS with metakaolin it will be shortened significantly [3]. 
Increasing the substitution parentage of metakaolin with GGBS will also reduce the compressive 
strength [3]. Calcium alumina cement (CAC) as the most important non-portlandit cement, despite its 
higher price than Portland cement is being used to improve the resistance of concrete mixture to 
chemical attack [5]. It also can be resulted in rapid hardening and increasing the 28 days compressive 
strength of concrete [6]. 

MATERIALS AND TESTING PROCEDURES 

In this study, a primary alkali-activated mortar mix consisting of GGBS as precursor and ternary 
activator compound including NaOH solution (16M), Na2O.nSiO2 (n=1.7) und K2O.nSiO2 (n=2.1) with 
water to binder ratio of 0.5, was considered as a reference mixture. Mortar specimens were produced 
in prismatic molds and cured for 28 days in cling film in (20±2)°C according to EN 196-1. In other 
mixtures fly ash (F), calcined clay (CC), metakaolin (M) and CAC were substituted by 20% of GGBS 
presented in Table 1. Compressive strength, as well as tensile bending stress of prisms were tested 
after 1, 2, 3, 7 and 28 days according to EN 196-1. Corresponding pastes of mixtures in Table 1 were 
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also produced according to EN 196-3 for testing the setting times of the above mixtures. Moreover, 
consistency of fresh mortar (flow table) according to EN 1015-3 for mortar workability evaluation was 
carried out. 

Table 1. Mortar mixture proportions. 

Mixture Sand  

 

(g) 

Water  

 

(ml) 

GGBS  

 

(g) 

Metakaoli

n  

 

(g) 

Fly 

ash 

(g) 

CAC  

 

(g) 

CC  

 

(g) 

NaOH  

 

(g) 

Na2O. 

nSiO2 

(g) 

K2O.n

SiO2 

(g) 

100GGBS 1350 181.1 450     30.3 20 30 

80GGBS 

20F 
1350 181.1 360 90    30.3 20 30 

80GGBS 

20M 
1350 181.1 360  90   30.3 20 30 

80GGB 

20CAC 
1350 181.1 360   90  30.3 20 30 

80GGBS 

20CC 
1350 181.1 360    90 30.3 20 30 

RESULT & DISCUSSION 

Figure 1 shows the settings of the alkali-activated pastes produced according to Table 1. Replacement 
of fly ash, metakaolin and calcined clay with 20% GGBS resulted in reduction of both initial and final 
setting times. Nonetheless, substitution of CAC by 20% GGBS in 80GGBS20CAC led to increase of initial 
setting time about 54 minutes and the final setting time for 81 minutes. 

 
Figure 6. Initial and final setting times of mortar pasts. 

Flow table test results of mixtures during the first 45 minutes after production are demonstrated in 
Figure 2. 80GGBS20F showed the highest flow range during the test period, incorporation of fly ash 
due its later reaction. On the other hand, 80GGBS20M indicated lower workability than 100GGBS 
during the testing procedure. The lowest workability among all mixtures were observed in 
80GGBS20CC, which can be due to the higher reactivity potential of calcined clay, because of higher 
aluminum oxide content. Although 80GGBS20CAC had 3 cm lower flow than 100GGBS after 5 minutes, 
it demonstrated lower reduction in flow drop than 100GGBS, whereas after 45 minutes both 
demonstrated similar flow of 13 cm. 
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Figure 7. Flow table test results of mortar mixtures. 

Tensile strength results of mixtures in Figure 3 show that except 80GGBS20CAC which had 2.8 MPa 
tensile strength after 3 days, other four mixtures showed considerably higher tensile strength over 
4.8 MPa after 3 days. 80GGBS20CC which was consisted of GGBS combined with calcined clay 
experienced slight reduction of tensile strength after 3 days, while it obtained the highest tensile 
strength among others at this age. Despite 80GGBS20CAC experienced the lowest tensile strength at 
early ages, obtained almost 6.8 MPa after 7 days that was similar to the 100GGBS reached 7.8 MPa 
after 28 days as the highest strength among all five mixtures. 

 
Figure 8 .Tensile strength of mortar mixtures. 

