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ABSTRACT 

 

The effect of alkali concetration on the alkali-silica reaction (ASR) is presented in the 

context of balance alkali content in ASR risk assessed concretes. In order to investigate the 

effect of alkali concetration on ASR, the reactivity of the non-reactive micro-diorite aggregate 

and reactive greywacke aggregate, classified by the Australian Standard AS 1141.60.2 were 

investigated. Slurry tests in the presence and absence of calcium hydroxide (CH), dissolution 

tests to monitor the rate of release of alkali, calcium, silica and aluminium ions into solution 

and mortar bar and paste tests were carried out as a function of alkali concentration of the 

immersion solution with and without the addition of the supplementary cementitious material 

(SCM) fly ash.   

Aggregate reactivity in ground aggregate slurry tests as a function of pH and 

temperature demonstrated that reactivity of ASR increased with temperature, pH and reactivity 

of the aggregate. The relative reactivity of these aggregates was further confirmed by 

dissolution tests showing that the rate of dissolution of silica, in particular, increased with 

aggregate reactivity. The dissolution test for fly ash also showed significant reactivity with 

respect to the rate of silica dissolution.  

Slurry tests in the presence and absence of CH showed that, in the presence of CH, the 

rate of reaction increased markedly, demonstrating the importance of calcium ions on ASR gel 

formation. Under the experiment conditions, fly ash happened to consume more calcium which 

indicates high reactivity. The degree of consumption of CH did not increase with pH. This lack 

of dependence on the pH was ascribed to diminishing solubility of calcium ions with increased 

pH and suggests that the composition of the ASR gel formed is dependent on the pH of the 

solution.  

Accelerated mortar bar tests (AMBT, AS 1141.60.1) were carried out as a function of 

alkali concentration with and without fly ash addition. Expansion rates were observed to 

increase with aggregate reactivity and with pH. The addition of the Australian fly ash class F 

significantly reduced expansion suggesting that fly ash acts in mitigation of ASR through 

competitive reaction inhibiting the progression of the aggregate reaction. 

Ground aggregate slurry and mortar bar and paste tests showed increased reaction with 

pH and reactivity of the silica components present in aggregates. Reduced alkali concentration 

simply reduced the reaction rate. The continuing reaction even at low alkali concentrations 

suggests that ASR occurs irrespective of the pH. The potential for deleterious ASR is, however, 
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dependent on the action of the silica gel formed on the concrete and therefore further work is 

required into the complete mechanism of ASR to complement the current study.   





DEDICATION 

I would like to dedicate my work to my parents Delmonte Roboredo and Roseli Sanchez 

Roboredo, to whom I owe all my achievements. Mom and Dad, I have been tremendously 

blessed to have you and your unconditional love and support throughout my life. I would not 

have any achievements in my life without your continuous support. I am also very blessed to 

have two lovely sisters, Carolina and Catia, who were always on my side even when so far 

away. Of course I have to thank my beautiful and lovely niece Valentine for the most beautiful 

smile in my life that always cheers me up. I always had dreams, and with my family, my dreams 

are becoming achievements!  

I also would like to dedicate this dissertation to my forever love Gavin Russell, who 

supported me in this journey since the very beginning. I would not have concluded my studies 

without his daily support and love. He always cheers me up and never discourage me. In the 

most difficult moment of my life, he wiped me tears and lift me up. Thank you for being so 

patient and caring every day. Now we can enjoy life together! 

I feel blessed every day to have the unconditional love of you all! 

iv 



 
 

 
 



ACKNOWLEDGMENTS 

I would like to first thank my supervisors, Dr. Paul Thomas and Prof. Vute 

Sirivivatnanon, for all your guidance and advice throughout this project. I can’t thank you 

enough! I also would like to thank Dr. Kirk Vessalas, Dr Nadarajah Gowripalan and Dr. Warren 

South for your insights and support in this project. 

