
 

Effect of Alkali-Silica Reaction on 
Chloride-Induced Corrosion in 
Reinforced Concrete 
 

by Ata Aminfar 
 
Thesis submitted in fulfilment of the requirements for  
the degree of  
 

Master’s by Research (MRes) 
 
under the supervision of A/Prof. Shami Nejadi   
Co-Supervisor Dr Nadarajah Gowripalan 
 
                                            

University of Technology Sydney 
Faculty of engineering and information technology (FEIT) 
 
February 2022 



i 

CERTIFICATE OF ORIGINAL AUTHORSHIP 

I, Ata Aminfar declare that this thesis, is submitted in fulfilment of the requirements 

for the award of Master’s by Research, in the School of civil and environmental 

engineering, faculty of engineering and information technology (FEIT) at the 

University of Technology Sydney.  

This thesis is wholly my own work unless otherwise referenced or acknowledged. In 

addition, I certify that all information sources and literature used are indicated in the 

thesis.  

This document has not been submitted for qualifications at any other academic 

institution.  

This research is supported by the Australian Government Research Training 

Program.  

Signature: 

Date: 20/02/2022 

Production Note:

Signature removed prior to publication.



ii 
 

 

 

 

 

 

 

 

 

 

 

 

 

To my lovely family  

  



iii 
 

Acknowledgement 

 

During my two year journey as a master by research student at UTS, I have learned 

many new things and met some great individuals that helped me throughout this 

challenging but delightful journey. 

 

I want to thank my knowledgeable principal supervisor, Professor Shami Nejadi, 

for his guidance throughout this journey, it was indeed a pleasure to be supervised 

by someone who genuinely cares about his students. A special thanks to Dr. 

Nadarajah Gowripalan for his support. I also want to extend my gratitude to Dr. 

Farhad Nabavi. Lastly, I want to mention Professor Hadi Khabbaz for his support as 

deputy head of school (research) during my time of need.  

 

Without my dear parents and my brother Ali’s support, non of these would have 

been possible as they supported me monetarily and mentally throughout this long 

journey. I could not have done any of this without their support. I want to thank my 

dear friends that made the journey less cumbersome. 

 

A big thanks to UTS Tech Lab staff, especially Muller and Ann who helped me 

immensely in the concrete service life laboratory to conduct my experiments and Van 

for being patient and always helping out everyone with the faculty procedures.   

 

Finally, I want to note that my arrival to Australia was when Covid peaked in 

Sydney in early 2020. This influenced my work as a master by research student by a 

vast amount as the course duration was two years, and my experiments alone took 

around a year to be conducted. Thankfully I was able to finish my work with the 

guidance of my supervisors and extract good results from my experiments.  

 



iv 
 

List of Submitted Publications 

 

Aminfar, A., Nejadi, S,. ‘Effect of Alkali-Silica Reaction on Chloride-Induced 

Corrosion in Reinforced Concrete’ Paper and poster for the 16th International 

Conference on Civil Engineering and Materials ICCEM, December 2022 Sydney 

Australia. 

 

List of Papers Being Prepared for Submission 

 

Aminfar, A., Nejadi, S. and Habibagahi, M., ‘Effect of Alkali-Silica Reaction on 

Corrosion of Steel Reinforcement in Concrete Structures’, being prepared for 

Construction and Building Materials journal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

1. Table of Contents 

1. Chapter 1    Introduction .............................................................................. 1 

1.1 Introduction .................................................................................................... 1 

1.2 Research Scope and Objectives of the Project ............................................... 4 

1.3 Research Significance and Contributions ...................................................... 5 

1.4 Structure of the Thesis .................................................................................... 5 

2. Chapter 2     Literature Review ................................................................... 7 

2.1 Overview ........................................................................................................ 7 

2.1.1 ASR  History .................................................................................................. 7 

2.1.2 The ASR Mechanism ..................................................................................... 9 

2.1.3 ASR Conditions ............................................................................................ 10 

2.1.4 Expansion and Cracking Due to ASR .......................................................... 17 

2.1.5 Effect of ASR on Mechanical Properties of Concrete ................................. 18 

2.2 Corrosion in RC Structures .......................................................................... 25 

2.2.1 Corrosion Mechanism .................................................................................. 26 

2.2.2 Fick’s Law of Diffusion ............................................................................... 28 

2.2.3 Chloride Threshold Level in RC Corrosion ................................................. 29 

2.2.4 Surface Chloride Concentration ................................................................... 30 

2.3 Combined Effects of ASR and Chloride-induced Corrosion ....................... 31 

2.3.1 Combined Deterioration Effect on Non-Mechanical Properties .................. 31 

2.3.2 Effect of Combined Deterioration on Flexural Capacity ............................. 38 

2.4 Summary ...................................................................................................... 42 

3. Chapter 3 Experimental Program .............................................................. 44 

3.1 Overview ...................................................................................................... 44 

3.2 Materials  and Concrete Mix Design ............................................................ 46 

3.2.1 Aggregate ..................................................................................................... 46 



vi 
 

3.2.2 Cement ......................................................................................................... 48 

