
Shrinkage and Related Properties of
Alkali-Activated Binders Based on

High-MgO Blast Furnace Slag

Abeer Mohammed Humad

Building Materials

Department of Civil, Environment and Natural Resources

ISSN 1402-1544
ISBN 978-91-7790-469-4 (print)
ISBN 978-91-7790-470-0 (pdf)

Luleå University of Technology 2019

DOCTORAL THESIS

A
beer M

oham
m

ed H
um

ad   Shrinkage and R
elated Properties of A

lkali-A
ctivated B

inders B
ased on H

igh-M
gO

 B
last Furnace Slag



 

 

DDOCTORAL THESIS 

 

 

Shrinkage and Related Properties of             
Alkali-Activated Binders Based on High-MgO 

Blast Furnace Slag 

 

 

Abeer Mohammed Humad 

 

 

 

 

 
Building Materials 

Department of Civil, Environment and Natural Resources Engineering 

Luleå University of Technology 

SE-97187 Luleå, SWEDEN  

December 2019 



Printed by Luleå University of Technology, Graphic Production 2019

ISSN 1402-1544 
ISBN 978-91-7790-469-4 (print)
ISBN 978-91-7790-470-0 (pdf)

Luleå 2019

www.ltu.se



 
III 

 

ACADEMIC THESIS 
 

Shrinkage and Related Properties of Alkali-Activated Binders Based on High-
MgO Blast Furnace Slag. 

Abeer Mohammed Humad                                                                                                    
Building Materials                                                                                                                              
Department of Civil, Environment and Natural Resources Engineering                      
Luleå University of Technology                                                                                                
Degree of Doctor of Technology in Building Materials Engineering   

 

Faculty opponent:                        Professor Andrzej Garbacz 

Dean of Faculty of Civil Engineering, Department of 
Building Materials Engineering, Warsaw University 
of Technology/ Poland. 

Examination committee:           Professor Katarina Malaga 

Vice President of RISE Research Institutes of 
Sweden, Division Samhällsbyggnad/CBI. 

Professor Jeanette Orlowsky   

Department of Building Materials,                                           
TU Dortmund University /Germany. 

Professor Tomasz Ponikiewski 

Department of Civil Engineering,                           
Silesian University of Technology/Poland 

 

Main Supervisor:                          Professor Andrzej Cwirzen 

A chair professor of Building Materials              
Department of Civil, Environment and Natural 
Resources Engineering, Luleå University of 
Technology.  

Co-Supervisor:                              Professor John L. Provis 

Department of Materials Science and Engineering, 
University of Sheffield, Sheffield, UK 

                                                              Doctor Karin Habermehl-Cwirzen 

Department of Civil, Environment and Natural 
Resources Engineering, Building Materials, Luleå 
University of Technology 





 
IV 

 

ACKNOWLEDGEMENTS  
 

The presented work was financially supported by the Iraqi Ministry of 

Higher Education and Scientific Research, Iraq, and Luleå University of 

Technology, Sweden. 

Completing the research would have been impossible without the support 

and inputs of my main supervisor Prof. Andrzej Cwirzen to whom I am 

grateful. 

 I would also like to thank Prof. John Provis from University of Sheffield and 

Dr. Karin Habermehl-Cwirzen, my co-supervisors, for their great technical 

advices and comments throughout the project.  

I want to extend my sincerest thanks to all my friends and colleagues at LTU 

and building materials group. It was pleasurable to be able to work in a 

supportive, friendly and productive environment.  

Finally, I am extremely grateful to my lovely family; Dad, Mam, sisters, 

brother, my lovely boys (Mohammed and Monjed) and my lovely husband 

for their praying, unconditional love, supporting and encouraging.  

 

Abeer M. Humad 

Luleå, December 2019  

 

 

 

TThe More I Learn...  The More I Realize...  How Much I don΄t Know 

ALBERT EINSTEIN   

 





 
V 

 

SUMMARY 
Concrete is the second most used material in the world just after water. A 

drawback is that it is mostly based on Portland cement, which has an extremely 

high carbon footprint reaching a staggering 900 kg/tonne. The carbon dioxide 

emissions related to the production of the Portland cement accounts for nearly 8 % 

of the global total. Consequently, the construction sector is engaged in an active 

search for sustainable alternatives. Over the past few decades, alkali-activated 

materials (AAMs) emerged as one alternative and attracted strong scientific and 

commercial interests. Many industrial by-products produced in large volumes can 

be used as precursors for the AAMs system. The most common include blast 

furnace slag, fly ash, mine tailings, metallurgical slags, and bauxite residues. So far, 

products based on ground granulated blast furnace slag (GGBFS) showed the best 

price/performance ratio. Still, there are a number of unresolved issues, which 

must be addressed to ensure the economical and safe full-scale utilisation of that 

material.  

The research work presented in this thesis focuses on alkali-activated concretes 

based on Swedish water-cooled high-MgO ground granulated blast furnace slag. 

The objective of this work was to identify experimentally factors that are 

controlling the shrinkage and the creep of concretes made with this type of GGBFS 

and to understand their influence on various physical and chemical properties of 

fresh and solidified systems.  

Liquid sodium silicate, powder sodium carbonate and a combination of both were 

used to activate the binder chemically. Two curing procedures were followed; 

laboratory curing and heat curing at 65°C applied for 24 hours. Various properties 

were determined including workability, setting time, hydration heat development, 

shrinkage, creep, efflorescence, carbonation, compressive strength, microstructure 

and phase composition. Additionally, the effects of the activator type, dose, binder 

fines, binder composition and curing regime were investigated.  

The results revealed that the particle size distribution of the binder as well as the 

activator type and its dosage have strong effects on the produced materials. 

Increasing the activator amount or decreasing the alkali modulus of the used 

sodium silicate activator improved the early-age compressive strength and 

accelerated the hydration reaction. Alkali-activated high-MgO slag concrete 

showed higher autogenous and drying shrinkage, as well as higher creep in 

comparison to the Portland cement-based reference concrete. The sodium silicate 

increased the slump, shortened the setting time, increased the compressive 

strength and shrinkage but lowered the creep in comparison with the sodium 

carbonate-activated mixes. Replacing 20% of the slag with fly ash and decreasing 

the alkali modulus of the sodium silicate activator increased the autogenous 

shrinkage but decreased the ultimate drying shrinkage. Application of a heat 

treatment produced in general a higher early age compressive strength, a lower 
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later strength development, a more porous microstructure and a decreased 

ultimate measured shrinkage. Sealed curing decreased the ultimate shrinkage by 

up to 50%. Some of the produced mixes showed strong efflorescence. Two years of 

curing in laboratory conditions resulted in an extensive carbonation of some of the 

mixes. This weakened the silicate binding of the gel and produced a coarser 

porosity due to the decalcification of C-(A)-S-H. The heat-cured samples activated 

with sodium silicate were the most affected. Many mixes showed an extensive 

microcracking of the binder matrix. However, the within this study newly 

developed mixes were substantially less effected. These optimised mixes were 

based on a combination of sodium silicate and sodium carbonate activators, 

combined with a heat treatment and partial replacement of the slag with fly ash. 

The main hydration phase that formed was C-(A)-S-H, with gaylussite, calcite, 

nahcolite and hydrotalcite as secondary phases. The partial replacement of slag 

with fly ash resulted in a dominant formation of N-(A)-S-H and C-(A)-S-H. 

 

Key Words: Alkali-activated slag, alkali-activated materials, high-MgO blast 

furnace slag, shrinkage, creep, carbonation, strength, heat curing. 
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SAMMANFATTNING 
Betong är det näst mest använda materialet i världen efter vatten. Tyvärr är det 

mestadels baserat på Portland cement, som har ett extremt högt kolavtryck, upp 

emot svindlande 900 kg / ton. Koldioxidutsläppen relaterade till produktion av 

Portlandcement står för nästan 8% av de totala utsläppen globalt. Följaktligen 

bedriver byggsektorn en aktiv sökning efter hållbara alternativ. Under de senaste 

decennierna framkom alkali-aktiverade material (AAM) som ett alternativ och 

väckte starka vetenskapliga och kommersiella intressen. Många industriella 

biprodukter, producerade i stora volymer, kan användas som föregångare för 

AAM-systemet. De vanligaste är masugnsslagg, flygaska, gruvavfall, metallurgiska 

slagger och bauxitrester. Den slipade granulerade masugnsslaggen (GGBFS) har 

hittills det bästa priset / prestandaförhållandet. Tyvärr finns det fortfarande ett 

antal olösta problem, som måste adresseras för att säkerställa ett säkert och 

ekonomiskt fullskaligt utnyttjande av detta material. 

Forskningsarbetet som presenteras i denna uppsats fokuserar på alkali-aktiverad 

betong baserad på vattenkyld svensk mald granulerad masugnsslagg med hög halt 

av magnesiumoxid. Syftet med detta arbete var att experimentellt identifiera 

faktorer som styr krympning och krypning av betong gjord med denna typ av 

GGBFS samt att förstå dess inflytande på olika fysiska och kemiska egenskaper hos 

flytande och stelnade massor. 

Flytande natriumsilikat, pulvernatriumkarbonat och en kombination av dessa 

användes för att kemiskt aktivera bindemedlet. Två härdningsförfaranden 

användes; laboratoriehärdning och värmehärdning vid 65 ° C applicerad i 24 

timmar. Olika egenskaper bestämdes; bearbetbarhet, inställningstid, utveckling av 

hydratiseringsvärme, krympning, krypning, efflorescens, karbonering, 

tryckhållfasthet, mikrostruktur och faskomposition. Effekterna av aktivatortyp, 

dos, bindemedelböter, bindemedelssammansättning och härdningssystem 

undersöktes. 

Resultaten visade att bindemedlets partikelstorleksfördelning, aktivatortyp och 

dess dosering har starka effekter på de producerade materialen. Ökning av 

aktivatormängden eller minskning av alkalimodulen för den använda 

natriumsilikataktivatorn förbättrade tryckhållfastheten vid tidig ålder och 

påskyndade hydratationrn. Alkali-aktiverad slaggbetong med hög MgO visade 

högre autogen och torkande krympning, liksom högre krypning jämfört med 

referensbetongen baserad på Portlandcement. Natriumsilikat ökade nedgången, 

förkortade inställningstiden, ökade tryckhållfastheten och krympningen men 

sänkte krypningen i jämförelse med de natriumkarbonataktiverade blandningarna. 

Genom att ersätta 20% av slaggen med flygaska och minska alkalimodulen för 

natriumsilikataktivatorn ökade den autogena krympningen, men den ultimata 

torkningskrympningen minskade. Användning av värmebehandling genererade 

generellt en högre tryckhållfasthet vid tidig ålder, lägre och senare 
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hållfasthetsutveckling, mer porös mikrostruktur och minskad slutlig uppmätt 

krympning. Tätad härdning minskade den ultimata krympningen med upp till 

50%. Vissa av de producerade blandningarna uppvisade stark efflorescens. Två års 

härdning under laboratorieförhållanden resulterade i en omfattande 

karbonatisering av några av blandningarna. Detta försvagade silikatbindningen av 

gelén och bildade en grövre porositet på grund av avkalkningen av C- (A) -S-H. De 

värmehärdade proverna aktiverade med natriumsilikat var de mest drabbade. 

Många blandningar visade en omfattande mikrokrackning av 

bindemedelsmatrisen. De nya blandningarna i denna studie blev avsevärt mindre 

påverkade. Dessa optimerade blandningar baserades på en kombination av 

natriumsilikat och natriumkarbonataktivatorer, kombinerade med 

värmebehandling och delvis ersättning av slaggen med flygaska. De huvudsakliga 

bildade hydreringsfaserna var C- (A) -S-H, med gaylussit, kalkspat, nahcolite och 

hydrotalcite som sekundära faser. Den delvisa ersättningen av slaggen med 

flygaska resulterade i en dominerande formation av N-(A)-S-H och C-(A)-S-H. 
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 )ARABICIN MMARY SU(                 اخل�الصــــــــــــــةة
. ى التحتیة للبلدانالبنتطور و العمرانيالتطورحركة ب المعاصرلعالم دول ا كلصناعة االسمنت في  ترتبط   

تأتي  حیث الخرسانة ھو العنصر االساسي لصناعةو االسمنت صناعة على كبیرةم الیوم زیادة طلب ویشھد العال
من  % 8 ـ.  تساھم صناعة االسمنت الیوم بفي العالم بعد الماء استھالكاً  ادومال كثركأثاني بالمركز الرسانة الخ

 والذي یسبب ازدیاد مشاكل االحتباس الحراري في العالمCO2 مجمل انبعاثات غاز ثاني اوكسید الكاربون 
من انبعاثات الى واحد طن  0.9حیث ان انتاج واحد طن من االسمنت یلوث الھواء الجوي ب  .ةالمناخی والتغیرات

الحلول  ایجاد المشاركة في كان من الواجب على قطاع البناء واالنشاءات االنبعاثات ھذه للتقلیل منو. CO2غاز 
 كبدائل مستدامة لالسمنتتحقق كفاءة ودیمومة عالیھ  صدیقة للبیئة ةمواد انشائیھ جدید من ضمنھا ایجاد يالت

 .البورتالندي

 Alkali-activated materials) القلویة المنّشطة بالمحالیل المواد برزت الماضیة, القلیلة العقود مدى على 

AAMs) انتاج حیث یمكن .واسعھ وتجاریة علمیة اھتمامات كبدیل لالسمنت البورتالندي وجذبت AAMs 
بدل  AAMsلنظام كمادة رابطة  او كسالئف كبیرة بكمیات المنتجة الصناعیة المخلفات من العدید استخدامب

وھو احد مخلفات  Slag خبثال تشمل شیوًعا األكثر الرابطھ المستخدمة المواد .االعتیادي االسمنت البورتالندي
 ،وھو احد مخلفات احتراق الفحم في محطات تولید الطاقة  Fly ash المتطایر الرماد ،الحدید الصلب صناعة
 .یتالبوكسا وبقایا المعادن خبث ،  tailingالتعدین مخلفات

 flyالرماد المتطایر و blast furnace slag  مسحوق خبث الفرن العاليأظھرت الدراسات ان  ، اآلن حتى 

ash   ھذه المواد  بما انلكن . واداءاً كلفتاً  البدیلھ الخرسانھ النتاج ھذا النوع منللسمنت ھما افضل مواد بدیلھ
من  فانھ لذلك تبعا لمكونات المواد االولیھ وطریقة التصنیع المتبعة في كل بلد بالمكونات الكیمیائیة تختلف كثیرا

ید من تطلب اجراء المزیالمنشطھ بالمحالیل القلویة المنتجھ من ھذه المواد مما  واص الخرسانھخ خمینت الصعب
 البدائل.الدراسات والبحوث حول ھذه 

-Alkali) بالمحالیل القلویة منشطالخبث ال انةخرس انتاج ودراسة خواص علىتركز دراسة الدكتوراه ھذه 

activated slag AAS)  المبرد بالماء والحاوي على نسبة  السویدي العالي الصھر أفران خبثوالمنتجة من
في  االنكماشظاھرة  في تتحكم التي العوامل دراسة ھواالطروحھ ھذه  من الھدف  MgO.عالیھ من المغنیسیوم

ودراسة الخواص االخرى المرتبطة باالنكماش للخرسانة الطریة والصلبة. المحالیل المنشطة   AASالخرسانھ 
مسحوق  ،Na2SiO3 الصودیوم سیلیكاتالمستخدمة في ھذ الدراسھ كانت محلول  )Alkali-activators(القلویة 

 طریقتین النضاج النماذجاتباع  معا. تم االثنین من مزیجاضافة الى بنسب مختلفة  Na2CO3 الصودیوم كربونات
 خصائص دراسة تم. )ساعة 24درجة مئویة لمدة  65( وانضاج حراري ةمختبریتحت الظروف الانضاج  ؛

 قابلیة منھا (Alkali-activated high-MgO slag) قلویا المغنیسیوم المنشط-الخبث عالي لخرسانھ مختلفة
 المجھریة البنیة ،وةقال الكربنة، ،تزھرال الزحف، ، االنكماش ، درجة حرارة التمیؤتطور  ،زمن التجمد التشغیل،

على  وطریقة االنضاج ، الجرعة المنشط، نوع ردراسة تأثی تم ، ذلك إلى باإلضافة .واالطوار المتكونھ من التمیؤ
 .خواص المادة المنشطة قلویاً 

 ـال خواص على فعالة تأثیرات لھا والجرعة المستخدم المنشط نوع ،درجة نعومة الماده الرابطھ أن النتائج اظھرت
AAS .قوة ساھمت في تحسین المستخدمة الصودیوم سیلیكاتل القلویة معامل تقلیل أو المنشط كمیة زیادةف 

 منشطالعالي ال الفرن خبثت خرسانة أظھر كما و .المبكره بسبب تعجیل سرعة االماھھ العمارا في طاضغاال
المصنوعة  بالخرسانة مقارنة مرتفعھ زحف قیم وكذلك ،اففالجانكماش الذاتي و نكماشمن اال عالیة جدا قیم اً قلوی

 ،slumpقیم ھطول عالیھ  الصودیوم سیلیكاتاظھرت الخلطات المنشطھ قلویا بواسطة  .من االسمنت البورتالندي
 المنشطھ قلویاً خفضھ مقارنة مع الخلطات من زحف مع قیم عالي كماشوان طاضغان قوة ،قصیر تجمدزمن 

 .الصودیوم كربوناتباستخدام 



 
X 

 

 سبب الصودیوم سیلیكاتل القلویة معامل وتقلیل  fly ash المتطایر الرماد مع slag الخبث من٪  20 استبدال
استخدام االنضاج الحراري اظھر زیادة بقیم كما ان . ونقصان في قیم االنكماش الجاف الذاتي االنكماشفي  زیادة

بالتالي قیم و مسامیةأكثر  مجھریة بنیة و في االعمار المتأخره قوةال تطور اقل في ،االعمال المبكرهاالنضغاط في 
 استخدام. كون جزء كبیر من االنكماش حصل اثناء االنضاج االحراري قبل البدء بتسجیل القراءات اقل انكماش

بتخفیض ي ساھما رالختم للنماذج الخرسانیھ باستخدام االكیاس البالستیكیھ لمدة شھر واحد بجانب االنضاج الحرا
 نسبة تزھر عالیة. المنتجة لطاتالخ بعض أظھرتوكما ٪.  50 إلى وصلت بنسبة النھائي االنكماشقیم 