Compressive strength results of the mortar mixtures are illustrated in Figure 4. All mixes except 
80GGBS20CAC showed proper compressive strength of above 12 MPa after one day, and specifically 
80GGBS20CAC experienced highest strength of 18 MPa. Compressive strength of 80GGBS20CAC could 
not reach this value even after 3 days, However, its trend of catching compressive strength accelerated 
after two days, whereas it reached 34 MPa after 7 days achieving the highest compressive strength at 
this age and later among all mixes. The compressive strength of 80GGBS20CAC reached 54 MPa after 
28 days which was 10 MPa higher than 100GGBS. This behavior is due to the higher content of Al2O3 
in CAC, that results in decreasing reaction rate of AAC with GGBS in early ages [7]. Lower compressive 
strength of 80GGBS20F due to the replacement of fly ash needs ambient pH җ 13 or curing over 100°C 
to compensate the loss of strength [8]. The blended GGBS with metakaolin mixture resulted in lowering 
the compressive strength. This behavior could be as result of new porous structure generation 
regarding the thermal processing of metakaolin [9]. 
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Figure 9 Compressive strength of mortar mixtures 

CONCLUSION 

Evaluation of experimental results obtained in this study shows that partly substitution of CAC with 
GGBS in alkali-activated GGBS concrete, not only increases compressive as well as tensile strength in 
later ages, provide more stable workability and longer setting times in order to be used in ready mix 
concrete. For the further study, partly substitution of CAC and calcined clay with GGBS can provide a 
better performance in terms of workability and early age strength of mortar. 
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HIGHLIGHTS 

¶ Calcined clay minerals for geopolymer production 

¶ Solubility in NaOH metakaolinite > metasmectite > metaillite 

¶ Micromechanical properties of geopolymers produced with different calcined clay minerals 
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INTRODUCTION 

Geopolymers produced with calcined clay minerals are a potential construction material of the future. 
The CO2 emissions of the construction industry could be reduced significantly (40 ς 80% reduction of 
emitted CO2; McLellan et al., 2011; Davidovits, 2013). Geopolymers are inorganic binders with a 3-
dimensional network of Si[OH]4 and Al[OH]4- oligomers. They are formed by the reaction of 
aluminosilicates with a highly alkaline activator solution. Calcined clay minerals are suitable as 
precursors since they contain large amounts of silicon (Si) and aluminum (Al). NaOH or KOH can be 
used as activator solutions. Natural clays, like so called common clays, could reduce the costs of 
geopolymer production. Common clays are very heterogeneous concerning the phase composition, 
structure and particle morphology of the clay minerals. Nevertheless, they are suitable as geopolymer 
precursors due to their chemical and mineralogical composition. So far, mainly metakaolinite was 
studied as a precursor. But, metakaolinite would lead to higher costs compared to cement. The aim of 
this project was to study the relationship between material properties and process parameters which 
influence the geopolymer properties. The thermal and alkaline activation of different clay minerals and 
the resulting properties of geopolymer mortars and concretes is not yet fully understood. Therefore, 
a combination of investigations on model clay minerals and mortars/concretes prepared with calcined 
common clay precursors was targeted. The following focuses on the experiments conducted with the 
model clay minerals. Raw materials containing dioctahedral clay minerals, with Si:Al ratios between 
1:1 and 2:1 were used as precursors exclusively. For this project three different clay minerals 
(a kaolinite, a smectite, an illite) were investigated. The discoveries of the analysis of the three clay 
minerals, concerning the solubility of calcined clay minerals and micromechanical properties of the 
geopolymers, were used for a prediction of the behavior of mixtures of clay minerals, like in natural 
common clays. 