I would like to acknowledge and thank Cement Concrete and Aggregates Australia 

(CCAA) and the Australian Research Council Research Hub for Nanoscience Based 

Construction Materials Manufacturing (NANOCOMM) for their financial support. 

vi 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



LIST OF PUBLICATIONS 

Roboredo, C., Thomas, P., Vessalas, K. and Sirivivatnanon, V. ‘Alkali limit in cement 

with supplementary cementing materials – A review’. Paper submitted and presented at the 5th 

International fib Congress, Melbourne, October 2018. 

Roboredo, C., Thomas, P., Boyd-Weetman, B., Vessalas, K., Farah, D. and 

Sirivivatnanon, V. ‘Investigation of ASR reactivity through slurry dissolution tests’. Paper 

submitted to Concrete Institute Australia’s Biennial National Conference, Sydney, September 

2019. 

Roboredo C., Thomas P., Vessalas K. and Sirivivatnanon V. ‘Investigation of the role 

of alkali concentration in mortars incorporating fly ash through AMBT expansion and phase 

analysis.’ Abstract submitted to the 16th International Conference on Alkali Aggregate 

Reaction in Concrete, ICAAR, in Lisbon, Portugal. 

viii 





Table of Contents 

ABSTRACT .................................................................................................................... i 

List of Figures ............................................................................................................. xiii 

List of Tables................................................................................................................ xv 

1 Introduction ............................................................................................................. 1 

2 Literature review ...................................................................................................... 7 

2.1 Alkali-silica reaction ........................................................................................ 7 

2.1.1 Chemistry of the alkali-silica reaction ......................................................... 8 

2.1.2 Composition of the ASR gel ...................................................................... 13 

2.1.3 ASR gel expansion .................................................................................... 15 

2.1.4 Reactivity of aggregates ............................................................................ 18 

2.1.5 Alkalis sources ........................................................................................... 21 

2.1.6 Reactivity of sodium and potassium ions in solution ................................ 24 

2.2 Supplementary cementitious materials (SCMs) ............................................. 25 

2.2.1 Fly ash........................................................................................................ 26 

2.2.2 Ground granulated blast furnace slag (GGBFS) ........................................ 28 

2.2.3 Silica fume ................................................................................................. 29 

2.3 Test methods for the evaluation of alkali-silica reaction ............................... 30 

2.3.1 Accelerated Mortar Bar Test (AMBT) ...................................................... 31 

2.3.2 Concrete Prism Test (CPT) ........................................................................ 33 

2.3.3 Accelerated concrete prism test (ACPT) ................................................... 34 

2.4 Mitigation methods ........................................................................................ 36 

2.4.1 Aggregate selection ................................................................................... 36 

2.4.2 Flexible alkali limits .................................................................................. 36 

2.4.3 Cement replacement by SCMs .................................................................. 39 

3 Materials ................................................................................................................ 44 

3.1 Cement ........................................................................................................... 44 

x 



3.2 Sodium hydroxide (NaOH) ............................................................................ 45 

3.3 Aggregates ...................................................................................................... 46 

3.4 Fly ash and slag .............................................................................................. 49 

4 Methodology .......................................................................................................... 50 

4.1 Samples preparation ....................................................................................... 50 

4.1.1 Slurry of the raw materials ........................................................................ 50 

4.1.2 Sample preparation for MP-AES analysis (Microwave plasma atomic 

emission spectroscopy) ..................................................................................................... 51 

4.1.3 Slurry of aggregates with calcium hydroxide ............................................ 51 

4.1.4 Fine aggregates mortar bars with aggregates and fly ash at 60 °C ............ 52 

4.1.5 Mortar bars preparation for AMBT experiment ........................................ 53 

4.2 Specimens analysis ......................................................................................... 55 

4.2.1 Microwave plasma atomic emission spectroscopy (MP-AES) ................. 55 

4.2.2 Thermogravimetric analysis (TG) ............................................................. 57 

4.2.3 X-ray diffraction (XRD) ............................................................................ 58 

4.2.4 Fourier transform infrared spectroscopy (FTIR) ....................................... 59 

4.2.5 Mortar bar length measurement ................................................................. 59 

5 Results and discussion ........................................................................................... 61 

5.1 Effect of temperature and alkali concentration in aggregates reactivity ........ 61 

5.2 Release of cations from slurries submerged in water and alkali solutions ..... 63 

5.3 Effect of (Ca(OH)2 solution on the reactive silica phase of aggregates ......... 70 

5.4 Effect of alkali solution on the expansion of mortar bars and on the 

composition of mortars ............................................................................................ 74 