لبعض الخلطات مما ادى الى من الكربنھ تخزین النماذج في الظروف المختبریھ لمدة عامین نتجت عن نسب عالیھ 
میؤ  ــج التلل نواتــامیة بسبب تفكك وتحــبة المســالكربنھ مع زیادة بنسللمناطق المصابة ب المجھریةاضعاف البنیھ 

C-A-S-H  وخصوصا للنماذج التي خضعت لالنضاج الحراري والمنشطھ باستخدام سیلیكات الصودیوم. الكثیر
ومن خالل ھذه الدراسھ استطاع الباحث التقلیل من ھذه  micro-cracksمن النماذج اظھرت تشققات مایكرویھ 

نضاج المستخدمھ او یقة االطربنسب مختلفھ من الرماد المتطایر اوبتاثیر  الخبثالتشققات المایكرویھ باسبتدال 
قلویاً  الخبث المنشطواتج التمیؤ في نظام المتكون من ن الرئیسيالطور . المنشطات الفعالھ كال باستخدام خلیط من

AAS  الـھوC-A-S-H    مع وجود نسبھ من الكایلوسایتGaylussite ،  كالسایت calcite،  بیكاربونات
الفرن  لخبثالجزئي كمركبات ثانویھ. االستبدال   hydrotalcite ھایدروتالسیاتالو  nahcoliteالصودیوم 

-الومینو-صودیوم  N-A-S-Hین طور الـ نتج عنھ تكو  fly ashبالرماد المتطایر  blast furnace slag العالي
 لمتمئ. ا–سلیكیت 
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ABBREVIATION 

Symbol  Description 

AAMs Alkali-activated materials 

AAS     

AASs 

Alkali-activated slag 

Alkali-activated slags 

AAFA Alkali-activated fly ash 

PC 

CAC 

Portland cement 

Calcium alumino cement 

BFS Blast furnace slag 

GGBFS or 

GBSF 

FA 

SF 

RHA 

MK 

Ground granulated blast furnace slag 

Granulated blast furnace slag 

Fly ash 

Silica fume 

Rice husk ash 

Metakaolin 

ASTM 

ACI 

American Society for Testing and Material 

American Concrete Institute 

SS Sodium silicate 

SC Sodium carbonate 

SH  Sodium hydroxide 

M-S-H Magnesium-silicate-hydrate 

AFt Ettringite 

AFm     Aluminate-Ferrite-mono-sulphate 

C-S-H Calcium silicate hydrate 

C-(A)-S-H Calcium aluminate silicate hydrate 

C–(N)–A–S–H  Calcium (sodium) aluminate silicate hydrate  

RH  Relative humidity 

XRD  X-ray diffractometers 

SEM  

BSE 

Scanning electron microscope 

Back skittered  electron 

TGA Thermogravimetric analysis 

DTG Derivative thermogravimetric analysis  

SRA Shrinkage reducer admixture 
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HVFA 

Kb 

HM 

High volume fly ash 

Basicity modulus 

Hydration Modulus 
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Chapter 1 Introduction 

1.1 Background  
Climate change forces the human population to seek novel materials, technologies and 
solutions, which are more sustainable and ecological. At present, the backbone 
construction material of most countries infrastructure is concrete. It is the second most 
used product in the world just after water (Aitcin Pierre-claude, 2000) and usually it is 
based on Portland cement (PC). About two billion tons of ordinary Portland cement 
(PC) are consumed annually and the demand is continuously increasing. The 
manufacturing of Portland cement contributes to at least 5–8 % of the carbon dioxide 
emissions worldwide due to the very high production temperatures reaching 1400oC, 
which are needed for the decomposition of limestone. Therefore, the production of one 
ton of Portland cement results in the emission of approximately 900 kg CO2. Cement 
producers succeeded to reduce this value to 600 kg by using alternative fuels and 
creating composite cements containing secondary cementitious binders, (Schaller, and  
Kaufmann, 2018). The manufacturing process requires additionally nearly 1.6 tons of 
natural raw materials per each ton of the produced Portland cement, (Thaker et al. 
2000). The process emits also 6000–14000 m3 dust-containing air-streams, (Li, Ding 
and Zhang, 2004). Some concretes based on Portland cement showed long-term 
durability problems. The most common sources leading to deterioration include 
exposure to chlorides, chemical attacks from acids, salts, alkalis or sulphates, freeze-
thaw deterioration, aggregate reactivity, surface abrasion, deterioration due to high 
temperatures and overload damage, (Portland Cement Association, 2002; Pavoine et al., 
2012; Piasta, 2017). 
To address all those issues new alternative cementitious binders are needed. A common 
practice is to reduce the amount of Portland cement for the production of concrete by its 
replacement with supplementary cementing materials (SCMs). Moreover, the alkali-
activated material (AAM) is one of the alternative binders to PC, which could be 
produced by activating an aluminosilicate precursor with strong alkalis. Typical 
examples of the precursors include ground granulated blast-furnace slag (GGBFS), fly 
ash (FA) or silica fume, Figure 1.1. Various alkaline compounds can be used to activate 
the binder such as sodium or potassium hydroxide (NaOH or KOH), sodium carbonate 
(Na2CO3), sodium silicate (Na2 SiO3), sodium sulphate (Na2SO4) or combinations of 
these alkalis (Provis and van Deventer, 2014). In some cases, in addition to the 
reduction of the CO2 also mechanical properties and/or durability were enhanced, (Obla, 
Lobo and Kim, 2012; Samad and Shah, 2017).  
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 The blast furnace slag (BFS), which is the focus of this research, is mass produced with 
its annual global production reaching 320 Mt (Miller et al., 2018). A part of the slag is 
used as puzzolanic addition to Portland cement concretes but large amounts are 
disposed in landfills. Therefore, increasing its utilisation in, e.g. AAM concrete has a 
positive impact on the environment, (Shi, Jiménez and Palomo, 2011). A number of 
studies indicated that replacing Portland cement with alkali-activated slag (AAS) can 
reduce the CO2 footprint by up to 75-80% (Flower, Sanjayan and Hellweg, 2007; Yang, 
Song and Song, 2013; Şanal, 2018). Therefore, the usage of BFS leads to a decrease in 
the CO2 emission and omits the landfilling of blast furnace slag. 
 

 

Figure 1.1: Alkali-activated materials AAMs components chart, (Provis, 2018). 

 

1.2 History and development of alkali activated materials AAMs 
Ancient cements had different chemical and mineralogical compositions compared to 
modern Portland cements. The ancient binders tend to have a lower Ca content but 
contain more alkalis and aluminosilicates, (Shi, Krivenko and Roy, 2006). Bricks used 
in the city of Ur of Chaldees (Iraq) contain a mixture of ashes and lime, (VD Glukovski 
- Visheka Shkola, 1979). Usage of modern cements for repairs of ancient structures 
revealed the modern cements’ inferior durability. This indicates that binders with a 
lower calcium and higher aluminosilicate content could provide a more stable matrix 
due larger amounts of the formed tetrahedral aluminium; similar to zeolites but being 
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amorphous. The incapability between the repair material and the existing structures 
materials was indicated as the main reason for the short durability, (Shi, Krivenko and 
Roy, 2006). 

In AAMs the reaction between alumina (Al2O3) and silica (SiO2) originating from the 
precursor forms a solid matrix analogous to hardened Portland cement. The AAMs were 
patented already in 1908 by a German chemist who noted that the combination of 
vitreous slag and an alkali sulphate or carbonate, with /without adding alkaline oxides 
or hydroxides produced a new material having performances similar to Portland 
cements, (Kühl, 1930). Subsequent patents were obtained by the British engineer 
Purdon between 1935 and 1940 who tested more than 30 different types of blast furnace 
slags activated by NaOH, Ca(OH)2 and different sodium salts. The achieved strength 
development and the ultimate strengths were similar to Portland cements. Furthermore, 
flexural and tensile strengths were enhanced and the reaction heat was lowered. Purdon 
recommended to use alkali-activated slag concrete in ready-mix and precast applications 
where the amount of alkali activator can be precisely controlled (Purdon, 1935, 1940). 
In the 1950s, the cement shortage in the former Soviet Union and in China initiated an 
active search for alternative binders. The blast furnace slag, from metallurgical industry, 
was found to be the most suitable choice due to large availability and their limited 
variations of chemical compositions, (Glukhovsky V.D., 1959). In 1978, Davidovits 
patented the so-called geopolymer which referred as aluminosilicate-based 
formulations, (Davidovits J., 1982). In 1985, the United States army published a report 
discussing the possibility of utilizing the alkali-activation technology using BFS or fired 
clay as a repair material for concrete runways (Malone et al., 1985). Since the 1990s, 
alkali-activation research has grown strongly around the world, with more than 100 
active academics and commercial research centres involved, (Provis and van Deventer, 
2014).   

 

1.3 Applications of alkali activated materials AAMs 
During the last decade, the AAM technology was applied in several full-scale 
applications including for example: 
 
 Light-weight alkali-activated materials, used to produce high heat-resistant tiles from 
autoclaved foamed concrete based on fly ash and metakaolin, (Krivenko and 
Kovalchuk, 2007). 
Toxic waste treatment, AAMs were used to absorb and solidify toxic chemical wastes 
such as nuclear residues and heavy metal ions (Shi and Fernández-Jiménez, 2006; 
Luukkonen et al., 2019).  
 
High resistance to chemical attack, AAM concretes showed very low deterioration in 
aggressive environment (F. G. Collins and Sanjayan, 1999, Bakharev, Sanjayan and 
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Cheng, 2002, 2003; Pacheco-Torgal et al., 2012 ), e.g. deep-water oil well cementing 
(Jiapei et al., 2018).  
High fire resistance, alkali-activated reinforced concrete based on fly ash showed higher 
fire resistance than ordinary Portland cement. Cracking spalling was significantly 
limited and moreover elements showed a higher residual load capacity, (Sarker and 
McBeath, 2015).  
 
Precast concrete and bricks, the short workability time, heat-curing requirements and 
high early strength of most AAMs make them suitable to be used in precast concrete 
technology, (A. O. Purdon, 1940; Wang et al., 1995; Provis, 2018). Furthermore, AAM-
based concrete could be utilized in plain and reinforced concrete structures (Provis, 
2018).  

 

1.4 Aim, scope and research questions 
Alkali-activated slag (AAS) has been known and used as an alternative cementitious 
binder to Portland cement (PC) for many decades. The AAS concrete showed high early 
strength, excellent resistance to chemical attack and good fire resistance. However, 
several known and not yet resolved problems include high shrinkage and creep, rapid 
setting, high carbonation and often questionable durability.  
Therefore, the main aim of this work was to understand parameters controlling 
shrinkage and creep and to limit those negative phenomenas. The study program was 
built to achieve these goals and was limited to Swedish high MgO ground-granulated 
water-cooled blast furnace slag (GGBFS).  
 
The following research questions were formulated:   
 
RQ1: How does the activator type, its dosage and curing conditions affect the phase 
composition and mechanical properties of concretes based on alkali-activated- Swedish 
high MgO granulated blast furnace slag GBFS? 
 
RQ2: Is it possible to decrease the ultimate shrinkage of concretes based on Swedish 
high MgO alkali-activated slag concrete? 
 
RQ3: How do the chemical composition and fineness of the slag affect the mechanical 
properties, shrinkage, microstructure, and hydration processes of alkali-activated 
GGBFS? 
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1.5 Scientific approach  
This PhD study focussed on shrinkage and creep of alkali-activated Swedish high MgO 
GGBFS binders. The mixes were alkali-activated with various amounts of liquid 
sodium silicate, powder sodium carbonate and a combination of both. Heat treatment 
and laboratory curing were applied to determine their effects on fresh concrete 
properties, shrinkage, creep, hydration/reaction processes, and microstructure. 
Moreover, the effects of a partial replacement of GGBFS with fly ash were studied as 
well. 

1.6 Limitations 
The present work focussed on long-term properties, shrinkage and creep of alkali-
activated high MgO (16.1 wt%) slag originating from Sweden which differs 
significantly in terms of chemical composition from other slags in Europe that have 
significantly lower MgO contents.  Two types of alkali activator were used; powder 
sodium carbonate and liquid sodium silicate. Two curing procedures were applied; 
laboratory curing condition and heat curing at 65°C for 24 hours. The compositions of 
the solidified binders phases were assessed by SEM, SEM-EDX, XRD, TG and semi 
adiabatic calorimetry. The obtained results were compared to results published by 
others. The large number of tests done on small volume mixes required the use of a 
special small-scale mixer. This in turn limited the maximum aggregate size to 8 mm. 
Concrete having a maximum aggregate size of 8mm are often used in structure with 
very dense reinforcement and are therefore fully applicable in real life cases. The 
negative effect of that choice was that slightly higher shrinkage values were measured, 
which should be taken into consideration while comparing findings from this research 
with other available results. 

 

1.7 Outline of the thesis 
This doctorate thesis consists of five chapters, as well as five appended papers, which 
are briefly described below: 
 
Chapter 1 contains background information, specifies aims, scope, research questions 
and limitations.  
  
Chapter 2 contains the literature review focusing on alkali-activated binders, shrinkage, 
creep, and solidification mechanisms. 
 
Chapter 3 outlines the used materials and experimental methods.    
 
Chapter 4 describes the most important test results and summarises the crucial aspects 
of the performed analysis and discussions. 
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Chapter 5 summarises the performed research, formulates conclusions, answers the in 
Chapter 1 formulated research questions and indicates possible future research. 
 
 
Appended papers 

 
Paper I 
“Alkali Activation of a High MgO GGBS–fresh and hardened properties”, Humad, A. 
M., Provis, J. L. and Cwirzen, A., published in  Magazine of Concrete Research, Vol. 
70, No.24, December 2018, pp.1256-1264.  

The paper I described the preliminary study related to fresh and hardened properties of 
the developed concrete mixes based on the Swedish high-MgO GGBFS. Those concrete 
mixes developed in research leading to paper I were later used to study the shrinkage 
and creep behaviour (paper II and III).  The used alkali-activator type, its dosage and 
applied curing conditions were related to the observed slump, setting times, strength 
development, hydration and geopolymerisation processes, microstructure and chemical 
composition of the formed phases.  All those factors had an impact on the properties of 
the produced concretes. 

Paper II  

“Creep and Long-term Properties of High MgO Alkali Activated Slag Concrete”, 
Humad, A. M., Provis, J. L., Habermehl-Cwirzen, K., Rajczakowska, M. and Cwirzen, 
A., submitted in September 2019.  

The paper focused on the long-term mechanical properties of alkali-activated concretes 
based on high MgO-GGBFS. These properties included drying shrinkage, autogenous 
shrinkage, creep and carbonation. The curing procedures included heat treatment and 
laboratory curing. In general, the studied AAS concretes showed higher drying 
shrinkage and creep in comparison with OPC. Those results were related to the 
geopolymerisation processes as well as to the maximum aggregate size of 8mm and the 
coarsening of the pore structure by carbonation. The heat treatment reduced 
significantly the drying shrinkage and increased the early-age strength.  
 
Paper III 

“Effects of curing conditions on shrinkage of Alkali-Activated High-MgO-content 
Swedish Slag Concrete”, Humad, A. M., Provis, J. L. and Cwirzen, A., published in 
Frontiers in Materials in November 2019. 

In paper III, the effects of sealed curing and heat curing on the drying shrinkage of AAS 
concretes based on Swedish high-MgO GGBFS were studied. The activator type was 
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the main factor influencing the measured shrinkage. The application of heat curing 
followed by sealed curing at 20 °C reduced the total recorded shrinkage by up to 50%.  

Paper IV 

“The effect of blast furnace slag/fly ash ratio on setting, strength, and shrinkage of 
alkali-activated pastes and concretes”, Humad, A. M., Kothari, A., Provis, J. L. and  
Cwirzen, A., published in  Frontiers in Materials, February 2019.  

Paper IV measured and evaluated the effects of a partial replacement of high MgO 
GGBFS with fly ash in alkali-activated pastes and concretes. Increasing the fly-ash 
content extended the initial setting time and decreased the early-age compressive 
strength. At the same time, the presence of FA did not affect the drying shrinkage but 
lowered the autogenous shrinkage and decreased the amount of formed micro-cracks. 
Lowering the alkali modulus of the activator, increased the autogenous shrinkage but 
lowered at the same time the drying shrinkage.  
 
Paper V 
“Effects of Fineness and Chemical Composition of Blast Furnace Slag on Properties of 
Alkali-Activated Binder”, Abeer Humad, Karin Habermehl-Cwirzen, Andrzej 
Cwirzen, published in Materials (MDPI), October 2019. 

The effect of the fineness and the chemical composition of three slags on mechanical 
properties and microstructure were investigated based on alkali-activated slag pastes 
and mortars, activated with sodium silicate (SS) and sodium carbonate (SC). The results 
showed that the initial and final setting times,  flowability, hydration temperature, 
strength and shrinkage were more affected by the slags fineness, its calcium content and 
activator type than the MgO content.  

 
In addition, other publications by the author which are not included in this PhD thesis 
are listed below: 
 
 

1. Humad, A. M., Provis, J. L., & Cwirzen, A. (2019). Alkali activation of high 
MgO BFS with sodium carbonate added dry vs. wet. Proceedings of the 
International Conference on Sustainable Materials, Systems and Structures, New 
Generation of Construction Materials, RILEM Proceedings PRO 128, 354-361. 

 

2. Orosz, K., Humad, A., Hedlund, H., and Cwirzen A. (2019). Autogenous 
Deformation of Alkali-Activated Blast Furnace Slag Concrete Subjected to 
Variable Curing Temperatures. Advances in Civil Engineering, Hindawi 
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Chapter 2 Literature review – Alkali activated binders 

2.1   Introduction 
Alkali-activated cementitious material AAM formed by the reaction between an aluminosilicate 
precursor and an alkaline activator. Most of currently used precursors are industrial by-products 
including, e.g. ground granulated blast furnace slag (GGBFS), fly ash (FA), rice husk ash 
(RHA), red mud and recycled glass. There are two names commonly used for these types of 
materials; geopolymers and alkali-activated binders, Figure 2.1. Both are chemically similar but 
are based on different aluminosilicate precursors. Geopolymers usually based on low Ca content 
precursor such as metakaolin (MK), calcined clay or fly ash (FA) class F, and generally requires 
high temperature for activation and solidification. While alkali-activated binders based on high 
Ca content precursor, where blast furnace slag (BFS) is the most common precursor for this 
alkali-activated system and can be cured at ambient temperature or higher temperature. The 
main hydration product formed in geopolymer and AAMs is calcium-(alumino)-silicate-hydrate 
C-(A)-S-H and other secondary products relevant to the chemical composition of the precursor 
and the activator type (Shi., Krivenko and Roy, 2006; Provis and van Deventer, 2014), 
alongside with present of sodium-alumino-silicate-hydrate N-A-S-H in case of geopolymer.  