MATERIALS & METHODS 

The clays KBE-1 (kaolin), Ceratosil (bentonite), and Arginotec INX (illitic clay) were used to investigate 
the three different clay minerals. Each of the clays contained one main clay mineral, namely a kaolinite, 
a cis-cis-vacant dioctahedral smectite, and a trans-vacant dioctahedral illite (a detailed 
characterization of the materials can be found in Werling et al., 2022). As ancillary phases mainly 
quartz, silica polymorphs, and feldspars could be detected. As alkaline activator solutions NaOH was 
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used with concentrations in the range of 0.01 mol/L to 10.79 mol/L. The use of commercial waterglass 
(sodium silicate solutions) was avoided, since it would impair the environmental benefit of 
geopolymers. Therefore, an industrially produced crystalline aluminum hydroxide powder (Hydrafil®, 
HPF ς The Minerals Engineers, Frechen, Germany) and an amorphous SiO2 powder (Amosil®, HPF ς 
The Minerals Engineers, Frechen, Germany) were used for adjusting the Si:Al ratio in geopolymers. For 
all solubility experiments a solid/liquid (calcined clay mineral/activator) ratio of 0.02 was set. The 
solid/liquid ratio for geopolymer production was in the range of 0.8 ς 1.44. Simultaneous thermal 
analysis, X-ray diffraction, inductively coupled plasma optical emission spectroscopy, mercury 
intrusion porosimetry and nanoindentation were used (Werling et al., 2022). 

RESULT & DISCUSSION 

The dissolution behavior of the calcined clay minerals in highly alkaline solutions (pH > 14) forms the 
basis for the polymerization of the binder. 

It was shown that the solution of silicon (Si) and aluminum (Al) occurred congruently for the kaolinite 
for different concentrations of NaOH (Fig. 1; Werling et al., 2020). In addition, it was shown that the 
solubility of kaolinite increased with the concentration of the activator solution (Fig. 1). The uncalcined 
material showed hardly any solubility (< 5%) regardless of the reaction time and concentration of the 
activator solution. It was determined that 700 °C was the optimum calcination temperature for the 
kaolinite studied. At this calcination temperature, a solubility of 77% after 24 h and 88% after 7 d could 
be achieved after thermal activation. Complete dissolution of kaolinite could not be achieved, 
irrespective of the reaction time.  

Figure 1. Solubility of Si (equal for Al) of metakaolinite in NaOH (10.79 mol/L, 4 mol/L, 0.01 mol/L) as a function 
of calcination temperature (reaction time 24 h) (left; from Werling et al., 2020). Solubility of Si and Al of 

metakaolinite (reaction time 24 h, NaOH 10.79 mol/L) (right; from Werling et al., 2022). 

As before, it was shown that the solubility of the dioctahedral smectite and illite increased with the 
concentration of the activator solution (Fig. 2). For the selected smectite, the uncalcined material 
showed the lowest solubility. However, in contrast to the kaolinite, a significant decrease in solubility 
was visible at too high calcination temperature (900 °C; Fig. 2). The decrease in solubility at too high 
calcination temperatures is an expected phenomenon due to recrystallization of high temperature 
phases (Khalifa et al., 2020). However, the temperature at which recrystallization begins is individual 
to each clay mineral and cannot be confidently deduced from the study of a model clay mineral for the 
different groups. Maximum solubility for the smectite studied was achieved at a calcination 
temperature of 750 °C (63.5% Si after 24 h, 84.1% Si after 7 d). The solubility of this material was 
incongruent for Si and Al. The maximum solubility for Al was 67.9% after 7 d, which was lower than for 
Si. 
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Figure 2. Solubility of Si (equal for Al) of metasmectite in NaOH (10.79 mol/L, 4 mol/L, 0.01 mol/L) as a 

function of calcination temperature (reaction time 24 h; left). Solubility of Si and Al of metasmectite (reaction 
time 24 h, NaOH 10.79 mol/L; right) (from Werling et al., 2022). 

For the illite, the lowest solubility was found for the uncalcined material and the material calcined at 
900 °C (Fig. 3). As for the smectite, the maximum solubility was obtained at a calcination temperature 
of 750 °C (44% after 24 h, 62% after 7 days). However, in contrast to the calcined smectite, the solution 
of Si and Al occurred congruently in the illite. By comparing the materials, it was shown that the 
solubility of clay minerals decreases in the order metakaolinite > metasmectite > metaillite. The 
optimum activation temperature of the smectite as well as the illite was 750 °C despite strongly 
different dehydroxylation temperatures (Werling et al., 2022) of the cis-vacant smectite and the trans-
vacant illite. 