5.5 Effect of alkali solution and fly ash replacement on the expansion and 

composition of mortar bars...................................................................................... 82 

5.6 Effect of alkali solution on fine aggregate mortars at 60°C ........................... 88 

5.7 Effect of alkali solution and fly ash replacement on fine aggregates mortars at 

60°C 91 

xi 



6 Conclusions ........................................................................................................... 94 

Bibliography ................................................................................................................. 99 

xii 



List of Figures 

Figure 2-1: Correlation between calcium ion and hydroxyl ion concentration ........... 11 

Figure 2-2: Relationship between alkali content in cement with pore solution 

concentration ................................................................................................................ 12 

Figure 2-3: Expansion of concrete samples at various alkali contents ........................ 12 

Figure 2-4: a) Observation of micro-cracking; and b) Representation of field cracking 

 ...................................................................................................................................... 16 

Figure 2-5: Microcracking by ASR gel ....................................................................... 16 

Figure 2-6:  silica structure (a) crystalline; (b) non-crystalline ................................... 19 

Figure 2-7: Effect of reactive silica content on ASR expansion .................................. 19 

Figure 2-8: Effect of pessimum ratio of opal and chert on expansion  ........................ 20 

Figure 2-9: Measured pore water [OH-] of the various concrete mixes ...................... 22 

Figure 2-10: Concrete prism expansion and alkali content over 1 year ...................... 23 

Figure 2-11: Degree of hydration of blended cements ................................................ 29 

Figure 2-12: Average expansion of the prims at 38 and 60°C ..................................... 35 

Figure 2-13: Relationship between SCM replacement and expansion ........................ 40 

Figure 2-14: Replacement levels of fly ash  ................................................................ 42 

Figure 3-1: AMBT expansion of the aggregates at UTS. ............................................ 48 

Figure 3-2: CPT expansion of the aggregates at UTS ................................................. 48 

Figure 4-1: Diagram of microwave plasma atomic emission spectrometer ................ 56 

Figure 4-2: General TG curve of cement mortar ......................................................... 58 

Figure 5-1:  Water loss of the specimens versus NaOH concentrations ...................... 63 

Figure 5-2: Sodium ions (mmol/L) release over 28 days period at 80°C .................... 65 

Figure 5-3: Potassium ions (mmol/L) released over 28 days period at 80°C .............. 66 

Figure 5-4: Calcium ions (mmol/L) released over 28 days period at 80°C ................. 67 

Figure 5-5: Silica ions (mmol/L) released over 28 days period at 80°C ..................... 69 

Figure 5-6: Aluminium ions (mmol/L) released over 28 days period at 80°C ............ 70 

Figure 5-7: Fractional mass loss of CSH phase as a function of NaOH concentration.

 ...................................................................................................................................... 72 

Figure 5-8: Fractional mass loss of CH as a function of NaOH concentration ........... 73 

Figure 5-9: Quartz peak normalised to the intensity of  the 0.6 M NaOH solution 

specimen. ...................................................................................................................... 74 

Figure 5-10: Micro-diorite expansion of AMBT specimens in NaOH solutions ........ 77 

xiii 



Figure 5-11: Greywacke expansion of AMBT specimens in NaOH solutions ............ 78 

Figure 5-12: AMBT expansion of micro-diorite and greywacke during 54 days ........ 79 

Figure 5-13: Fractional mass loss as a function of time .............................................. 80 

Figure 5-14: Dehydration of CSH phase as a function of time.................................... 80 

Figure 5-15: CH peak intensities at 18° 2θ plotted against time ................................. 81 