 

Figure 2.1: Alkali-activated materials AAMs components chart, (Provis and van 
Deventer, 2014). 
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The reactivity of a precursor is affected by its mineral composition, morphology, 
fineness, used alkali-activator type, its dosage and the applied curing conditions. Alkali-
activated paste, mortar and concrete based on GGBFS, generally achieved good 
compressive strengths, short setting times as well as high shrinkage values in 
comparison with OPC system (Brough and Atkinson, 2002; Melo Neto, Cincotto and 
Repette, 2008; Duran Atiş et al., 2009; Chi, Chang and Huang, 2012; Burciaga-Díaz, 
Magallanes-Rivera and Escalante-Garcia, 2013; Humad, Provis and Cwirzen, 2018). 
Despite better performances, AAM based on metakaolin (MK) has not been widely used 
as an alternative binder due to its high costs especially when compared with industrial 
by-products like BFS or FA. Moreover, MK-based geopolymers showed a tendency to 
shrink and crack in dry conditions (Perera et al., 2007; Bernal et al., 2011a:b; Pacheco-
Torgal et al., 2011)(Kuenzel et al., 2012; Pouhet and Cyr, 2016). The high specific 
surface area of MK and high electrostatic charge density of MK particles lead to a 
higher water demand and required the application of a high shear mixing technology to 
produce flowable mixes. Studies showed also positive results when applying MK for 
encapsulation of nuclear and hazardous wastes, (Shi and Fernández-Jiménez, 2006; 
Luukkonen et al., 2019).  
 
The following subsections will focus on topics relevant to this PhD thesis, which is the 
shrinkage of high-MgO BBFS based concretes and other related properties. The first 
part will describe alkali-activated binders based on GGBFS followed by more detailed 
information related to high MgO content GGBFS systems. The second part will 
evaluate hardening processes typical for alkali-activated GGBFS versus Portland 
cement binders. The third part will review published results related to the shrinkage of 
AAM concretes. The chapter will be closed by a review on creep, carbonation, 
efflorescence, chemical composition and microstructure of AAMs based on GGBFS and 
end with formulated conclusion which are bases for the preformed PhD study.    
 

2.2 Alkali activated binders based on GGBFS 
Blast furnace slag (BFS) is a solid industrial by-product obtained from quenching the 
molten slag during iron and steel production. Cooling with air produces highly 
unreactive and crystalline materials used as aggregates or fillers for road construction. 
Whereas, cooling with water produces a reactive amorphous material which when 
grounded to a powder, it called ground-granulated blast-furnace slag (GGBFS), Figure 
2.2. The GGBFS is a secondary cementious binder, which can replace up to 95% of the 
Portland cement according to the EN 197-1 standard. Another application is its 
utilisation in alkali-activated systems, Figure 2.2.  
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Figure 2.2: Scanning electron microscopy (SEM/BSE) images of a) water-cooled 

granulated blast furnace Swedish slag (GGBS) and b) Portland cement. 

The chemical composition and the fineness of GGBFS-based alkali-activated binders 
are the main factors affecting the dissolution rate and the reaction speed alongside with 
the type and dosage of the used alkaline activator. These factors strongly influence both 
fresh and hardened properties as well as the microstructure, (Bernal  et  al.,  2011a:b; 
Douglas  and  Brandstetr,  1990; Haha et al., 2011, 2012; Winnefeld  et  al.,  2015). The 
chemical composition of GGBFS depends on the type of iron produced, the type of ore 
used as well as the furnace operation parameters. It contains CaO, Al2O3, SiO2 and 
MgO with additional components including for example manganese, sulphur and 
titanium (Shi, Krivenko, and Roy 2006). The precursor used in an alkali-activated slag 
(AAS) system must have an adequate amount of the reactive glass, a low water demand, 
and be able to easily release aluminium (Singh et al., 2015). A prolonged grinding 
increases the specific surface area leading to a higher energy state and stronger 
reactivity,(Gregg, 1961; Dave, 1981). The strength of the alkali-activated slag increased 
linearly with the increased Blaine fineness up to a certain limit (Caijun and Yinyu, 
1989; Wang, Scrivener and Pratt, 1994).  

The alkali-activation process stimulates the dissolution of slag, followed by a formation 
of calcium (alumina) silicate hydrates (C-(A)-S-H), with a disordered tobermorite-like 
phase C-S-H (I). Secondary formed phases include a hydrotalcite like-phase 
Mg6Al12CO3(OH)16.4H2O (identified with high MgO content slags), AFm phases 
(identified in NaOH-activated slags), silicate containing AFm phases strätlingite 
(identified with SS-activated slags), gaylussite and calcite (identified with SC-activated 
slags) (Wang and Scrivener 1995; Bernal et al., 2015; Myers, Bernal, and Provis 2017). 
In addition, the formation of zeolite-phases such as gismondine and garronite which 
identified with high Al2O3 and low (<5 %) MgO contents slags occurs,(Bernal, San 
Nicolas, et al., 2014a; Myers, Bernal and Provis, 2017). 

The basicity coefficient, which is equal (CaO + MgO/SiO2 + Al2O3) and the quality 
coefficient (CaO + MgO + Al2O3)/(SiO2 + TiO2) are used to measure the hydraulic 
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activity of a GGBFS ( Shi, Krivenko, and Roy 2006). However, glassy GGBFS with 
CaO/SiO2 ratios between 0.50 and 2.0, and with Al2O3/SiO2 ratios between 0.1 and 0.6 
are considered suitable for the alkali-activation process, (Talling and Brandstetr, 1989). 
The application of suitable alkali activators enables the production of mixes having a 
rapid strength development, fast setting, good durability and a high resistance to 
chemical attack, (Bakharev, Sanjayan, and Cheng 2002; 2003; Palankar, Ravi Shankar, 
and Mithun 2016; Humad, Provis, and Cwirzen 2018).  

The hardening processes of alkali-activated GGBFS and Portland cement are to some 
extend similar. In the case of the Portland cement, the main solidification process is 
based on hydration. The main formed phases include calcium silicate hydrate C-S-H, 
Portlandite Ca(OH)2, calcium alumina hydrate C-A-H, ettringite (Aft) and 
monosulphate (Afm), (Neville 1995). The hydration process develops a significant 
amount of the heat related to  breaking and creating new chemical bonds. A typical 
hydration heat evolution pattern is shown in Figure 2.3, (Jawed, 1983; Shi., Krivenko 
and Roy, 2006; Moses and Perumal, 2016). 

The early hydration process of the Portland cement is divided into five periods; (I) 
initial, (II) induction, (III) acceleration, (IV) deceleration and (V) diffusion (Shi., 
Krivenko and Roy, 2006). The first developed peak is usually attributed to the rapid 
dissolution of aluminates and alkali sulphates, initial reaction of C3S and formation of 
AFt (Jawed, 1983). This peak is also related to the formation of Ca(OH)2 and the 
reaction of gypsum with water, (Bensted, 1987). The second peak, after the induction 
period, is associated with the hydration of C3S and formation of the C-S-H. The 
transformation of ettringite (Aft) to monosulphate (Afm) results in the formation of the 
third peak. During the 4th period, the hydration products and the microstructure 
continues to develop. This is followed by the period V where the gradual densification 
and slow diffusion processes take place.  

 

Figure 2.3: Heat development for Portland cement.  (Jawed, 1983; Shi., Krivenko and 
Roy, 2006; Moses and Perumal, 2016), and reprinted. 
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In the case of AAS system, the hydration and activation degrees of the GGBFS depends 
strongly on the initial pH value of the activator solution and the slag fineness. 
Increasing the dosage of the alkali activator increases the pH of the pore solution and 
accelerates the hydration process. The heat evolution of alkali-activated BFS appears in 
five steps similarly to the Portland cement, (Fernandez-Jimenez, Puertas and Arteaga, 
1998). The first peak is associated with the partial dissolution of BFS particles. The 
second stage is the induction period, where the reaction slows down. The third and 
fourth steps indicate a massive precipitation of the reaction products. These steps, called 
acceleration and deceleration, are followed by the fifth step, which is related to a low 
reactivity period. Different parameters affect or modify the intensity and the duration of 
each step and thus the fresh state properties including workability and setting times, 
Figures 2.4 and 2.5. 

The presence of high-MgO content in AAS systems promotes formation of a stable 
hydrotalcite-like phases containing amorphous calcium carbonate phases. This produces 
a fully saturated solution with Ca2+ ions and carbonates. Consequently it prevents 
additional removal of Ca from C-(A)-S-H or further dissolution of CO2 thus hindering 
further carbonation, (Morandeau and White, 2015). While lower-MgO content slag 
form unstable amorphous calcium carbonate, which is seen to rapidly crystallize into 
calcite/vaterite, along with additional decalcification of the C-A-S-H gel. Higher MgO 
amount in SH- and SS-activated slag pastes enhanced strength at all ages, (Haha et al., 
2011). The effect was more pronounced for SS-activated GGBFS due to increased 
amount of formed hydrotalcite-like phases and lower Al uptake by the C-S-H.  
 

 

Figure 2.4: Isothermal calorimetry curves of AAS based material activated with 
different activator types (reprinted with permission from Fernandez-Jimenez, Puertas, 

and Arteaga 1998). 
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 Figure 2.5: Thermocouple test curves of AASs based on GBFS with different specific 
surface area (500 and 430 m2/kg) activated with; a) 10 wt.% liquid sodium silicate SS 

with 5% Na2O, Ms1 and b) 10 wt.% of anhydrous sodium carbonate SC. 

The GGBFS was mixed with other precursors including, e.g. fly ash (FA). The Fly ash 
itself is a by-product from burning pulverized coal in power plants. The FA is composed 
of spherical glassy particles, Figure 2.6, puzzolanic material consisting mainly of 
alumina Al2O3, silica SiO2 and other oxides such as CaO, Fe2O3, MgO, K2O and NaO. 
FA has been divided into two classes; class C and class F according to the CaO content 
(ASTM, 2010). The FA class C containing CaO >18% has both puzzolanic and 
cementitious properties, while the class F with CaO <18% shows only puzzolanic 
properties. FAs have been blended with PC since the 1930s ( Davis et al. 1937). 
Nowadays, it is a well-known supplementary cementitious material (SCM) and is used 
extensively to produce high-volume fly ash (HVFA) concretes. Portland cement can be 
blended with more than 50 % fly ash, (Bilodeau and Mohan Malhotra, 2000).  

FA is also a popular aluminosilicate precursor used to produce AAMs but higher dosage 
of alkali activator and curing at elevated temperatures are required, (Palomo, Grutzeck 
and Blanco, 1999; Junaid et al., 2015). The properties of FA can vary depending on the 
source, even if origination from the same power station. Moreover, the reaction 
mechanisms of the alkali-activated FA binders are complex and not yet well understood, 
(Provis and van Deventer, 2014). 

Alkali-activated binder based on a combination of GGBFS and FA showed delayed 
setting time, decreased shrinkage, did not require heat curing, had less rapid slump loss, 
and slower strength development, (Puertas et al., 2000; Monkman and Shao, 2006; Oh 
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et al., 2010; Bernal et al., 2013). Both FA classes C and F were used previously to 
produce AAMs based on FA or blended BFS/FA. 

 

Figure 2.6: Scanning electron microscopy (SEM/BSE) image show the morphology of 
Swedish fly ash. 

The mechanical properties and microstructure of alkali-activated GBFS/FA blended 
systems were affected by their chemical composition, blending ratio, the used activator 
type and its dose as well as curing conditions, (Provis and Van Deventer, 2009; Humad 
et al., 2019). The reaction rate generally increased with higher amounts of GGBFS and 
with higher activator dosages. At the same time, the workability worsened including 
also a relatively rapid slump loss (Bijen 1996, Provis, van Deventer 2014, Nath, Sarker 
2014). The early age strength development was related to the reaction of GGBFS, while 
the later strength gains were mostly due to the effect of the FA. An increasing amount 
of the FA, delayed the setting time, reduced the compressive strength as well as the 
modulus of elasticity and Poisson’s ratio and resulted in high ductility and toughness 
(Škvára et al. 2003, Lee, Lee 2013, Nath, Sarker 2014, Liu et al. 2016, Criado et al. 
2016; Humad et al., 2019). Moreover, this replacement enhanced the homogeneity of 
the hardened matrix and limited the microcracking (Wardhono et al. 2015) 

Increasing the dose of the alkaline solution up to a certain limit, raised the compressive 
strength (Nath, Sarker 2014, Humad et al. 2018). The pH of the alkali activator strongly 
affected the dissolution rate and the reactivity of binders (Bakharev, Sanjayan and 
Cheng, 1999a). However, the alkali modulus (Ms=SiO2/Na2O) corresponded to the 
concentration of dissolved silicates in the alkali activator. The silicates participated in 
forming the geopolymer gel as a results of reactions with Al, Na and Ca dissolved from 
the FA, (Feng, Tan and Van Deventer, 2004). The pore-size distribution of the alkali-
activated fly ash/slag systems tended to be finer in comparison with the hydrated 
Portland cement, (Lee, Lee 2013, Provis, van Deventer 2014, Collins, Sanjayan 2000). 
Generally, the alkali-activated binder based on fly ash or GBFS + FA, showed a 
comparable drying shrinkage value as PC (Deb, Nath and Sarker, 2015; Hojati, 
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Rajabipour and Radlińska, 2016, 2019). The heat treatment and curing procedure in 
general influenced significantly the microstructure and mechanical properties of this 
system through accelerating the dissolution and precipitation reactions, (Van Jaarsveld, 
Van Deventer and Lukey, 2002; Hardjito, Cheak and Lee Ing, 2008). The application of 
heat curing reduced the ultimate drying shrinkage, (Hojati, Rajabipour and Radlińska, 
2016). The main reaction product of the BFS/FA system was identified as a mixture of 
C-(A)-S-H gel and N-A-S-H gel, (Ismail et al. 2014, Lee et al. 2014; Humad et al., 
2019).  

The role of MgO in the AAS system is closely related to the availability of Aluminium 
(Al). The MgO content controls the formation of secondary phases. When the MgO 
content was below 5% zeolites including for example gismondine were formed. When 
the amount was above 5%, the hydrotalcite phases and C-(N)-A-S-H type gels were 
formed instead, (Bernal, San Nicolas, Myers, et al., 2014a). Reducing the amount of 
MgO accelerated the early reaction processes and promoted the formation of C–A–S–H 
incorporating more Al. Increasing the MgO content lowered the Al/Si ratios in the SS-
activated slags and promoted the formation of hydrotalcite gel 
(Mg6Al2CO3(OH)16·4H2O). The hydrotalcite is known for its capability for anion 
exchange and adsorption that could improve the durability by preventing the ingression 
of anions into the concrete, (Bernal, San Nicolas, Myers, et al., 2014a). Increasing the 
MgO content in SS-activated slag resulted in a more rapid strength development, a 
higher compressive strength and a lower porosity. The hydration heat development 
was more intensive,  (Demoulian et al., 1980; Haha et al., 2011).  

  

2.3 Shrinkage 

2.3.1  Portland cement based systems 

Shrinkage can be defined as the deformation of materials, which is independent of the 
applied external forces. In the case of Portland cement, it is time-dependent and 
correlated with the reorganization of the C–S–H due to the induced internal drying 
stresses. Uncontrolled shrinkage may cause serviceability and durability 
problems,(Neville, 2012). 

The shrinkage developing in concrete can be classified into four categories: plastic 
shrinkage, autogenous shrinkage (including chemical shrinkage), drying shrinkage and 
carbonation shrinkage. Plastic shrinkage starts to develop, soon after concrete is placed 
in the formwork while it is still in its plastic state. The process is initiated when the 
water evaporation rate is larger than the bleeding rate. Autogenous shrinkage develops 
when there is no movement of water to or from the binder matrix and is related to the 
so-called self-desiccation. It is a result of chemical shrinkage joined with the hydration 
of the cement particles, Figure 2.7. 
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Figure 2.7: Early age volume change of cement past due to autogenous and chemical 
shrinkage; where W: unhydrated water, C: un-hydrated cement, Hc: hydration 

products, V: voids generate by hydration Japan 2014. 

The drying shrinkage occurs due to the moisture movement and loss of water caused by 
evaporation. The carbonation shrinkage develops due to the reaction of dissolved carbon 
dioxide (CO2) origination from the atmosphere with calcium hydroxide ions (Ca+) from 
the binder in the presence of moisture to form calcium carbonate CaCO3 (Mehta, 1993).  

Drying shrinkage is the volume change of concrete particularly associated with water 
evaporation. In restraint conditions, the drying shrinkage results in the cracking of the 
binder matrix concrete which leads to an increased deflection of elements and initiation 
of the reinforcement corrosion. 

Three mechanisms were identified to contribute to the drying shrinkage in the case of 
PC based systems;  

� Surface energy (surface tension),  

� Capillary stress and 

� Disjoining pressure 

(Powers, 1958; Feldman and Sereda, 1968; Bažant and Najjar, 1972; Wittmann, 
1973; Hansen, 1987)  

In surface energy or surface tension mechanisms, the shrinkage occurs due to the 
reduction of the surface energy as a result spreading of physically adsorbed water within 
the pore volume (Bangham, 1937; Bangham and Razouk, 1937; Feldman and Sereda, 
1968; Wittmann, 1973). The surface energy effects increased when the relative 
humidity (RH) was below 45 % (Mehta, 1993). However, at high RH (80%), the drying 
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shrinkage is caused mainly by compressive stresses developing in the solid 
microstructure. These compressive stresses balance the increase in the capillary tension 
and the surface tension on the pore walls.  