Figure 3. Solubility of Si (equal for Al) of metaillite in NaOH (10.79 mol/L, 4 mol/L, 0.01 mol/L) as a function of 

calcination temperature (reaction time 24 h; left). Solubility of Si and Al of metasmectite (reaction time 24 h, 
NaOH 10.79 mol/L; right) (from Werling et al., 2022). 

In order to investigate the mechanical properties of geopolymers, produced from the calcined clay 
minerals of the preliminary solubility investigations, nanoindentation measurements were carried out. 
This method allows determination of the hardness and Young's modulus of the geopolymers even on 
small test specimens. This is particularly important to study the contribution of different meta clay 
minerals in calcined common clays. For geopolymer preparation, stoichiometric blends were 
calculated with varying Si:Al ratios and a fixed Na:Al ratio of 1:1. The natural Si:Al ratio of 1:1 of 
kaolinite (from KBE-1) was increased by the addition of amorphous SiO2 in some of the blends to 
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investigate the impact of the Si:Al ratio on the hardness of the geopolymer. The natural Si:Al ratio of 
2:1 of smectite (from Ceratosil WG) and illite (from Arginotec INX) was either decreased to 1:1 by 
addition of Al(OH)3 powder or increased to 3:1 by amorphous SiO2. When preliminary tests were 
carried out, some of the calculated mixtures turned out to be unprocessable. The most common 
reason for failed processing was the high viscosity of the mixture, making homogeneous mixing 
impossible. The geopolymers that had been shown to be processable during the preliminary tests 
(solid/liquid ratio 0.8 ς 1.44) were subsequently prepared for nanoindentation. Hardness was 
investigated on geopolymer discs ( 2.5 cm; heiƎƘǘ Ғ р ƳƳύ ǇǊŜǇŀǊŜŘ ŦǊƻƳ ǘƘŜ ǘƘǊŜŜ ŘƛŦŦŜǊŜƴǘ ŎŀƭŎƛƴŜŘ 
clay minerals. Since a very smooth surface is required for nanoindentation, the geopolymers were 
ground and polished after complete hardening. In addition to the investigations of the mechanical 
properties, the porosity of the geopolymers (crushed fragments, 2 ς 4 mm) was determined by 
mercury intrusion porosimetry. It could be shown for both hardness (10 MPa ς 1.1 GPa) and porosity 
(20.3 ς 31.6%) that the values of the produced geopolymers were in the same order of magnitude as 
for cement paste. Moreover, it was shown that not only geopolymers prepared with metakaolinite 
showed hardness and porosity in this order of magnitude, but also the geopolymers prepared with 
metasmectite and metaillite. Therefore, it is assumed that not only geopolymers can be produced from 
the different metaclay minerals, but also from mixtures of these clay minerals. However, in the future 
the manufacturing process has to be improved further, especially the processability is a crucial factor 
with regard to the application of geopolymers produced from calcined clay minerals. 

The binders produced in this work may find application in the field of building materials science in the 
future. The reduced energy requirement for calcining the clays and extremely low CO2 emissions from 
the clays during calcination can contribute to the targeted CO2 neutrality of the cement industry by 
2050 (GCCA, 2022). In addition, the high acid resistance and thermal stability of geopolymers is an 
enormous advantage over conventional cementitious systems. However, the use of geopolymers 
requires certification and standardization of the investigated materials as building materials. 

CONCLUSION 

Geopolymers can be produced from the different metaclay minerals, and also from mixtures of clay 
minerals. The production was possible with each calcined clay mineral tested. For geopolymer 
production it has to be taken into account that the Si:Al ratio of the evolving geopolymer will differ 
from the stoichiometric ratio of the precursors, due to incomplete and/or incongruent dissolution of 
the calcined clay minerals. 