Figure 5-16: Quartz peak intensities at 26.6° 2θ plotted against time ......................... 81 

Figure 5-17: CH-OH stretch in CSH region against time ............................................ 82 

Figure 5-18: Micro-diorite specimens with 25% fly ash cement replacement ............ 83 

Figure 5-19: Greywacke specimens with 25% fly ash cement replacement ............... 84 

Figure 5-20: MD and GW fractional mass loss of CSH with fly ash as a function of time

 ...................................................................................................................................... 85 

Figure 5-21: MD and GW fractional mass loss of CSH with fly ash as a function of time

 ...................................................................................................................................... 86 

Figure 5-22: MD and GW with fly ash: CH peak intensities at 18° 2θ plotted ........... 87 

Figure 5-23: MD and GW with fly ash: Quartz peak intensities at 68° 2θ plotted against 

time ............................................................................................................................... 87 

Figure 5-24: MD and GW with fly ash: CH-OH stretch in CSH region ..................... 88 

Figure 5-25: Micro-diorite and greywacke fractional mass loss as function of time .. 90 

Figure 5-26: CH peak intensities (counts) of the specimens at 18° 2θ plotted ............ 91 

Figure 5-27: MD and GW fractional mass loss with fly ash as a function of time ..... 92 

Figure 5-28: MD and GW with fly ash: Consolidate XRD data of  CH peak intensities 

at 18° 2θ plotted ........................................................................................................... 93 

xiv 



List of Tables 

Table 2-1: List of solubility products at 25°C, 1 atm and the calculated concentration 

of calcium ions, [Ca2+], at saturation ........................................................................... 10 

Table 2-2: Typical SCMs composition ........................................................................ 25 

Table 2-3: Principal chemical composition of coal fly ash as percentage including 

typical Australian fly ash ............................................................................................. 27 

Table 2-4: Parameters of the accelerated mortar bar tests (AMBT) ............................ 32 

Table 2-5: CPT parameters .......................................................................................... 33 

Table 2-6: RILEM recommendation for alkali limit in concrete ................................. 38 

Table 2-7: Canadian standard CSA A23.2-27A for ASR mitigation .......................... 39 

Table 2-8: Australian guidelines for SCM replacement .............................................. 40 

Table 2-9: RILEM recommendation for minimum SCM replacement ....................... 41 

Table 3-1: Chemical composition and compounds of cement as-received .................. 45 

Table 3-2: Petrographic analysis of aggregates by microscopic analysis .................... 46 

Table 3-3: Aggregates chemical composition.............................................................. 47 

Table 3-4: Aggregates reactivity according to CCAA results using AMBT and CPT 48 

Table 3-5: Oxide chemical composition of the SCMs: fly ash and slag ...................... 49 

Table 4-1: Mix design of slurry specimens of aggregates, fly ash and calcium hydroxide

 ...................................................................................................................................... 52 

Table 4-2: Mix design of mortars specimens stored at 60 °C ...................................... 53 

Table 4-3: Particle size distribution of aggregates for mortar bars .............................. 54 

Table 4-4: Mortar bar mix design ................................................................................ 54 

Table 4-5: Wavelengths for MP-AES analysis ............................................................ 57 

Table 4-6: Temperature ranges for phases identification ............................................ 58 

Table 5-1: Specimens identification ............................................................................ 63 

Table 5-2: Specimens nomenclature ............................................................................ 71 

Table 5-3: AMBT aggregate reactivity classification .................................................. 75 

Table 5-4: Average mortar bar expansion according to solution  concentration (conc.) 

versus age ..................................................................................................................... 76 

Table 5-5: Average expansion of the mortars with the addition of  25% cement 

replacement with fly ash .............................................................................................. 82 

Table 5-6: Samples nomenclature ................................................................................ 89 

xv 




	Title Page
	Certificate of Original Authorship
	Abstract
	Dedication
	Acknowledgments
	List of Publications
	Table of Contents
	List of Figures
	List of Tables