In capillary stresses mechanism, shrinkage is a function of the volume of the capillary 
pores (r), the capillary stress and compliance of the surrounding medium (Bazant and 
Baweeja, 1995).  The volume of the capillary pores in PC concrete is affected strongly 
by the w/c ratio and the degree of hydration. Consequently, the capillary pressure (P 
capillary) is related to the surface tension of the pore fluid (γ) and the radius of the pore 
(r), as seen in Equation 1 (Powers, 1958; Jennings and Tennis, 1994; Tennis and 
Jennings, 2000)(Mehta, 1993; Slowik, Schmidt and Fritzsch, 2008) 

                                    ���������	
 � �� � ��
�                          Eq. (1) 

Capillary pressure imposes stress on the solid skeleton by moving the adjacent particles 
closer to each other. The external load applies stress on the bulk material including the 
solid skeleton and pores. The desorption creates stress on the solid surface (Kovler and 
Zhutovsky 2006; Beltzung and Wittmann 2005). The disjoining pressure is created due 
to the cohesive interaction though the Van der Waals forces between the surface inside 
the pore volume and the pore water and it significant when the RH>45%, (Wittmann, 
1973; Ferraris and Wittmann, 1987; Bažant et al., 1997; Beltzung and Wittmann, 2005; 
Espinosa and Franke, 2006)(Mehta, 1993).  

 

2.3.2 Shrinkage of alkali-activated binders. 

In general, mortars and concretes based on alkali-activated binders have higher 
shrinkage in comparison with Portland cement-based binders, (Hardjito et al., 2004; 
Chi, Chang and Huang, 2012). The hydration products of the alkali-activate slag 
systems consist of C-(A)-S-H gel and silica rich gel containing a high amount of un-
combined water. At the same time, it has a lower weight loss % at early age, but higher 
drying and autogenous shrinkage values in comparison with PC concrete, (Collins and 
Sanjayan, 2000, Melo Neto, Cincotto and Repette, 2008, Thomas, Lezama and 
Peethamparan, 2017). The higher drying shrinkage values were related directly to the 
higher amount of the un-combined water and its evaporation, (Collins and Sanjayan, 
2000). On the contrary, other studies showed that shrinkage and mass loss in alkali-
activated systems are not directly associated, as it is observed in the case of OPC 
system, where higher moisture loss resulted in lower drying shrinkage, (Lee, Jang and 
Lee, 2014; Ye and Radlińska, 2016b). 

Alkali-activated slag concretes and mortars showed a lower total porosity and a more 
refined microstructure in comparison with PC. The AAS paste had up to 82% pores in 
the mesopores range (2 nm ≤ r ≤ 50 nm) versus 36.4% for PC based systems, (Collins 
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and Sanjayan, 2000). The reduction of the RH in the pore system removed moisture 
from the mesopores and lead to higher capillary stresses, higher surface tension and 
eventually to a greater drying shrinkage, (Collins and Sanjayan, 2000; Jiang, Sun and 
Wang, 2005). Others indicated a strong connection between the kinetics of the drying 
shrinkage and the RH regardless of the moisture loss, (Ye and Radlińska, 2016b). 
Studies showed that drying of AAS pastes activated by SH and stored at 70% RH 
resulted in a higher shrinkage than drying at 11% RH. Exposure to 70% and 50% RH 
led to a gradually increased drying shrinkage. The shrinkage remained nearly constant 
when samples were exposed to 30 and 11 % RH for 20 days. The high RH resulted in 
rearrangement and reorganization of the C-(A)-S-H, silicate polymerization, microspore 
closure, and formation of a new interlayer which enhanced interaction between the 
adjacent C-(A)-S-H particles. The large shrinkage observed in the alkali-activated slag 
systems was attributed to the reduction of the condensation of C-A-S-H layers by alkali 
cations present in the C-(A)-S-H thus facilitating its collapse and reorganization during 
drying, (Ye and Radlińska, 2016b). Others attributed the high shrinkage values to the 
higher capillary stress inside finer pores of the AAS system in comparison with the 
OPC, (Collins and Sanjayan, 2000).  

An example of a shrinkage model developed by a Swedish researcher for alkali-
activated slag systems (Kutti, 1992) is shown in  Figure 2.8. According to this model at 
early age of hydration (wet state), the main hydration products of AAS binder; C-(A)-S-
H gel, AFm and silica gel (with high un-combine water content), are stable. However, 
after few weeks, the silica gel becomes unstable and begins to shrink due to drying 
(losing the un-combined water) and starting to break down the particle-to-particle bond 
as shown in Figure 2.8. 

 

Figure 2.8: Kutti model on bonds in AAS paste in wet and dry states at two different 
ages, adopted from (Kutti, 1992). 

The mechanical response of AAS during drying is visco-elastic and visco-plastic for C-
S-H in OPC. The viscous shrinkage for both AAS activated by NaOH and OPC 
containing alkalis, is likely to be caused by the alkali cation, where atoms are 
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incorporated into the nanostructure of the C-A-S-H or adsorbed at its surface. Atoms 
present at the surface of the C-A-S-H nanoparticles are arranged in less regular 
stacking, which promotes sliding and slipping of the C-A-S-H alongside inter-particle 
boundaries. This contributes to the interaction of the adjacent C-A-S-H particles, 
which makes the C-A-S-H easier to collapse and to reorganize upon drying, (Provis, 
Palomo and Shi, 2015; Ye and Radlińska, 2016b). The type of the alkali activator and 
its dosage strongly affects the shrinkage by influencing the development of the pore 
structure and the strength, (F. Collins and Sanjayan, 1999;  Ye and Radlińska, 2016; Ye 
et al., 2017). The C-S-H (I) formed in AAS is more crystalline than in OPC. The 
interlayer d-spacing of coherent atom-atom correlations is equal ~12.5 Å and ~15 Å for 
C-A-S-H. The value is significantly smaller in comparison with OPC having up to~40 Å 
for the hydrated C3S,(White et al., 2015; Ye and Radlińska, 2016).  

Ye et al, proposed that shrinkage in AAS system occurs more due to the reorganization 
of the microstructure than to the loss of moisture, (Ye et al., 2017). An increase of the 
RH by more than 50% resulted in a better packing of the nanoparticles, which resulted 
in a denser microstructure, refinement of pores and a collapse of the gel pores. This 
refinement is irreversible and leads to a permanent shrinkage, (Ye et al., 2017). Test 
results showed also that storing PC paste samples in water after drying for a short period 
caused re-absorption of the lost water and a 50% reduction of the developed shrinkage. 
While in the case of AAS pastes, only partially saturated samples had most of the 
shrinkage reversed.  

Alkali-activated fly-ash binders showed a similar or lower drying shrinkage than that 
observed in comparable PC, (Fernández-Jiménez, Palomo and López-Hombrados, 2006; 
Sagoe-Crentsil, Brown and Taylor, 2013)(Hardjito et al., 2004; Wallah and Rangan, 
2006). Increasing the slag content from 10% to 30% in alkali-activated FA/GBFS 
mortars resulted in higher autogenous and drying shrinkage but it also increased the 
compressive strength  in comparison with PC, (Lee, Jang and Lee, 2014). Moreover, the 
autogenous shrinkage of such systems occurred mainly due to the self-desiccation 
developing in the hardened state. Large chemical shrinkage increases the number of 
water-free pores present in the binder matrix, which causes the development of self-
desiccation when no external water is supplied.  The continuous consumption of the 
free-water in the pores gradually decreases as the hydration continues. The autogenous 
shrinkage of AAS concretes tends to continue for a longer time and reaches higher 
ultimate values in comparison with the OPC (Sakulich & Bentz, 2013; Orosz et al., 
2019). Higher drying shrinkage values in alkali-activated FA/GBFS could be related to 
the larger volume of mesopores than in the OPC. Adding C-A-S-H nano-particles to 
AAS mortars reduced the measured total porosity and the average pore size. It 
significantly reduced the volume of mesopores which ultimately led to a lower 
shrinkage, (Liu et al., 2018). Unfortunately, at the same time higher amounts of the C-
A-S-H Nano-particles enhanced the autogenous and drying shrinkage. 
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Autogenous and drying shrinkage of alkali activated binders is affected by a number of 
factors including the chemical composition, fineness of the binder, type of alkali 
activator and its dosage, curing environment conditions. The following subsections will 
review those basic parameters.   

� Chemical composition and fineness of the precursor   
The chemistry of the slag and its fineness strongly affect the reaction kinetics and the 
evolution of the forming solid phases, (Douglas and Brandstetr, 1990; Bernal  et  al.,  
2011a; Haha et al., 2011, 2012; Winnefeld  et  al.,  2015). The composition of the 
GGBFS depends on the used raw materials and production parameters. Increasing the 
fineness of the slag resulted in a higher reactivity index (Caijun and Yinyu, 1989; 
Wang, Douglas and Brandstetr, 1990; Scrivener and Pratt, 1994). The MgO content 
influenced the reaction kinetics especially at lower activator concentrations while 
the effect of the CaO was more significant at higher concentrations, (Criado et al., 
2018). The amount of MgO and Al2O3 strongly affected SS-activated activated systems, 
(Ben Haha et al., 2011; 2012). The shrinkage was reduced by blending various 
precursors, (Samson G. et al. 2017). For example, mixes based on GGBFS and FA, 
cured in ambient conditions showed positive results, (Kumar S. et al.2010). More 
reactive GGBFS dissolute faster and promoted formation of C-(A)-S-H gel. At higher 
curing temperatures between 60 and 90°C, C-A-S-H and N-A-S-H gels were formed, 
(Kumar S. et al.2010).  

� Activator type and dosage 
The dissolution and the reactivity of the binder are strongly affected by the pH of the 
activator solution, which is generally higher for sodium hydroxide (SH) than for sodium 
silicate (SS) and sodium carbonate (SC). The SS-activated slag developed a higher 
shrinkage than when NaOH was used. The SC-activated slag showed the lowest drying 
shrinkage comparable to or even lower than that of PC concrete, (Duran Atiş et al., 
2009; Awoyera and Adesina, 2019). 

Increasing the dosage of alkali activators generally enhanced the reaction kinetics by 
rising the pH resulting in a higher strength but also in an increased drying shrinkage, 
(Krizan and Zivanovic, 2002; Melo Neto, Cincotto and Repette, 2008; Abdalqader, Jin 
and Al-Tabbaa, 2016). SC appeared to be a more effective activator for slags rich in 
CaO, MgO and SiO2, while sodium hydroxide worked best for slags rich in CaO, Al2O3 
and SiO2. The SS which is overally the most efficient alkali-activator produced a 
various amount of shrinkage depending on the used alkali modulus Ms (SiO2/Na2O), 
(Bakharev, Sanjayan and Cheng, 1999a; Humad et al., 2019). The SS activator was also 
more efficient for mixes based on a combination of GGBFS and FA, (Dai and Cheng 
1988). Increasing the Na2O content of the SS activator increased the cumulative heat 
evolution, as well as the measured autogenous and drying shrinkage values. The 
porosity was refined and more mesopores were present, (Melo Neto, Cincotto and 
Repette, 2008; Thomas, Lezama and Peethamparan, 2017). Decreasing the alkali 
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modulus of the SS activator in GGBFS mixes from 1.5 to 0.75 reduced the drying 
shrinkage by up to 40% (Bakharev, Sanjayan and Cheng, 1999a; Thomas, Lezama and 
Peethamparan, 2017). A larger shrinkage was detected for mixes activated with liquid 
water glass in comparison with mixes activated with the dry SS, (Yu and Wang, 2018). 

� Curing conditions  
Curing at elevated temperatures reduced the drying shrinkage by up to 50-80% of the 
AAS concretes,  (Bakharev, Sanjayan and Cheng, 1999b; 2000; Ismail et al., 2013; Cai 
et al., 2019). CO2 curing of AAS specimens reduced the drying shrinkage by up to 53% 
due to the carbonation, which decalcified the C-(A)-S-H gel. As a result the pore-size 
distribution moved towards the coarser side and the total porosity was reduced, (Cai et 
al., 2019). The addition of shrinkage reducing admixtures (SRA) to AAS produced a 
coarser microstructure which reduced the pore fluid surface tension and reduced the 
measured drying shrinkage,  (Palacios and Puertas, 2007). The shrinkage of AAS is 
strongly affected by the relative humidity RH. For example moist curing decreased the 
drying shrinkage, (Cai et al., 2019) while dry curing led to a severe microcracking of 
the binder matrix, which reduced the overall strength. The highest drying shrinkage was 
recorded for the AAS concretes at RH of 50-70%, (Ye and Radlińska, 2016b; 
Cartwright, Rajabipour and Radlińska, 2015), Figure 2.9. The alkali-activated fly ash 
(AAFA) mortars showed the highest drying shrinkage values at 30% RH and these 
values were lower than for PC, (Hojati, Rajabipour and Radlińska, 2016). An increase 
of the RH values tends to reduce the drying shrinkage of AAFA mortars. Whereas, for 
the AAS based binders the highest ultimate shrinkage values were measured at 50-70% 
RH. The observed trends were directly linked with the developed microstructure, pore 
structure and hydration products, (Shi., Krivenko and Roy, 2006). 
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Figure 2.9: The effect of relative humidity on the ultimate drying shrinkage values of 
AAs and AAFA, data adopted from (Ye and Radlińska, 2016b) and (Hojati, Rajabipour 

and Radlińska, 2016). 

� Microstructure 
The porosity and pore connectivity in AAM concrete decreased with increased curing 
time and higher curing temperatures, (Collins and Sanjayan, 2008, 2010; Ma, Hu and 
Ye, 2013). However, using heat curing and sealed conditions showed a reduction of 
shrinkage and more homogenous microstructure (Douglas, Bilodeau and Malhotra, 
1992; Chi, 2012). Matrixes based on AAFA binders had high total porosities and small 
amounts of large capillary pores, (Fernández-Jiménez et al., 2003; Lloyd et al., 
2009)(Ma, Hu and Ye, 2013). The AAS binder systems have finer microstructures in 
comparison with PC. They contain a higher percentage of mesopores (2 nm ≤ r ≤ 50 
nm) (Shi, 1996; Collins and Sanjayan, 2000). The finer microstructure was observed in 
SS-activated GGBFS binders which led also to a generally higher shrinkage, (Shi, 
1996).  

 

� MgO content in slag  
The addition of highly reactive MgO to a SS-activated GGBFS accelerated the 
reaction processes in the initial stage, which reduced the drying shrinkage and 
increased the carbonation resistance, while MgO with medium reactivity had little 
effect. At the same time severe cracking was observed in exposure to drying 
condition (Jin, Gu and Al-Tabbaa, 2014; Park, Jang and Lee, 2018). Higher dosage 
of highly reactive MgO, 5, 10 and 15% reduced the drying shrinkage by up to 40, 75 
and 77% respectively and increased the strength, (Abdel-Gawwad and Abd El-Aleem, 
2015). The presence of reactive MgO reduced the chemical, autogenous and drying 
shrinkage. Those results were related to the formation of Mg(OH)2 which refined the 
pore size distribution of the binder matrix, increased the strength  and effectively 
reduced the shrinkage (Li et al., 2019). Reactive MgO reduced the early age 
autogenous shrinkage (0–14 days), while the low-activity MgO decreased the 
autogenous shrinkage after 14 days.  

 

2.4 Creep 
Creep is defined as a slow permanent deformation of a solid material subjected to 
persistent stresses. In the case of concrete it can be defined as a time-dependent 
deformation of a loaded specimen when there is no moisture movement to or from the 
ambient medium, where drying creep is additional creep caused by drying, (ASTM 
C512, 2010). The ultimate effect of creep varies and depends on the type of structure. It 
could create an excessive deflection of structural members and cause problems for the 
users. In certain cases, the development of creep could be advantageous by reducing 



 24 Chapter 2 Literature review – Alkali activated binders 

internal stresses induced by shrinkage, temperature variations or support movement, 
(Neville, 2012; Gilbert, 2017). Over decades, different theories describing creep 
mechanism were developed and proposed including: the viscous shear theory, the 
seepage theory, the delayed elasticity theory, inter crystalline slip and bond rupture 
theory and  permanent deformation, (ACI Committee 209, 2005; Neville and Brooks, 
2010)  
Both creep and shrinkage are affected by the water content and external conditions, 
especially including temperature and RH. Some researchers stated that water is 
inessential to creep, (Feldman, 1972) while others claimed it being a significant factor, 
(Powers, 1958; Nguyen et al., 2014). Water is present in C–S–H in several forms 
including capillary water, adsorbed water (gel water) and interlayer water (combined 
water) (Powers and T. L., 1946; Neville, 2012). The viscous shear theory assumed that 
creep occurs due to sliding of cement gel particles or C-S-H gel plates. The presence of 
macroscopic water presumably increased the sliding rate by creating a disorder in the 
cement paste microstructure. However, later tests did not show increased creep under 
these conditions, (Bazant and Chern, 1985). 
The seepage theory assumed that creep is caused by consolidation and decomposition of 
the interlayer water when the pore water is squeezed out of the specimen under load. 
Thin layers of the adsorbed water are displaced from narrow spaces between particles of 
solid materials and moved from high to low pressure areas. This concept contradicts the 
fact that the compressive stress does not increase the water loss from concrete, and the 
creep of the sealed concrete (basic creep) is not negligible, (Bazant and Chern, 1985). 
Creep could also occur due to the delayed elasticity induced by aggregates, gel crystals 
and a local fracture due to micro-cracking and crystal failure. In that case, the creep 
occurs due to restraining by the hydrated cement matrix of the developing elastic 
deformation of the skeleton built of aggregates. 
The inter crystalline slip theory assumes the development of creep due to slipping 
between multi-plate crystal surfaces. The permanent deformation was assumed to be 
caused by microcracking, crystal failure then re-crystallization and formation of new 
physical bonds. In the case of thin specimens, the creep developing during drying 
exceeds the sum of the drying shrinkage at no load and the creep in a loaded and sealed 
specimen. The difference is called drying creep, Pickett effect or stress-induced 
shrinkage represents a hydro-mechanical coupling between strain and pore humidity 
changes.   
The amount of data related to creep of alkali-activated concretes is rather limited. The 
published results indicated various creep behaviours depending on the used precursor, 
type and amount of alkali activator and applied curing condition. For example, the creep 
of alkali-activated fly-ash steam-cured concrete was comparable with a corresponding 
PC concrete, (Sagoe-Crentsil, Brown and Taylor, 2013). In general higher curing 
temperatures applied to this type of alkali-activated concretes lead to reduced shrinkage 
and creep strains. An average creep value was lower than recommended in the Eurocode 
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2 for PC concrete while cured for 3 days at 40°C. After 7 days of curing at 80°C, the 
creep strains became negligible, (Wallah et al., 2005).  
Others observed higher creep values during the first three days for PC concretes than for 
the alkali-activated GGBFS, (Collins and Sanjayan, 1999 b). The studied AAS concrete 
had a maximum aggregate size of 14 mm, 360 kg/m3 binder content, w/b ratio of 0.5 
and was activated by SS. After 112 days loading, the AAS concrete showed a slightly 
higher creep strain, 42 μ strain /MPa compared with 36.7 μ strain/MPa in PC concrete.  
Larger creep, higher flexural and compressive strength, and lower modulus of elasticity 
of AAS were indicated as possibly reducing the risk of cracking (F. Collins and 
Sanjayan, 1999b). Low creep values of concretes based on alkali-activated binders were 
also indicated as a possible problem due to a lower relaxation of internal stresses 
developed by unintentional deformations from settlements, shrinkage, or thermal 
gradients, (Wallah et al., 2005; Gilbert and Ranzi, 2010; Castel, Gilbert and Ranzi, 
2014). Certainly more research should be done on creep of alkali-activated binders, 
(Provis and van Deventer, 2014).  
 