It is not possible to make general statements regarding activation and processing that are universally 
valid for every clay mineral (Khalifa et al., 2020). Activation procedures specifically tailored to 
individual clay minerals must be identified to achieve the desired geopolymer properties. The 
activation procedure for mixtures of clay minerals needs to be adapted based on what is known about 
individual clay minerals. Calcined clays have great potential as a starting material for CO2-neutral 
building materials. However, there are still a number of difficulties to be solved if this technology is to 
be deployed and used in the future. In particular, the development of admixtures for these systems is 
an important focus. For the practical use of geopolymers, a way must be found to control the setting 
time and flowability without having to accept qualitative losses in material quality. Research should 
focus primarily on durability and possible damage processes as well as the development of admixtures. 
The influences of the variability of the clay minerals in their groups as well as the by-product 
proportions in the clay deposits should also be further investigated.  
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HIGHLIGHTS 

¶ Chloride ion transport in alkali-activated slag paste is modeled under the exposure condition of 
wetting and drying cycles  

¶ The microstructure degradation is considered using thermodynamic modelling 

¶ The influence of microstructure degradation on chloride ingress is displayed 
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INTRODUCTION 

Chloride ions are considered one of the main agents that result in the degradation of steel-reinforced 
concrete. The penetrated chloride ions will destroy the protective passivity layer formed on the surface 
of embedded steel when a threshold chloride concentration is reached at the steel bar. Subsequently, 
the corrosion of steel rebar initiates [1]. The process of rebar corrosion is particularly accelerated in 
environments with wetting and drying cycles [2]. This is because, on the one hand, chloride ion 
transport is facilitated due to the convection in wetting and drying cycles. On the other hand, the 
concrete structure degrades in wetting and drying cycles. This paper developed a numerical model to 
simulate chloride transport in wetting and drying cycles with the influence of structure degradation 
for alkali-activated slag (AAS) paste. 

METHODOLOGY 

The chloride transport in drying-wetting cycles is a complex process. It involves liquid water transport, 
water vapor transport, liquid-vapor phase transition, chloride transport by diffusion and convection 
and structure degradation. The mechanisms and governing equation for these processes are 
presented. 

Liquid water transport 

The liquid water transport in unsaturated cementitious materials is a two-phase flow. Such two-phase 
flow can be described by Richard equation. With proper substitution and arrangement for Richard 
equation, the governing equation of liquid water transport is given as 
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where s represents the saturation degree and
()lD s

 is liquid water diffusion coefficient. ()rk s
and 

()p s
 are relative permeability and capillary pressure respectively, which can be obtained by Van 
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Genuchten (VG) model [3], 
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In Eq. (2), a and m are fitting parameters dependent on the microstructure. 

Water vapor transport 

In cementitious materials, the moisture transfer is induced by water vapor pressure. The governing 
equation for the moisture can be expressed by 
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where gf  is the volume fraction of gas-filled pores, 
vw  (kg/m3) is the mass of water in the unit 

volume of gas. F(s) is the resistance factor and can be calculated by an empirical equation: 

() 4/3 10/3(1 )F s sf= Ö -  where f is the porosity. vD   is the water vapor diffusion coefficient (m2/s). 

According to Eq.(3), the vapor flux is then written as ()v v g vJ F s D w-=- Ö Ð. 

Liquid-vapor phase transition 

The water liquid transport and water vapor transport in the cementitious materials are not 
independent. The phase transition between them always exists when liquid and vapor are not in 
equilibrium. The equilibrium state equation, which can be obtained by Kelvin equation and Young-
Laplace equation, is derived as  

exp ( )mV
RH p s

RT

å õ
= Öæ ö

ç ÷
  (4) 

According to mass conservation, the changes of water liquid and water vapor follow  

 (5) 

where  and  are mass changes of water liquid and water vapor. The phase transition continues 
until the equilibrium state equation is met by updated saturation degree and humidity. 

Chloride transport 

Chloride transport subjected to drying-wetting cycle is controlled by both chloride diffusion in the pore 

solution and chloride convection due to liquid water transport. The chloride flux by diffusion   can 
be expressed by  

  (6) 

where  is apparent chloride diffusion coefficient,  relative chloride diffusion coefficient at 
saturation degree of s, C is chloride concentration. The chloride convection results from the liquid 
water transport and can be expressed by  

  (7) 

According to the mass conservation of chloride ions, the chloride transport in drying-wetting cycles is 
presented as 


























































































































































































