2.5 Carbonation 

Carbonation in PC concrete is a naturally occurring process associated with formation 
of calcium carbonate (CaCO3) in the binder, due to the chemical reaction of carbon 
dioxide (CO2) with calcium ions (Ca+) in the presence of moisture. The carbonation in 
concrete lowers the pH of the pore solution thus increasing the risk of reinforcement 
corrosion, (Neville, 2012). In addition, carbonation could affect the strength, porosity, 
absorbed water and induce carbonation shrinkage.  

The rate of carbonation increases with increasing CO2 concentration especially at high 
relative humidity. In the presence of moisture, CO2 forms carbonic acid (HCO3), which 
reacts with NaOH in AAMs matrix to form calcium carbonate CaCO3 or NaCO3 in most 
AAMs matrixes. Other hydration products are also decomposed, due to the carbonation, 
producing hydrated silica, alumina and ferric oxide. The decomposition of the hydration 
products due to the carbonation can occur also in normal atmosphere. The simultaneous 
reaction of CO2 with hydrated cement minerals results also in a development of the 
carbonation shrinkage, (Jahren and Sui, 2013). 

The carbonation risk appeared to be generally higher for the alkali-activated binders 
than for OPC, (Bakharev, Sanjayan and Cheng, 2001; Puertas, Palacios and Vázquez, 
2006; Rashad, 2019). Carbonation of the AAM lowers the pH of the pore solution, 
decalcifies the gel binder and causes the precipitation of sodium carbonate, (Bernal, 
Provis, Mejía de Gutiérrez, et al., 2014b) (Morandeau, Thiéry and Dangla, 2014) 

Increasing the FA content increased the carbonation depth (Singh and Singh, 2016). A 
higher strength of the binder matrix resulted in a lower carbonation, (PU et al., 1988, 
Humad, Habermehl-Cwirzen and Cwirzen, 2019). The dose and the alkali modulus Ms 
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of the alkali activator have an essential effect on the carbonation depth of the alkali-
activated slag (AAS) (Puertas, Palacios and Vázquez, 2006; Rashad, 2019). The SS-
activated slag mortar showed 10 times greater carbonation depth in comparison with PC 
mortar. It caused a loss of cohesion in the matrix, increased the porosity and decreased 
the mechanical strength due to the decalcification of the gel. The SH-activated slag 
mortar had a carbonation depth three times greater than a PC-based mortar. In that case, 
the compaction was enhanced and mechanical strength increased. Carbonation of the 
alkali-activated metakaolin did not show any negative effects on the compressive 
strength or increased reinforcement corrosion. However, it increased the risk of 
efflorescence (Bakharev, Sanjayan and Cheng, 2001; Rashad, 2019). 

The AAS pastes based on high MgO GGBFS showed a lower carbonation depth after 
extended exposure to ambient conditions. Carbonation induced chemical degradation 
due to the removal of calcium from the (C-(A)-S-H) gel (Bernal, San Nicolas, Myers, 
et al., 2014a). Stable amorphous calcium-carbonate phases with a lower solubility 
were formed. The formation of hydrotalcite-like phases was indicated to effectively 
bind CO2 which later tended to hinder carbonation, (Park, Jang and Lee, 2018). As a 
result, the degree of decalcification and dehydration of the C-A-S-H was reduced. 
On the contrary, matrixes based on a low MgO-content GGBFS formed an unstable 
amorphous calcium carbonate, which quickly crystallized into calcite/vaterite in 
addition to the decalcification of the C-A-S-H gel (Morandeau and White, 2015; Park, 
Jang and Lee, 2018).  
 

2.6 Efflorescence 
Efflorescence can be defined as the growth of salt deposits on the external surfaces of 
porous materials, Figure 2.10. It is caused by the migration of the alkaline (Na+) in the 
pore solution to the surface and its subsequent reaction with CO2 from the environment 
to produce Na2CO3, which accumulates on the surface. The efflorescence is structurally 
harmless in PC- based binders but visually undesirable. In alkali-activated systems the 
solubility of Na+ and leaching are limited and a significant amount of alkalis is highly 
moveable, either due to the high dose of activator or due to the inherent neutralization of 
Al(OH)4 in pore solution, or both, (Zhang, Provis and Wang, 2016). The curing 
condition is one of the most critical factors  affecting the efflorescence of alkali 
activated systems, (Najafi Kani, Allahverdi and Provis, 2012). Curing at temperature ≥ 
65°C significantly reduced the efflorescence, by alternating microstructure and 
enhancing the crystallinity of the formed AAC gels, (Zhang et al., 2014). The SS-
activated binders showed a generally higher efflorescence than when the NaOH was 
used. The efflorescence was significantly reduced by replacing 20% of FA with slag, 
(Zhang et al., 2014), Figure 2.11. 
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2.7 Chemical composition and microstructure 
The microstructure and the chemical composition of the solidified binder matrix of the 
alkali-activated systems depend to a great extent on the type of the used precursor. The 
main reaction product of AAS was observed to be an aluminium substituted C-(A)-S-H 
type gel, with cross-linked and non-cross-linked of 14, 11 and 9 Å tobermorite based 
structures (Myers et al., 2013). Whereas, in the FA-based systems the main observed 
reaction product was an alkaline-alumino-silicate hydrate (C, N, K)-A-S-H gel 
containing silicon and aluminium tetrahedral randomly distributed and cross-linked, 
(Fernández-Jiménez and Palomo, 2005). 

 

Figure 2.10: Optical micrographs of the efflorescence products in the pores and on the 
surface of a foamed geopolymer (70% FA+30% BFS and activated with SH+SS) at (a) 

24 h and (b) 7 d, adopted from (Zhang et al., 2014). 

 
The C-A-S-H gel chains formed in alkali-activated systems were longer than the C-S-H 
gel chains present in PC system, due to the substitution of Al3+ for Si4+ in bridging 
positions. The Al/Si ratios are lower and Ca/Si ratio higher in comparison with PC 
system. The microstructure of the solidified matrix tended to be denser in alkali-
activated systems, (Puertas et al., 2011). The C-S-H forming in PC contained more Ca 
and less Al than the C-A-S-H forming in an AAS binder, Figure 2.12. While the N-(C)-
A-S-H gel forming in FA and GGBFS binders had a low Ca content.  The pure N-A-S-
H present in systems based on 100% FA was only stable at a pH lower than 12 (Garcia-
Lodeiro et al., 2011; van Deventer et al., 2014). 
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Figure 2.11: : Efflorescence of geopolymer (upper row) and foamed geopolymer (lower 
row) pastes based on 70% FA+30% BFS and activated with SH+SS, the specimens 

stored contact water from bottom, adopted from (Zhang et al., 2014). 

 
Figure 2.12: The ternary diagram shows the phases gel forming in AAMs based on 

GBFS, FA , or a combination of both and PC according to the results of (Ismail et al., 
2014; van Deventer et al., 2014) 

The microstructure and the phase composition of solidified AAM matrixes were 
affected by the precursor type, liquid/binder ratio, alkali type and dose, Na2O% content 
and curing conditions, (Ben Haha et al., 2011; Gijbels et al., 2017). No noticeable 
hydration products were observed on the surface of slag particles after the 24 hours 
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storage in pure water (Jiang, 1997). On the other hand, the surface of slag particles was 
glutinous precipitated with the hydration products at some spots after storage for only 
20 minutes in NaOH solution (Shi and Day, 1996). The voids between slags particles 
were also occupied and filled with hydration products. In general, the AAS material 
produced cracked binder matrix and the cracking severity was decreased by an 
application of heat- or water-curing (Abdollahnejad et al., 2019). Replacing the GGBFS 
with FA or decreasing the alkali modulus of the alkali activator resulted in the 
formation of a more homogenous microstructure with less micro-cracks, (Humad et al., 
2019). GGBFS activated with NaOH showed high early-age strength, and more visible 
pores in the matrix also after one year and more unevenly distributed hydration products 
than in mixes activated with sodium silicate (Ben Haha et al., 2011). 

Application of higher curing temperatures between 60 and 80°C produced  
microstructure with less micro-cracks (Gijbels et al., 2017). The trend was related to a 
more rapid polymerisation and strength gain resulting in a higher early-age compressive 
strength, Figure 2.13. 

 

Figure 2. 13: Effect of curing regimes on the homogeneity of the microstructure and the 
micro-cracks of 90% AAS and 10% calcium sulphate dehydrate pastes activated by SS 

at 28-day and  curing temperature a) 20 °C, b) 60 °C, and c) 80 °C , adopted from 
(Gijbels et al., 2017). 
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2.8 Concluding remarks 
The following conclusion were formulated:  

� AAS concretes showed higher autogenous and drying shrinkage, lower 
carbonation resistance and faster loss of workability in comparison with PC-
based system.  

� Curing conditions, activator type, activator amount, alkali modulus and the 
presence of FA appeared to be significant factors determining the mechanical 
properties of alkali-activated GGBFS concretes.  

� Mineralogical composition and fineness of the binder alongside with the 
activator type and its dose control the dissolution rate, typed of forming 
hydration products and heat evolution. 

� AAMs concrete contains more mesopores (2 nm ≤ r ≤ 50 nm) than PC concrete, 
which strongly affects their shrinkage and creep. 

� The number of studies focusing on alkali-activated high MgO GGBFS slag is 
very low. 

� The effects of MgO on solidified AAM matrixes are not yet fully understood. 

� The creep and shrinkage properties of alkali-activated high-MgO content 
GGBFS concrete are rather unknown.  

 

 

 

 

 

 

 

 

  

 

 

 



 31 Chapter 3 Methodology 

 

 

 

Chapter 3 Methodology 

3.1 Introduction  
This chapter presents information related to the used materials and test methods of this 
study. The produced AAS pastes, mortars and concretes were based mainly on local 
Swedish high MgO GGBFS. The mixes were activated with different dosages of liquid 
sodium silicate (SS), powder sodium carbonate (SC) and a combination of both. The 
study focused on shrinkage, creep of AAS concrete as well as on other related factors. 
This included activator type and dosage, alkali modulus (Ms) of SS, and curing 
conditions. Basic properties such as; slump, setting time, strength, carbonation, 
efflorescence, microstructure and chemical composition were determined along with 
shrinkage and creep. Moreover, alkali-activated pastes and concretes based on various 
combinations of GGBFS and FA were produced. 

 

3.2   Materials  

3.2.1   Precursors 

AAS pastes, mortars and concretes used in this research were based on GGBFS or 
composite binders containing GGBFS and 20 to 60 wt.% of fly ash (FA). The used FA 
class F was provided by Heidelberg Cement (Cementa-Sweden). Three types of GGBFS 
having different MgO contents and fineness were used. Two slags were provided by 
Merox-Sweden having MgO contents of 16 wt% (S16) and 12 wt% (S12). The third type 
of slag (S8) used contained only 8 wt% of MgO, originated from Germany and was 
provided by Thomas Betong. Basic physical properties and chemical compositions of 
all binders are given in Table 3. 1. The basicity modulus Kb of GBFSs was calculated 
as Kb= (CaO + MgO) / (SiO2 + Al2O3), while the hydration modulus (HM) was 
calculated as HM = (CaO + MgO + Al2O3) / SiO2.  

 

3.2.2 Alkali activators 

Three types of alkali activators were used, Figure 3.1. Liquid sodium silicate (SS), was 
provided by the PQ-Corporation and had an alkali modulus (Ms = mass ratio 
SiO2/Na2O) of =2.2, with 34.37 wt.% SiO2, 15.6 wt.% Na2O and a solids content of 
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49.97 wt.%. The alkali modulus was adjusted by the addition of sodium hydroxide (SH) 
pellets (98% purity) to obtain the following values: 1.5, 1.0, 0.5 and 0.25. The SH 
pellets were also provided by the PQ-Corporation. The anhydrous sodium carbonate 
(SC) was provided by CEICH SA (Poland). 

3.2.3 Aggregates 

The natural granite aggregates having particles sizes 0 - 8 mm were provided by 
Jehander HeidelbergCement group. The grading curve of this aggregate is shown in 
Figure 3.2. The specific gravity was 2.7 ton/m3. The total aggregate content was 1663 
kg/m3 with a fine aggregate content of 80%. The fine sand (B35) used for the mortar 
samples was provided by Sibelco Sweden. 

Table 3. 1: The chemical compositions and physical properties of the binders. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Alkali activators a) liquid sodium silicate (SS), b) Sodium hydroxide (SH) 
pellets c) anhydrous sodium carbonate (SC). 

Oxides S16 S12 S8 FA 
SiO2 35 34 37.9 48.1 
Al2O3 14.3 11.6 13.2 18.9 
CaO 30.4 30.3 38.5 6.1 
Fe2O3 0.3 0.3 0.37 7.8 
K2O 0.7 0.8 0.6 2.3 
MgO 16.1 12.1 7.8 1.8 
MnO 0.5 0.5 0.2 0.073 
Na2O 0.6 0.5 0.5 1.1 
P2O5 <0.01 <0.01 <0.01 0.44 
TiO2 2.8 2.1 0.8 0.8 
LOI  -0.9 -0.9 -1 1.6 
Ca/Si 1.33 1.36 1.55 0.13 
Mg/Al 1.28 1.18 0.67 0.095 
Kb 0.94 0.93 0.91 - 
HM 1.74 1.59 1.57 - 
Specific surface area  m2/kg   450 435 498 320 
Particles Density Kg/m3 2950 2950 2900 2300 
Bulk Density Kg/m3 1100 1100 1150 1000 
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Figure 3.2: Grading curve of aggregate (0-8mm) used in this work. 

3.2.4 Mixing and curing 

Four types of mixers were used to prepare concrete, mortars and pastes, Figure 3.3. An 
Ecovac-bredent-Germany vacuum mixer was used to prepare pastes and mortars. The 
mixer had a max capacity of 200 g and a mixing speed of 400 rpm. Two types of Hobart 
mixers having capacities of 2 and 10 liters were used to produce mortars and concretes. 
Big volume concrete mixes were produced with a 75 liters rotating pan mixer type 
Zyklos-ZZ75HE.  

 

Figure 3.3: Mixers that were used in this work a) Ecovac-bredent mixer, b) Hobart 
mixer-2L c) Hobart mixer-10L, and d) The rotating pan mixer Zyklos-ZZ75HE-75L. 

Immediately after casting, all specimens were sealed in plastic bags. The following 
curing procedure included two variants. In the first variant, sealed samples were kept in 
laboratory conditions for of either 1-2 months or for 1-2 years. In the second variant the 
sealed specimens were heat-cured at 65°C for 24 h then stored and kept in laboratory 
conditions until testing, Figure 3.4.  
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Figure 3.4: Curing conditions a) storage at laboratory, and b) heat-curing in oven with 
65°C for 24 hours. 

3.2.5 Mix designs  

The binder content was 450 kg/m3 in all concrete mixes, and the binder-to-sand ratio 
used in mortars was 1:1, Table 3.2. Tap water was used in all mixes. The w/b ratio for 
AAM mortars and concretes was 0.45 and 0.36 for pastes. Alkali activators were mixed 
with the mixing water either one hour or one day before casting. No plasticizer was 
used. The FA was used as a partial replacement of the GGBFS S16. The used GBFS/FA 
ratios were 100:0, 80:20, 60:40, 50:50 and 40:60. The alkali activator dosages were 3, 5, 
10 and 14 wt.% as solid content by mass of the total binder. In addition, a mixture of 5 
wt.% SS + 5 wt.% SC was used.   

 

3.3 Methods 

3.3.1 Slump test 

The workability of tested concrete mixes was determined by the slump test following 
the ASTM C143 standard, Figure 3.5a.The workability of mortars was assessed using 
an in-house developed mini slump method, Figure 3.5b. 

3.3.2 Setting time  

Initial and final setting times were determined using a Vicat apparatus with a 1 mm 
diameter needle and a plunger mass of 300 g, Figure 3.6. Two standards were used 
during this research. The IS 4031 (IS-4031 (Part V), 1988) and the ASTM C191-13 
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Figure 3.5: Workability assessment a) slump according to the ASTM C143 b) the mini 
cone. 

 

 

 

Figure 3.6: Vicat apparatus for setting time test 
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Table 3.2: The used mix proportions. 

3.3.3 Mechanical properties 

The mechanical properties of the produced materials were limited only to the 
determination of the compressive and flexural strengths. The compressive strength of 
concretes was measured on cube specimens having dimensions of 100×100×100 mm3. 
Three concrete cubes were tested for each mix after 1, 3, 7, 28, 180, and 365 days age 
following the SS-EN 12390-3 standard. The compressive strength machine by Toni 
Technik / Germany was used and the loading rate was kept constant at 10 kN/sec. The 
compressive strength of the mortar samples was determined on beams having 

S. Concrete mix ID Binder type 
(450 kg/m3) 

Activator 
dosage and 

type 

Alkali 
modulus 

(Ms) 
pH  Curing 

type 

1 SC3 100% slag S16 3% SC -- 11.2 Lab curing  
Heat curing 

2 SC5 100% slag S16 5% SC -- 11.22 Lab curing  
Heat curing 

3 SC14 100% slag S16 14% SC -- 11.24 Lab curing  
Heat curing 

4 SS3 100% slag S16 3% SS 1 13.38 Lab curing  
Heat curing 

5 SS3-15 100% slag S16 3% SS 1.5 13.06 Lab curing  
Heat curing 

6 SS3-22 100% slag S16 3% SS 2.2 11.9 Lab curing  
Heat curing 

7 SS5 100% slag S16 5% SS 1 13.5 Lab curing  
Heat curing 

8 SS14 100% slag S16 14% SS 1 13.72 Lab curing  
Heat curing 

9 SS14-15 100% slag S16 14% SS 1.5 13.51 Lab curing  
Heat curing 

10 SC10 L  (or SC10) 100% slag S16 10% SC -- 11.23 
 

Lab curing 

11 SC10 H 100% slag S16 10% SC -- Heat curing 

12 SS10 L   (similar to  SS10 
or 100:0-10SS 1) 

100% slag S16 10% SS 1 13.7 
 

Lab curing 

13 SS10 H 100% slag S16 10% SS 1 Heat curing 

14 SC5+SS5 L  
(or SC5+SS5) 

100% slag S16 5% SC+5%SS 1 
13.33 

 

Lab curing 

15 SC5+SS5 H 100% slag S16 5% SC+5%SS 1 Heat curing 

16 80:20-10SS 1 80% slag S16+20% FA 10% SS 1 13.7 Lab curing 

17 80:20-10SS 0.5 80% slag S16+20% FA 10% SS 0.5 14 Lab curing 

18 S16 (or SS10 L) 100% slag S16 10% SS 1 1.7 Lab curing 

19 S12 100% slag S12 10% SS 1 13.7 Lab curing 

20 S8 100% slag S8 10% SS 1 13.7 Lab curing 

Note:-  SS: liquid sodium silicate; SC: powder sodium carbonate;  Ms= SiO2 / Na2O 

Mortars mix ID 
GBFS:FA =1:1, w/b=0.45 
21 S16s   100% slag S16 10% SS 1 13.7 Lab curing 

22 S12s 100% slag S12 10% SS 1 13.7 Lab curing 

23 S8s 100% slag S8 10% SS 1 13.7 Lab curing 

24 S16c 100% slag S16 10% SC -- 11.23 Lab curing 

25 S12c 100% slag S12 10% SC -- 11.23 Lab curing 

26 S8c 100% slag S8 10% SC -- 11.23 Lab curing 

Suffixes c and small s denote activator type SC and SS respectively. 
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dimensions of 12 × 12 × 60 mm3 at the age of 7 and 28 days. The test was completed 
using a Wykeham Farrance compression device combined with the Catman Easy 
control software. The loading speed was 0.05 mm/min.  The flexural strength was 
determined on sealed-cured 28-days old beams having dimensions of 100×100×500 
mm. The three point-bending-method was used following the SS-EN 12390-5:2009 
standard. The applied load rate was160 N/sec. 

3.3.4 Shrinkage 

The drying shrinkage and creep measurements were combined and used cylinder 
specimens having a diameter of 100 mm and a height of 200 mm, Figure 3.7a. Steel 
studs were glued with an epoxy resin to the sides of the cylinder and strain values were 
measured using an electronic manual strain gauge DEMEC type (Mayes Instruments), 
Figure 3.7b & c. The analyzed drying shrinkage value was an average of six 
measurements. The cylinder specimens were exposed to laboratory conditions 2-3 days 
after casting, depending on the strength development. Measurements were done every 
day for the first two months then every week for the following two months and after 
that once a month. The samples for the determination of the autogenous shrinkage were 
tightly wrapped in a plastic foil after demolding, Figure 3.7d. The sealed specimens 
were kept in laboratory conditions and measurements were done almost every day for 
about one and half months 

  

Figure 3.7: Shrinkage measurements a) storage of drying shrinkage specimens in 
laboratory conditions, b) the used strain gauge DEMEC, c) drying shrinkage 
measurement, and d) a sealed specimen used for the autogenous shrinkage 

measurement. 
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3.3.5 Creep  

The creep was measured in total for two years. A load corresponding to 40% of the 
28-day cylinder sample compressive strength was applied 28 days after casting 
following the ASTM C512 standard to three cylinders samples. The measured 28-days 
cube compressive strength was converted to the cylinder compressive strength values 
following the BS EN 206-1:2000 standard. Six cylinder specimens having a diameter 
of 100 mm and height of 200 mm were casted following the ASTM C512 standard 
(ASTM C512, 2010). Three remaining specimens were used to measure the 
reference drying shrinkage in non-loaded conditions. The measured shrinkage strain 
was subtracted from the measured creep values.  

All samples after casting were sealed with plastic bags, and two curing procedures were 
applied. The first procedure included a storage at laboratory conditions for 28 days until 
the load was applied. The second procedure included heat-curing at 65°C for 24 h 
followed by storage in laboratory conditions until testing. Strain values were recorded 
using an electronic manual strain gauge DEMEC type (Mayes Instruments, England), 
Figure 3.7b. Two pairs of stainless steel studs were attached with epoxy resin to the 
specimen surfaces 100 mm apart. Cylinder top and bottom surfaces were grinded and 
samples were placed in stacks of three in the loading rig, Figure 3.8. The load was 
applied using a NIKE hydraulic jack. After the desired load was reached, nuts on the 
connecting threaded rods were locked. The load was checked regularly during the test.  

Creep and shrinkage values were recorded every day for the first two months and every 
week for the following two months. Later, the values were recorded only once a month. 
The creep strain value was calculated based on an average value of six readings 
following the equation 2, (ACI Committee 209, 2008). 

 

             �� � �� � ��� � �
� �� ��� �!�" �#" � �$ ��

� � ��� ��!�" ��#" �� �$�
� %……….Eq. (2) 

Where 
Ɛc    the creep strains. 
Ɛt     the total strain including creep and shrinkage.  
Ɛsh   the shrinkage strains. 
Li, t  the distance measurement in creep test. 
L0, t  the initial distance measurement in creep test.  
Li,sh the distance measured in shrinkage test.  
L0,sh the initial distance measured in shrinkage test. 
The term creep coefficient Φ(t-t0) is used to define the capacity of the concrete to creep 
deformation, which is the ratio of creep strain value (ϵc(t-t0)) at any time (t) to the 
instantaneous creep (ϵi) strain of a specimen subjected to sustained load at time (t0) as in 
Eq. 3 
                                                  Φ(t-t0) =  ϵc (t-t0) / ϵi                        …………..Eq. (3) 
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In addition, the expression specific creep is the proportionality factor connecting stress 
to linear creep, which is defined as the creep strain ϵc (t-t0) (total creep strain - drying 
shrinkage strain - initial strain)) per unit stress Ϭ28 as shown in Eq. 4, (ACI Committee 
209, 2005) 

                                           C(t-t0) = ϵc (t-t0)/ Ϭ28                    ……………..Eq. (4) 
 

 

 
 

Figure 3.8: Creep test setup 

3.3.6 Carbonation and efflorescence 

Phenolphthalein Deep Purple Indicator was used to determine the carbonation depth. 
The Phenolphthalein was sprayed onto the freshly split concrete surfaces, and photos 
were taken after few seconds, Figure 3.9. The test was performed on 1 and 2 years old 
specimens stored in laboratory conditions (20±4˚C and 45±15 % RH). Furthermore, 
beams with dimensions 40 × 40 × 160 mm3 were casted to measure the efflorescence 
and carbonation of AASs mortars based on three different slags. These beams were also 
stored in laboratory conditions. The efflorescence was identified 2 days after opening of 
molds, which corresponded to 4 days after casting. The carbonation test was done on 
the same mortars beams but three months after casting. 
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Figure 3.9: Phenolphthalein Deep Purple Indicator and some carbonation test results. 

3.3.7 Hydration/ reaction heat development 

The heat development during the hardening processes was measured using an in-house 
built semi-adiabatic calorimeter. The temperature was measured by thermocouples 
imbedded into the test samples and connected to a TC-08 device type Pico technology 
and PicpLog6 software. The specimen preparation included the casting of AAS pastes 
in polystyrene boxes with inner dimensions of 60 × 60 × 60 mm3. The total thickness of 
the polystyrene wall was 60 mm, Figure 3.10. The measurements lasted for 
approximately 7 days.  

 

Figure 3.10: The setup used for semi-adiabatic temperature measurements. 

3.3.8 SEM and EDX test 

The microstructure and the phase composition of the solidified matrixes were studied by 
a scanning electron microscope (SEM) type Jeol JSM-IT100, Figure 3.11. The used 
SEM was coupled with a QUANTAX energy dispersive X-ray spectrometer (EDX) 
from Bruker using the ESPRIT 2 software.  

The sample preparation included cutting slices from 28-days old specimens. Directly 
after cutting, the obtained samples were immersed in isopropanol alcohol for two days 
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in order to stop the hydration process. Later, the samples were impregnated under 
vacuum with a low viscosity epoxy resin, Figure 3.12a. The samples were then 
polished using diamond spray with particles size between 9 and 1 μm. A load of 35N 
was applied to the specimens during polishing, Figure 3.12b, c. The SEM was 
operating in the backscattered electron mode (BSE) at low vacuum set of the specimen 
chamber. The accelerating voltage was 15.0 kV and the probe current between 48-72 
mA.  

 

 

Figure 3.11: Scanning electron microscopy (SEM) JSM-IT100. 

 

 

Figure 3.12: Preparation steps of SEM samples 

3.3.9 XRD analysis 

XRD analysis was done on 7- or/and 28-day-old powdered paste samples using a 
PANanalytical Empyrean XRD unit operating with Cu Kα radiation. The total scanning 
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time for each sample was 15-16 min and the step size was 0.0262° 2θ with results 
evaluated by using the High Score Plus software..  

3.3.10 TGA test  

The thermogravimetric analysis (TGA/DSC) measurement was done in a nitrogen gas 
atmosphere utilising a NETZSCH STA 409PC/PG TGA/DSC machine. The used 
temperature rage was between 30 and 1000 °C with the heating rate of 10°C/min. 
Before measurement, the 28-day-old samples were immersed in isopropyl alcohol for 
48 hours to stop ongoing reactions and then subsequently were ground to powder. 

 

3.3.11 Specific surface area analysis 

The particle size distribution was determined for three type of slags (S16, S12 and S8) 
using a laser LS 13 320 XR Particle Size Analyzer. 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 



 43 Chapter 4 Test results and discussion 

 

 

  

Chapter 4 Test results and discussion 
This following sections present the most important collected data and related 
discussions.   

4.1 Fresh properties  
The type and the dosage of alkali activators as well as the fineness of the GGBFS 
appeared to affect strongly the fresh state properties. The SS-activated concretes and 
mortars were highly workable in comparison with the SC-activated mixes, Figure 4.1 
Figure 4.2. This trend was related to the lubricating effect of the used SS-solution. 
Increasing the activator dosage increased the slump for both types of activators but all 
mixes showed a relatively fast slump loss especially when the high amount of 14 wt.% 
of SS or SC was used, Figure 4.2. The concrete mixes activated with SC showed the 
most rapid loss of workability within approximately 15 minutes from adding water. 
Similar results were observed by others (Fernández-Jiménez et al., 2003; Rajesh et al., 
2013). 

 

Figure 4.1: Effect of alkali-activator type and dosage on the measured slump values. 

Decreasing the alkali-modulus of SS to one has increased the measured slump, while 
decrease it to 0.5 caused lower slump, Figure 4.3. The measured pH values of the SS 
solution, Figure 4.4, increased due to higher alkaline (Na2O) content. No bleeding was 
observed in any of the studied mixes, Figure 4.5 
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The effects of the type of GGBFS on the fresh concrete properties were studied on 
mixes based on three slags (S16, S12 and S8), having different chemical compositions and 
fineness, Table 3.1. Mortars were activated with 10 wt% SS, having a Ms of 1.0 and 
with 10wt% of SC, Table 3.2. The workability was measured by the mini cone method 
described earlier, Figure 3.5b. The obtained results confirmed that the fineness 
significantly affected the workability, Figure 4.6. Mortars based on the S8 slag that had 
the highest fineness of 498 m2/kg showed the lowest flowability regardless of the used 
alkali-activator type. It can be directly related to the higher surface area, which 
increased the water demand and led to a lower flowability. 

 

Figure 4.2: Losing workability of alkali-activated slag concrete based on 14% SS and 
SC. 

 

Figure 4.3: Effect of alkali modulus (SiO2/Na2O) Ms of sodium silicate SS on slump 
values, suffixes after mix ID- indicate the Ms value, No suffix means Ms =1. 
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Figure 4.4: Relation between the Ms and the pH values of the SS solution (10 wt% 

dosage), values were measured one hour after the preparation of solution. 

 

Figure 4.5: No bleeding was observed in any of the tested mixes. 

In general, the measured setting times were shorter for the SC-activated pastes in the 

case of the initial setting and longer for the final setting time in comparison with the SS-

activated pastes. Similar trends were also observed by others, (Shi and Day 1995; 

Bernal et al. 2015; Humad, Provis, and Cwirzen 2018). Increasing the dosage of 

activators shortened both times, Figure 4.7. Decreasing the alkali modulus Ms from 2.2 

to 1.0, with a low dosage of SS (3 wt%), elongated the initial setting time but shortened 

the final setting time. Whereas decreasing the Ms from 1.0 to 0.25, with a 10 wt% 

dosage of the SS, shortened both setting times, except for the mix having a Ms of 0.5 

which showed a longer initial setting time than mixes having a Ms of 1.0 and 0.25 

Figure 4.8.  
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Figure 4.6: The slump flow of the AASs mortars was measured using the mini cone. 
The three slags (S16, S12 and S8) were used and activated with 10% SS, Ms1 and 

10%SC. 

 

Figure 4.7: Initial and final setting times measured for AAS pastes based on slag S16 
activated with 3-14 wt% of sodium silicate SS having the Ms of 1. 

 
SC-activated pastes showed longer initial and final setting times in comparison with 
mixes using SS, Figure 4.9. However, mixes based on slag S12 (less fineness), Figure 
4.10 showed the longest initial and final setting times for both types of activators. 
Moreover, AAS pastes based on the finest slag S8, had the shortest initial and final 
setting times, Figure 4.9. 
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Figure 4.8: Initial and final setting times of AAS pastes based on slag S16 activated by 
10%SS with 0.25, 0.5 and 1.0 of the Ms 

The effects of the partial replacement of GGBFS by FA were studied using concretes 
based on the S16 slag. Several mixes were produced having the GGBFS: FA ratios of 
100:0, 80:20, 60:40, 50:50, and 40:60. The results showed that higher amounts of FA 
increased slightly the initial and final setting times, Figures 4.11 and 4.12. These effects 
were more noticeable for mixes containing a lower dosage of the alkali activator, (5% 
SS, Ms1) and with the Ms decreasing from 1.0 to 0.25. The trend can be related to a 
lower initial reactivity of the FA which needs a pH value of the solution ≥13 to react at 
a significant rate, (Bijen, 1996; Lee and Lee, 2015).  

 

Figure 4.9: Initial and final setting time of AASs pastes based on three different slags 
S16, S12 and S8 activated by 10% SC and 10% SS. 
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Figure 4.10: Particle size distribution of the three used GGBFS. 
 

The reaction starts when the activator begins to react with the GGBFS and dissolved 
silicates form first C-A-S-H. The pH will be likely to increase as its effective Ms value 
decreases. The presence of more GGBFS supplying calcium to react with silicates from 
the activator will potentially bring a more rapid increase of the pH value. Which will 
enhance likeness for the fly ash to initiate the reaction and will decrease its delaying 
effect. Tests included also mixes with SC activator but the reaction was very slow and 
no initial setting was observed even after 7 days. Consequently, the SC-activator was 
excluded from alkali-activated mixes containing FA. The developed pH value of less 
than <11.5 for the SC mixes is shown in Figure 4.13. The increased dosage of the SC 
did not have any noticeable effect on the pH value contrary to the SS mix.  

 

Figure 4.11: Effect of replacing GGBFS with FA %, the SS dose and Ms value on the 
initial setting times. 
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Figure 4.12: Effect of replacing GBFS with FA%, the SS dose and Ms value on the 
final setting times. 

 

Figure 4.13: pH values of solutions containing different dosages of alkali activators. 
 

4.2 Strength  

The measured compressive strength values for mixes based on the S16 slag and activated 
with the SS are shown in , Figure 4.14. Increasing the amount of the SS increased the 1, 
7 and 28-day strength values which is directly related to the higher solubility and more 
intensive reactions. The heat curing provided higher strength values when the SS dose 
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was higher than 5wt%, , Figure 4.15, which can be related to a further increased 
dissolution rate of the GGBFS and additionally accelerated chemical processes. 

The laboratory-cured SC-activated mixes showed higher 28-days strength values than 
when the heat curing was applied; which complies with earlier results, (T. Bakharev, 
Sanjayan and Cheng, 1999; Wang and Scrivener, 2003), Figure 4.15. The crystallinity 
of the C–(A)–S–H presumably increased due to the higher temperatures. Moreover, the 
application of heat curing tended to coarsen the pore structure due to a faster formation 
of the C–(A)–S–H. This lead to the creation of interstitial pores between denser 
precipitates forming a barrier zone preventing further dissolution and dispersion of ions 
(T. Bakharev, Sanjayan and Cheng, 1999).  

The partial replacement of GGBFS (S16) with FA affected the recorded compressive 
strength values. Increasing the amount of FA generally decreased the compressive 
strength. There was no strong effect of the sodium silicate dosage when the FA was 
present. However, the 7-day compressive strength values were considerably more 
affected by the alkali modulus when its values decreased from 1.0 to 0.5 in comparison 
with its further decrease to 0.25, Figure 4.16 and 4.17. Similar results were obtained by 
others (Zheng, 2009; Mosale Vijayakumar, 2014). 

 

 

Figure 4.14: Effects of the amount of SS and curing regime on the 7-days and 28-days 
compressive strength values. 
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Figure 4.15: Effects of the amount of SC and curing regime on the 7-days and 28-days 
compressive strength values. 

Replacing the S16 with 20wt% of FA in mixes activated by 10wt% of SS having a 
constant  Ms=1.0 reduced both the 7- and 28-day compressive strength values, Figure 
4.17. At the same time, a decrease of the Ms from 1.0 to 0.5 enhanced the compressive 
strength. Previous studies, showed that increasing the amount of FA delayed the setting 
times, reduced the Poisson’s ratio, modulus of elasticity and compressive strength, 
increased ductility and toughness, (Škvára et al. 2003; Lee and Lee 2013; Criado, 
Aperador, and Sobrados 2016; Liu, Zhu, and Yang 2016). Lower strength values could 
be also related to the observed by other coarser pore size distribution, (Fernández-
Jiménez and Palomo 2003; Lloyd et al. 2009). Large capillary pores were not present 
but instead very large cavities were observed, (Ma, Hu and Ye, 2013). On the contrary, 
in the case of AAS binder system, the pore structure appeared to be finer in comparison 
with the alkali- activated fly ash (AAFA) and also with PC, (Sindhunata et al., 2006). 
Moreover, the development of the early-age strength is related to the reaction of the 
GGBFS, while later strength gains are controlled by the FA. The measured 7-day 
compressive strength values were strongly affected by the decreasing alkali modulus 
when the amount of the FA was increased. The preparation procedure involving 
premixing of the activator with water 24 hours prior to casting appeared also to affect 
the mechanical properties, (Yang and Jennings, 1995; Hardjito and Rangan, 2005). The 
present results indicated that pre-mixing of the activator solution 24 h before casting 
increased the early-age compressive strength from 34 to 42 MPa. 
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Figure 4.16: Effect of replacing GBFS with FA on 7-day compressive strength of AAS 
concretes based on slag S16 and activated by different dosages of SS, lab-cured. 

The long-term strength measurements were performed on AAS concrete mixes based on 
the S16 GGBFS activated by 10%SS, 10%SC and a combination of both 5%SC+5%SS 
using the heat and laboratory curing procedures. Six months of the sealed curing 
reduced the compressive strength values of mixes activated with sodium carbonate 
(SC10 or SC5+SS5), Figure 4.18. A similar trend was observed in PC pastes containing 
Na2CO3, (Janotka, 2001) and in heat-cured SS-alkali-activated slag concretes 
(Bakharev, Sanjayan and Cheng, 1999). Others also observed a decreasing compressive 
strength or hindered strength gain after 90 days due to the lack of moisture, (Collins and 
Sanjayan 2001; Bernal et al. 2016). Between 180 and 360 days, the produced concrete 
mixes activated with the SS and independent of the used curing regime (mixes SS10 L, 
SS10 H) showed only a limited strength gain. Between 3 and 7 days, regardless of the 
used activator type, the lab-cured specimens had a significant strength gain while the 
heat-cured samples showed only a limited increase.  
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Figure 4.17: 7- and 28-day compressive strength of AAS concretes based on slag S16. 
 
The highest 7-days and 28-days compressive strength values were recorded for AAS 
mortars based on the finest slag S8 activated with 10%SS, Figure 4.19. While the AAS 
mortar S12C based on S12 (the coarsest slag) developed the lowest 7-day compressive 
strength values. This trend can be related to a slow hydration process and a long 
induction period, which was detected with the semi-adiabatic calorimetry. After 28-
days, the strength developed more intensely and reached nearly 35 MPa. These results 
are in agreement with a previous study that tested mixes containing 30 wt% of Portland 
cement blended with different amounts of GGBFS, (Demoulian et al., 1980). High 
Al2O3 content and the lowest MgO/Al2O3 ratio produced matrixes having the highest 
compressive strength but also containing high amounts of ettringite and hydrotalcite. It 
can be generalized that the studied high-MgO slag produced higher 28-day compressive 
strength when activated with SC rather than SS. The formation of calcite and gaylussite-
like phases which converted later to more stable phases and loss water molecules could 
be indicated as the main reason.  

The measured flexural strength values of mixes based on the S16 slag activated by 
10% SS, 10%SC and by the combination of both 5%SC+5%SS using the heat and 
lab-curing procedure are shown in Figure 4.20. The flexural strength values reached 
between 4.5 and 6.0 MPa with slightly lower values for the heat-cured specimens. 
There was no evident correlation between compressive and flexural strengths. Some 
of the mixes had relatively high compressive strength but lower flexural strengths, 
which could be related to micro-cracking within the binder matrix. Similar 
tendencies were observed in PC based systems, (Wedatalla et al 2019). 
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Figure 4.18: Compressive strength values of AAS concretes based on slag S16 
measured after 3, 7, 28, 180 and 360 days. 

 

 

Figure 4.19: 7 and 28-day compressive strength test results of AASs mortars based on 
slags S16, S12 and S8 activated with 10%SS and 10%SC. 
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Figure 4.20: Flexural strength results at 28-day of AAS concrete beams based on slag 
S16. 

4.3 Shrinkage  

The drying shrinkage of the studied AAS concretes measured up to one year were in 
general higher in comparison with PC concretes, Figure 4.21, similar results were 
obtained by others (Häkkinen, 1993; Collins and Sanjayan, 2000; Reddy and Tilak, 
2015; Ye and Radlińska, 2016b). The measurements started after 2-4 days, depending 
on the setting time. The results showed that the heat-cured specimens developed a lower 
ultimate measured drying shrinkage varying between 1.8 to 3.4 mm/m. The heat curing 
reduced the ultimate shrinkage values by 3%, 8% and 38 % for mixes SS10, SC10 and 
SC5+SS5 respectively. The measured reduction can be related to the rapid development 
of the shrinkage within the first 24 hours during the heat-treatment when the 
measurements were not performed yet. The development of the shrinkage between the 
first and the third month was more than double in the heat-cured samples compared 
with the lab-cured samples. This trend could be related to the higher amount of 
crystalline phases forming at higher temperature, as revealed in the XRD analysis. 
Furthermore, higher temperature accelerated the hydration of the formed solid phases 
which lead to higher porosity, (Shi, Krivenko, and Roy, 2006). The coarser 
microstructure resulted in a lower tensile strains being induced by the evaporation of the 
pore water and eventually lower shrinkage values, (Collins and Sanjayan 2000; 
Bakharev, Sanjayan, and Cheng 2000; Ismail et al. 2013). The enhanced initial rate of 
hydration due to the heat curing tended also to retard the following stages of the 
reaction process by limiting the access to the slag particles. Consequently the 
dissolution rate was hindered resulting in a non-uniform distribution of the more porous 
hydration products, (Helmuth, G.J. and Verbeck, 1968, Shi, Krivenko, and Roy, 2006). 
The low strength development observed between 7- and 28-day for the heat-cured 



 56 Chapter 4 Test results and discussion 

samples could additionally support those conclusions, Figure 4.18. Considering the 
shrinkage development over a longer period of time, 80-90% of the 1-year shrinkage 
values were developed during the first month in the case of the lab-cured samples, while 
it took 4 months for the heat-cured samples to develop the same percentage of their 
ultimate one-year shrinkage. The SC-activated slag concrete developed a significantly 
lower shrinkage in comparison with mixes activated with the SS. The lowest ultimate 
shrinkage value after one year was 1.8 and 1.95 mm/m for mixes SC10 H and SC10 L 
respectively for both curing procedures, Figure 4.21. The highest shrinkage value 
reached 3.5 mm/m for the SS-activated concrete cured in the laboratory (mix SS10 L) 
which can be related to more intensive chemical reactions triggered by the high pH 
values. In addition, the formation of a finer microstructure was likely leading to an 
intensive self-desiccation, (Zhang, Zakaria and Hama, 2013; Mosale Vijayakumar, 
2014). The number of empty pores most presumably increased due to more intensive 
chemical reactions, which eventually increased the shrinkage too, (Melo Neto, Cincotto 
and Repette, 2008).  

 

Figure 4.21: Ultimate drying shrinkage values of AAS concrete based on slag S16 
subjected to dry condition after 2-4 days of casting. 

The results showed that sealing or wrapping of concrete cylinders with plastic bags for 
one month and their storage at lab conditions reduced the ultimate measured shrinkage 
values by 10 to 30%, independently of the used curing procedure, Figure 4.22. The 
main difference between the sealed and unsealed specimens was the contribution of the 
drying shrinkage. The applied sealing prevented the development of the drying 
shrinkage, which resulted in dense and strong binder matrix able to withstand 
volumetric changes without developing extensive microcracking. After one month of 
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the sealed curing, the lowest shrinkage of 1.6 mm/m was measured for the heat cured 
concrete SC5+SS5H. A combination of the heat treatment with the sealed curing 
reduced the drying shrinkage values measured after one year by 32%, 33% and 50% for 
the mixes SS10 L, SC10 L and SC5+SS5 L respectively.  

 

Figure 4.22: Ultimate drying shrinkage values of AAS concrete based on slag S16 after 
sealed for 1 month. 

Partial replacement of the GGBFS with FA showed comparable drying shrinkage values 
to PC concretes, (Deb, Nath and Sarker, 2015; Hojati, Rajabipour and Radlińska, 2016, 
2019). In the present study, some of the mixes had 20 wt.% replacement of the GGBFS 
(S16) with FA. These mixes were activated with 10% SS having Ms of 1.0 and 0.5. 
Nearly the same total shrinkage values were measured when the alkali modulus was 1, 
and a reduction of up to 23% when the Ms was 0.5, Figure 4.23 and 4.24. The 
autogenous shrinkage of the AAS concrete tended to continue for a longer time and 
reached higher ultimate values in comparison with OPC, (Sakulich & Bentz, 2013; 
Orosz et al., 2019). Therefore, the autogenous shrinkage measurements of sealed 
samples were continued for 45 days, Figure 4.25. The 20 wt% replacement of the S16 
with FA reduced the autogenous shrinkage when the alkali modulus of the SS was 1.0. 
The trend can be related to the lower chemical reactivity of the FA. At lower Ms (0.5) 
the autogenous shrinkage was slightly increased while the drying shrinkage was 
significantly larger. Both results are related to the higher pH of the pore solution, which 
led to more extensive chemical reactions and formation of more hydration products at a 
lower alkali modulus. Consequently, a finer microstructure combined with a more 
intensive self-desiccation increased the autogenous shrinkage. The higher strength of 
the concrete activated with SS having the Ms of 0.5 reduced the ultimate shrinkage, 
Figure 4.23.    
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Figure 4.23: Ultimate shrinkage (autogenous + drying) of AAS concrete based on slag 
S16 and replaced with 20% FA with Ms 1 and 0.5. 

 

Figure 24: Drying shrinkage of AAS concrete based on slag S16 and with 20% FA 
replacement. 

The effect of the GGBFS type on the drying shrinkage was studied using three different 
GGBFS, S16, S12 and S8, paper 5. Concretes were activated with 10% SS only, As 
expected, the shrinkage was higher than the Portland cement based concrete which 
showed the lowest shrinkage, Figure 4.26. Considering only AAS was measured for the 
S8 mix, which could be attributed its great fineness resulting in the fastest reaction rates. 
Higher MgO content appeared to increase the drying shrinkage.  
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Figure 4.25: Autogenous shrinkage values of AAS concrete based on slag S16 and with 
20% FA replacement. 

 

Figure 4.26: Ultimate drying shrinkage values of AASs concretes based on slags S16, 
S12 and S8 activated by 10%SS with Ms 1. 
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4.4 Creep  
The calculated creep values are shown in Table 4.1 and Figure 4.27. Calculated creep 
coefficients and specific creep values are shown in Figure 4.28 and 4.29. The creep 
coefficient was determined as the ratio of the ultimate creep strain (total creep strain 
value - drying shrinkage strain value) and the initial strain value. Whereas the specific 
creep was defined as the ratio of the creep strain per unit stress (Ϭ28), Eq.3 (ACI 
Committee 209, 2005).  
All concretes activated with sodium silicate, which had the highest drying shrinkage 
values, showed the lowest ultimate creep, creep coefficient and the lowest specific creep 
value but the highest instantaneous creep strain. The measured creep values were higher 
for heat-cured specimens, especially when the SS activator was used, Figure 4.27. 
Similar results were obtained earlier for both, alkali-activated FA concretes and PC 
concretes, (Collins & Sanjayan 1999a, Bazant, 2008, Wallah 2010, Neville, 2012).  
 

Table 4.1 Creep and carbonation depth results of AAS concrete specimens. 

   
Figure 4.27: Long-term measurement creep results of AAS concretes based on slags 

S16. 

ID 
Concrete  Mix 

fcu 
28d 

strength 
MPa 

fc΄ 
28d 

strength 
MPa 

Sustained 
load 
MPa 

Initial 
creep 
strain 
mm/m 

Carbonation depth 
in mm after 

1 Y 2 Y 
SC10 L 48 38.4 15.36 0.872 x xx 
SC10 H 39 31.2 16.00 1.048 21.3 x 
SS10 L 50 40.0 15.04 1.349 26.3 34.0 
SS10 H 53 42.4 12.48 1.704 13.0 19.8 
SC5+SS5 L 47 37.6 16.96 1.043 31.8 38.8 
SC5+SS5 H 49 39.2 15.68 1.033 20.0 21.5 
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Figure 4.28: Creep coefficient values of AAS concretes based on slags S16. 

 

 

Figure 4.29:  Specific creep values of AAS concretes based on S16 slag. 

 
The calculated creep coefficients were nearly identical for the heat-treated and the lab-
cured concretes when SS or the combination of SS and SC were used as alkali activator. 
The creep strain was approximately two times greater than the initial strain of the SS-
activated concrete and nine times greater than the initial strain when the SS+SC alkali 
activator was used.  
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The heat-cured samples activated with SS (mixes SS10 H and SC5+SS5 H) showed a 
higher initial creep strain, despite higher 28-day compressive strength in comparison 
with the lab-cured samples. This can be related to a more porous matrix formed in the 
heat-cured specimens. 
The lab-cured concrete activated with 10wt% SC had a higher creep coefficient. The 
calculated specific creep, which takes into account the 28-day compressive strength of 
the concrete, was higher for the heat-cured samples, Figure 4.29. In general, all results 
indicated a lower creep for mixes developing higher 28-day compressive strength. The 
highest ultimate specific creep was calculated for the SC-activated heat-cured concrete, 
which had also the lowest 28-day compressive strength. Lab-cured mixes activated by 
10% SS (mix SS10L), developed 90% of the total creep measured in two years during 
the first 55 days, and during 230 days for the heat-cured samples (Mix SS10 H). 
Whereas, the SC-activated concretes that showed a higher creep, achieved the 90% of 
the ultimate measured creep after about 130 days for both curing regimes (mixes SC10 
L and SC10 H). Mixes activated with the combination of SS+SC, for both curing types 
(mixes SC5+SS5 L and SC5+SS5 H) developed 90% of the total creep strain after about 
160 and 220 days respectively. All those results could be related to the microstructure of 
the solidified binder matrix. Higher creep strains, increased strength, and lower elastic 
modulus of elasticity of AAS could reduce the risk of cracking, (Collins and Sanjayan, 
1999b). Low creep of alkali-activated binder concrete was also indicated as a possible 
problem causing a lower relaxation of internal stresses developed by unintentional 
deformations from shrinkage, settlements, or thermal gradients, (Wallah et al., 2005; 
Gilbert and Ranzi, 2010; Castel, Gilbert and Ranzi, 2014). 
 

4.5 Efflorescence and Carbonation  
The efflorescence was detected in non-heat-treated concrete samples (mixes SC10 L 
and SS10 L), during de-moulding at early age when samples were left opened in the 
laboratory environment for 2-3 hours, Figure 4.30. It was visually examined also on 
AASs mortar beams (40×40×160 mm) based on different slags S16, S12 and S8 and 
activated by 10wt% of SS and 10wt% of SC. After casting, specimens were kept in 
sealed-moulds for four days followed by storage at 20±2°C and 50±10% RH. Images 
shown in Figure 4.31 were taken two days after removal of the sealing. The AAS 
mortar mixes based on the S12 slag and activated with both SS and SC (Mixes S12S and 
S12C) showed the most extensive efflorescence which can be directly related to slow 
chemical reactions. The EDX analysis of the efflorescence salts covering surfaces of 
S12s and S12c confirmed the presence of sodium carbonate. Efflorescence products in an 
OPC system are known to consist mainly of CaCO3, (Dow and Glasser, 2003). 
Efflorescence presumably was caused by leaching of hydroxide (NaOH or Ca(OH)2) 
and migration of alkalis in the pore solution to the surface where their reaction with 
atmospheric CO2 took place forming salts. Salts remain water-soluble only for a short 
period of time, (Higgins, 1982). The observed strong tendency towards the 
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efflorescence in alkali-activated binders could be related to the high alkali concentration 
in the pore solution. Furthermore, the bond between Na-O and water molecules in the 
pore solution is weaker in comparison with the Ca-O bond in the PC-based matrix. 
While the Na-O bond observed in N-A-S-H is stronger (Zhang, Provis and Wang, 
2016).  

 

Figure 4.30: Efflorescence of lab-cured AAS concrete after de-moulding and curing for 
2-3 hours in lab-conditions  

 

Figure 4.31: Efflorescence of AASs mortar beams with various GGBFS and activated 
by 10wt%SS (S16s, S12s, S8s) and 10wt%SC (S16c, S12c, S8c) observed two days after de-

moulding. 
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The carbonation depth was determined using the Deep Purple Indicator after 12 and 24 
months of storage in laboratory conditions, Figure 4.32. According to the literature, 
AAS concrete tended to have a higher strength loss upon carbonation and a greater 
carbonation depth in comparison with PC concrete (Bernal, Mejía De Gutiérrez and 
Provis, 2012; Bernal et al., 2015). The carbonation of AAS occurred due to reaction 
between CO2 from the air and the alkaline Na2O from the pore solution. As a result 
carbonate and/or bicarbonate anions were consumed through decalcification of the C-S-
H (Bakharev, Sanjayan and Cheng, 2001). An earlier study showed also that the 
carbonation rate of AAS concrete having a w/b ratio of 0.35 was similar to PC 
concrete having a w/c ratio of 0.6 (Byfors et al., 1989). The SEM/BSE investigation 
of two-years-old samples stored in laboratory conditions revealed an increased porosity 
in the carbonated regions for mixes SS10 H and SC5+SS5 H, Figure 4.33 and 4.34. The 
total porosity was calculated using segmentation of SEM images, Table 4.2 and Figure 
4.35. The determined variations of the porosity can be linked with the formation of 
secondary products, including calcite CaCO3, thermonatrite Na&CO'·H&O, huntite 
CaMg'(CO')( natron Na&CO'·10H&O, and gaylussite Na&Ca(CO')&·5H&O, (Bernal et 
al., 2015). The AAS based on the high-MgO slag showed a lower carbonation depth, 
related to the absorption of CO2 by hydrotalcite-type phase and  hindering carbonation 
of the C-A-S-H phase, (Bernal et al., 2015).  
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Fifure 3.32: Carbonation of AAS concretes based on the S16 slag after one year of 
storing in lab conditions. 

 

 

SC10 L SC10 H A)   

SS10 H SS10 L B)  

SC5+SS5 L SC5+SS5 H 
C)  
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Figure 4.33: Carbonation depth and microstructure of AAS concrete mix SS10 H based 
on the S16 slag measured after two years of storing in lab environment. 

 

Figure 4.34: Carbonation depth and microstructure of the AAS concrete mix SC5+SS5 
H based on the S16 slag determined after two years of storing in lab environment. 

Table 4.2 Porosity estimated based on SEM/BSE images of samples exposed for two 
years to a laboratory environment. 

Mix ID Porosity % in: 
Carbonated area Non-carbonated area 

SC10 L 9.85 -- 
SC10 H 9.82 -- 
SS10 L 10.91 (semi-carbonated) 6.63 (semi-carbonated) 
SS10 H 13.58 4.43 
SC5+SS5 L 7.62 (semi-carbonated) 6.22 (semi-carbonated) 
SC5+SS5 H 13.97 5.47 
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Figure 4.35: Porosity segmentation of the mix SS10 H; the non-carbonated (left) and 
the carbonated (right) regions after two years of exposure to a laboratory environment. 

 

Earlier studies showed that the carbonation of SS-activated slag caused a loss of 
cohesion within the binder matrix, decreased the compressive strength and 
significantly increased the porosity (Puertas, Palacios & Vázquez, 2006; 
Ghahramani, 2017). Recent work showed that the decreased strength could be 
mitigated by an addition of calcined Mg-Al layered double hydroxide particles, (Ke, 
Bernal & Provis, 2016). The carbonation increased the volume of permeable 
capillary pores and induced microcracking of the binder matrix which opened the 
pore system, (Shi., Krivenko and Roy, 2006; Bernal et al., 2015). The present 
research compared the carbonation of three different AASs mortars based on S16, S12 
and S8 slags exposed for 3-months to 20±2°C and 50±10% RH. The most extensive 
carbonation developed in SC-activated mixes based on the slag S12, Figure 4.36. While 
the SS-activated mortars based on the slag S8 showed the highest carbonation resistance. 
The high carbonation resistance can be related to higher contents of SiO2 and Al2O3 as 
well as to a finer particle size distribution, which led to more intensive chemical 
reactions and formation of a denser binder matrix containing more C-(A)-S-H. 
Increasing the MgO-content improved the carbonation resistance, (Bernal, San Nicolas, 
Myers, et al., 2014a).  
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Figure 36: Carbonation depths of the AASs mortars determined after three months of 

exposure to 20±2°C and 50±10% RH. 

 

4.6 Hydration/reaction heat development 
The reaction heat development was measured using semi-adiabatic calorimetry on 
AASs paste cubes based on three types of slag and activated with 10%SS and 10%SC. 
The test was running for a total of 156 hours. The highest temperature was recorded for 
AAS pastes based on the S8 slag, independently of the used alkali activator, Figure 4.37 
(curve 5 and 6). SC-activated pastes showed a lower hydration and lower cumulative 
temperatures related to the low pH of the SC solution (<11.5), which lead to a slow 
dissolution of slags particles. For SS-activated slag mixes the highest total reaction heat 
released during the hardening process developed for the S16S based on the highest-MgO 
content slag, Figure 4.38. The enhanced hydration during the early age was related to 
the formation of calcite and gaylussite, which formed due to the reaction of 
Ca2 + released from the slag with the CO3

2 – from the SC activator. This process 
occurred before precipitation of the C–(A)–S–H gel, and consumed the Ca2 + released 
by the slag (Bernal et al., 2015). The SC-activated slag mixes developed two main 
temperature peaks. The first peak occurred after 3, 5 and 12.5 hours and the second peak 
after 24, 103 and 43 hours for the mixes S8C, S12C and S16C respectively, Figure 4.37. 
The second peak was higher indicating a predominant precipitation of calcite and 
gaylussite. The following increase of the pH due to the release of hydroxide ions 
resulted in the formation of C-S-H-like phases, (Ke, Bernal, and Provis 2016).  
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Figure 4.37: The hydration temperature peaks of the AASs pastes based on S16, S12 and 
S8 slags activated by 10% SC and 10% SS. 

The long induction periods detected in SC-activated slag especially based on S12C, S16C, 
can be related to the chemical composition of the used slags. The mix S12C showed a 
very late and wide second peak after 4.5 days that could be related to the lower fineness 
and lower MgO content of the slag. Similar results were obtained by also by others, 
(Ke, Bernal, and Provis 2016). In the case of mix S8c, the second peak was the highest 
and formed earlier, thus indicating intensive chemical reactions, which led to a rapid 
temperature rise.  

 

Figure 4.38: The cumulative hydration temperature of the AASs pastes based on slags 
S16, S12 and S8 activated by 10% SC and 10% SS. 
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4.7 Phases composition  
The type and amount of phases formed during alkali-activation of GGBFS depended on 
the composition of the alkali activator and of the GGBFS (Myers, Bernal and Provis, 
2017). The XRD and TGA spectra of pristine slags that were used in this study are 
shown in Figure 4.39. 

The XRD test results indicated that the high MgO content of the used S16 slag 
accelerates chemical processes and promotes the formation of the hydrotalcite (HT) 
group of minerals, Figures 4.40 and 4.41. Similar results were obtained by others, 
(Bernal, 2016). The XRD spectra showed also the formation of tobermorite-like C-A-S-
H gels and the carbonate phases gaylussite Na2Ca (CO3)2.5H2O, nahcolite NaHCO3 and 
calcite (CaCO3) in SC-activated slag mixes, Figure 4.40. The crystalline HT was 
observed only in the heat-cured SS-activated mixes and in mixes activated with 14 wt% 
SC, both heat-cured and lab-cured, Figure 4.41. The C-(A)-S-H gels were detected in 
all studied mixes at all ages, where aluminium was incorporated into the C– S–H 
silicate chains structure, (Richardson et al., 1994; Wang and Scrivener, 2003). This 
incorporation, even at early ages was observed earlier to promote formation of longer 
chains in the SS-activated slags than in the hydrated C3S or PC systems, (Wang and 
Scrivener, 2003; Myers et al., 2013). High dosages of SC resulted in a predominant 
formation of nahcolite, calcite and gaylussite. This can be associated with the reaction 
of Ca2+ originating from slag with CO2- from the SC. As a result the availability of Ca2+ 
in the solution was decreased leading to preferential reaction with the dissolved silica, ( 
Bernal et al. 2015). 

 The high MgO content promoted the removal of carbonate species from the activator 
through the formation of hydrotalcite-like phases (Mg6Al2CO3(OH)16·4(H2O)). This 
enhanced the availability of calcium for the formation of the dominant C-(A)-S-H gel 
(Ke, Bernal, and Provis 2016). Earlier studies showed also that the pH of the alkali 
activator and the calcium content in the system strongly affected the type of formed gel. 
In systems with a pH over 12 and a high-calcium-content binder (i.e. those based on 
GGBFS, as is the present case) the C-A-S-H phase preferentially forms over the N-A-S-
H gel (Garcia-Lodeiro et al., 2011). Mixes used in the present study activated with SS 
developed a higher pH than those activated with SC, Table 4.1. The observed gaylussite 
Na2Ca (CO3)2·5H2O tended to form at a very early age, even before the formation of the 
C-A-S-H. The same trend was earlier explained by the easier breaking of Ca-O bonds at 
lower pH in comparison with Al-O and Si-O bonds, (Fernández-Jiménez and Puertas 
2001; Ke, Bernal, and Provis 2016). The intensity of the XRD peaks related to 
gaylussite decreased with age. This phase is considered as transient in SC-activated slag 
binders, forming initially but then being consumed while more stable carbonates are 
developed, (Ke, Bernal, and Provis 2016). Once the C-A-S-H starts to form, the 
gaylussite will likely to dissolve. However, the present results indicate that the 
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combination of a higher dosage of SC and curing at 20˚C could delay or limit the 
dissolution process of gaylussite and some can even remain after 28 days of curing.  

 

 

Figure 4.39: a: XRD and b: TGA spectra of pristine GGBFS. 

b) 

a) 
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Figure 4.40: XRD results for 28-days-old pastes AAS based on S16 activated with 
SC. Suffix L28 denotes 28 days of lab curing and H28 denotes 28 days of heat curing. 

 
A comparison study using three different slags showed that the gaylussite might also 
persist for 28 days in heat-cured matrixes when the amount of MgO is very high as in 
the case of the S16 slag, Figure 4.42. The XRD analysis showed the presence of 
gaylussite, calcite as well as larger amount of portlandite in SC-activated mixes beside 
the main hydration phase C-(A)-S-H. Earlier results indicated that the MgO and Al2O3%  
content  in a binder affects the reaction speed of the SS-activated slag pastes, (Ben Haha 
et al. 2011, 2012). The increasing MgO content enhanced the hydration heat, increased 
the amount of formed hydrotalcite and decreased the Al-uptake by the C–S–H, 
(Demoulian et al. 1980; Lothenbach and Gruskovnjak 2007; Ke, Bernal, and Provis 
2016). On the contrary, the performed XRD analysis did not confirm the presence of 
hydrotalcite HT. At the same time, the TGA/DTG analysis of AASs showed 
distinctive decomposition peaks between 200 and 400°C, which could be also 
associated with hydrotalcite-like phases, Figures 4.43 and 4.44. The SC-activated 
mixes showed TGA peaks related to calcite or magnesium silicate hydrate M-S-H. 
All mixes had peaks located between 100 and 200°C related directly to the 
decomposition of C-S-H phases.  
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Figure 4.41: XRD results for 28-days-old pastes AAS based on S16 activated with SS. 
Suffix L28 denotes 28 days of lab curing and H28 denotes 28 days of heat curing 

 

Figure 4.42: XRD results for 28-day AASs pastes based on S16, S12, and S8. Suffixes c 
and small s denote activator type SC and SS respectively. 
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Figure 4.43: DTG and TGA spectra of 28-days old AASs pastes based on S16, S12 and 
S8 activated with SS. 

 

Figure 4.44: DTG and TGA spectra of 28-days old AASs pastes based on S16, S12 and 
S8 activated with SC. 

The calculated Al/Si vs Mg/Si ratios based on the EDX analysis varied between 0.49 
and 1.24 for the SC-activated mixes and 0.62 and 1.23 for SS-activated mixes, Figure 
4.45. The Ca/Si ratio was between 1.0 and 1.55 for all mixes except mix S12c, which had 
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a Ca/Si ratio of 3.2 indicating the formation of C-S-H phases, Table 3.1. The very high 
Ca/Si ratio of the mix S12c could also indicate the presence of silicate chain units Q1 and 
portlandite which could be associated with extensive carbonation, (Garbev et al., 2007). 
The increase of the MgO content decreased the incorporation of Al in the C–S–H and 
resulted in a lower 28-day compressive strength (Ben Haha et al., 2011) indicating 
better mechanical properties of the C-A-S-H phase in comparison with hydrotalcite or 
gaylussite. 

 

4.8 Microstructure 
The type of the alkali activator, the presence of fly ash and the applied curing regimes 
strongly affected the microstructure of the formed binder matrix. The SEM/BSE 
analysis of one-year-old concrete showed a significant variation in porosity. Replacing 
20wt% of GGBFS with FA and decreasing the alkali modulus from 1.0 to 0.5 enhanced 
the homogeneity, Figure 4.46. Moreover, increasing the amount of present FA 
decreased the cracking of the binder matrix, Figure 4.47. 

The observed micro-cracks were formed during the first 7 days after casting, Figure 
4.48. The AASs mortars showed a significant variation in porosity. The micro-cracks 
were more severe in SS-activated systems than in SC-activated ones. Whereas for 28-
day-old AASs mortars, , the lowest porosity and the most homogenous binder matrix 
was observed in mortars made of the S8 slag, which had also the highest compressive 
strength. The other two slags S12 and S16 being coarser and with containing more MgO 
resulted in the formation of a more porous microstructure. The most ex treme case was 
the mix S12 activated with SC, which also had the lowest 7-day compressive strength.  
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Figure 4.45: Mg/Si and Al/Si ratios calculated based the SEM/EDX test results of 28-
days old AASs mortars based on S16, S12 and S8  activated with a) 10% SS and b) 10% 

SC.  
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Figure 4.46: SEM/BSE images of one-year-old alkali activated lab-cured concrete 
based on S16 (and FA replacement) and activated with 10%SS. 

 
 

The observed micro-cracks were formed during the first 7 days, Figure 4.48. The 
AASs mortars showed a significant variation in porosity. The micro-cracks were 
more severe in SS-activated system in comparison with SC-activated ones. Whereas 
for 28-day-old AASs mortars, Figure 4.49, the lowest porosity and the most 
homogenous binder matrix was experimental in mortars made of slag S8, which 
observes with the highest develop strength results. The other two slags S12 and S16 
being coarser and with higher MgO content the microstructure appeared visibly more 
porous. The extreme case was the mix S12 activated with SC, which also had the 
lowest 7-day compressive strength.  
 

100:0-10SS 1 

80:20-10SS 0.5 

80:20-10SS 1 
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Figure 4.47: SEM/BSE images of 28-day-old alkali-activated GBFS: FA lab-cured 
pastes based on S16 and different proportion of FA replacement activated with 10%SS 

with Ms 1. 

40:60-10SS 1 

60:40-10SS 1 80:20-10SS 1 

50:50-10SS 1 
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Figure 4.48: SEM/BSE images of 7-day-old AASs lab-cured mortars based on S16, S12 
and S8 activated with 10%SS with Ms 1 and 10%SC. 

 

 

S16s  7D 

S8c  7D S8s  7D 

S12s  7D S12c  7D 

S16c  7D 
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Figure 4.49: SEM/BSE images of 28-day-old AASs lab-cured mortars based on S16, S12 
and S8 activated with 10%SS with Ms 1 and 10%SC. 
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Chapter 5 Conclusions and Future work  
Alkali-activated binders based on high-MgO GGBFS and two other slags were studied. 
The influence of several parameters on shrinkage and other related properties were 
established. The following conclusions were formulated:   

� The particle size distribution of the binder, the activator type and dosage 
affected strongly the fresh properties of alkali-activated slag pastes, mortars and 
concretes. 

� The hydration temperature development of the alkali-activated binder depends 
strongly on the fineness of the slag and the type of the alkali activator.  

� Increasing the dosage of the alkali activator, increasing the pH value of the pore 
solution or increasing the binder fineness resulted in higher compressive 
strength. 

� Alkali-activated high-MgO slag concrete developed higher autogenous and 
drying shrinkage (including carbonation shrinkage) in comparison with concrete 
based on Portland cement. 

� Replacing 20% of the GBFS with FA and decreasing the alkali modulus of the 
sodium silicate activator increased the autogenous shrinkage and decreased the 
ultimate drying shrinkage of AAS concrete.  

� Using a heat curing procedure (65°C for 24 hour) produced a higher early 
compressive strength, a more porous structure and decreased the ultimate 
shrinkage values.  

� Beside the heat curing, sealing the specimens for one month decreased the 
ultimate shrinkage value by up to 50%. 

� Alkali-activated high-MgO slag concrete had high creep. 
� Increasing the MgO content of slag increased the carbonation resistance; 

however, finer slag showed an improved carbonation resistance, regardless of 
the MgO-content of the slag.  

� Alkali-activated slag-based binders showed high efflorescence.  
� The carbonation of alkali-activated slag concrete weakened the silicate binding 

gel and produced a coarser porosity due to the decalcification of the C-(A)-S-H 
especially in the case of heat-cured samples activated with sodium silicate.  

� Certain combinations of precursors and alkali activators increased the 
microcracking of the binder matrix. 

� Alkali activation of the slag-based binder formed C-(A)-S-H as a main phase, 
with gaylussite, calcite and nahcolite as secondary phases when activated with 
sodium carbonate or sodium silicate. Whereas replacing part of the slag with fly 
ash showed, present of N-(A)-S-H with C-(A)-S-H as a main hydration phase. 
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Based on the finding results of this work and according to the conclusions, the research 
questions could be answered: 

RQ1: How do the activator type and its dosage as well as the curing conditions affect 
the mechanical properties of concretes based on alkali-activated high-MgO content 
Swedish GGBFS? 
 
Answer: 

The activator type and dosage affected strongly the fresh and hardened properties, 
the durability and the microstructure of alkali-activated high-MgO blast furnace slag-
based materials. Moreover, the curing affected strongly the ultimate drying 
shrinkage, the creep strain, the strength and the carbonation depth of alkali-activated 
high-MgO slag concrete. This Q has been answered in papers 1 and 2.   

 
RQ2: Is it possible to decrease the ultimate shrinkage of concretes based on Swedish 
high-MgO alkali-activated slag concrete? 
 
Answer: 

Yes, the high ultimate drying shrinkage of the alkali-activated high-MgO slag could 
be reduced by using heat curing, elongation of the curing time, partially replacing the 
high-MgO slag with fly ash and increasing the pH value of the pore solution to 
accelerate the hydration and to produce a stronger matrix able to withstand shrinkage 
strains. This Q has been answered in papers 2, 3 and 4.   

 
    

RQ3: How does the chemical composition and fineness of the slag affect the 
mechanical properties, the shrinkage, the microstructure and the hydration processes of 
alkali-activated GGBFS? 
 
Answer: 
 

The fresh and hardened properties of alkali-activated concretes were stronger 
affected by the particle size distribution of the slag than its chemical composition. 
Finer slag reacted faster and produced a higher hydration heat regardless of the used 
activator type. Moreover, the microstructure of the formed binder matrix was more 
homogenous which led to a higher strength and lower shrinkage strain. Slag with 
higher MgO content developed higher hydration temperatures, increased early-age 
strength but also higher shrinkage.  This Q has been answered in paper 5.   
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Future work  
Alkali-activated concrete is still a relatively new construction material, which a 
significant amount of research work and full scale pilot applications to gain acceptance 
by the construction sector.  

Very limited work has been done on alkali-activated materials based on high MgO slag 
(16wt.% or more). More testes related to the long-term durability should be performed 
including, e.g. the frost durability.  

Another area, which should be further investigated, are composite alkali-activated 
binders containing GGBFS, FA or other types of ashes and/or mine tailings.  
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