3.2.3 Concrete Mix Design ................................................................................... 49 

3.3 Specimen Types and Preparation ................................................................. 51 

3.4 Trial Bach ..................................................................................................... 53 

3.5 Final Concrete Mix and Batches .................................................................. 53 

3.6 Curing of Specimens .................................................................................... 55 

3.7 Concrete Mechanical Properties ................................................................... 56 

3.8 Expansion Measurement .............................................................................. 57 

3.9 ACIC Test .................................................................................................... 57 

3.10 Chloride Migration Test ............................................................................... 60 

3.11 Summary ...................................................................................................... 63 

4. Chapter 4 Results and Discussion ............................................................. 65 

4.1 Introduction .................................................................................................. 65 

4.2 Fresh Concrete Properties ............................................................................ 66 

4.3 Compressive Strength .................................................................................. 66 

4.4 Tensile Strength ............................................................................................ 69 

4.5 Modulus of Elastisity ................................................................................... 70 

4.6 Expansion Measurement .............................................................................. 72 

4.7 ACIC Test .................................................................................................... 73 

4.7.1 ACIC Comparison In Pre and Post Cracking ............................................... 73 

4.7.2 Main ACIC Test ........................................................................................... 77 

4.8 Chloride Migration Coefficient Test ............................................................ 84 

4.9 Summary ...................................................................................................... 88 

4.9.1 Fresh Concrete Properties ............................................................................ 88 

4.9.2 Concrete Mechanical Properties ................................................................... 89 

4.9.3 Durability Performance ................................................................................ 89 



vii 
 

5. Chapter 5 Summary and Conclusion ......................................................... 91 

5.1 Overview ...................................................................................................... 91 

5.2 Conclusions .................................................................................................. 92 

5.3 Recommendations for Future Studies .......................................................... 94 

6. References ................................................................................................. 96 

 

 

 

 

 

 

 

 

  



viii 
 

2. Table of Figures 

Figure 1-1 Most of the structures affected by AAR reside near coastlines, making 
them prone to corrosion in Australia (Poole & Sims, 2016) ...................................... 2 

Figure 1-2. ASR and chloride-induced corrosion combined effects. (A) corrosion 
of prestressing strands, (B) corrosion of stirrups and (C) white ASR gel deposits 
(Berndt, 2019) ............................................................................................................ 3 

Figure 2-1 The ASR procedure: (1) Reaction of metastable silica (reactive 
aggregate) with alkali hydroxide resulting in network dissolution of silica, (2) 
Hygroscopic gel forms at (ITZ), absorbing water from pore resulting in swelling and 
expanding and (3) Cracking of ................................................................................... 9 

Figure 2-2 ASR progression will be halted if one of the three conditions in the 
triangle ceases to exist in the concrete environment (Thomas et al., 2011)............. 11 

Figure 2-3 Solubility limit of amorphous silica in water at 25 °C as a function of 
pH, y-axis and x-axis represent Si activity and pH, respectively  (Maraghechi, 2014; 
Rajabipour et al., 2015) ............................................................................................ 12 

Figure 2-4 Pessimum ratio graph for chalcedony, andesite, opal and chert (Binal, 
2015) ........................................................................................................................ 14 

Figure 2-5 Correlation between relative humidity and expansion due to ASR 
(Swamy, 1991) ......................................................................................................... 15 

Figure 2-6 ASR is much more severe in the right side of the bridge abutment where 
it is exposed to environmental conditions, the left part covered by the bridge deck 
has minor ASR cracking when compared to the right side (Thomas et al., 2011)... 15 

Figure 2-7 Conditions that directly influence ASR ............................................. 16 

Figure 2-8 Orientation of cracks in reinforced and plain concrete: Map cracking 
on the left picture and cracking in the direction parallel to the rebar in the reinforced 
concrete on the right (Kreitman, 2011) .................................................................... 17 

Figure 2-9 Influence of internal tension generated due to ASR on crack 
development and propagation (Courtier, 1990) ....................................................... 18 

Figure 2-10 The procedure of calculation SDI and PDI after five cyclic loadings 
and unloading (Giannini et al., 2018) ...................................................................... 24 



ix 
 

Figure 2-11 The increase in volume depending on the oxidation state of the 
embedded steel (Mehta & Monteiro, 2017) ............................................................. 26 

Figure 2-12 The process of corrosion in concrete where pore solution acts as an 
electrolyte (Cao et al., 2013) .................................................................................... 28 

Figure 2-13 Time vs degree of corrosion and chloride concentration at 
reinforcement (Angst et al., 2009) ........................................................................... 30 

Figure 2-14 Surface chloride concentration based on models and measured data 
(Gjørv, 2014) ............................................................................................................ 31 

Figure 2-15 Figure depicting the risk of reinforcement corrosion with different 
amounts of chloride content by weight of cement with the two black lines indicating 
the average chloride content at 5-30 mm and 30-60 mm by the weight of cement 
(Tordoff, 1990) ......................................................................................................... 33 

Figure 2-16 Extracted core from Lucinda jetty with (A) ASR gel forming around 
the aggregate, (B) crack formation inside aggregate and (C) ASR gel forming in the 
interface of paste and aggregate (Berndt, 2019) ...................................................... 34 

Figure 2-17 Corrosion of stirrups and prestress strands with heavy stirrup 
corrosion at the bending location (Berndt, 2019)..................................................... 34 

Figure 2-18 schematics of the specimens (Trejo et al., 2017) ............................. 36 

Figure 2-19 Specimen dimensions (Mikata et al., 2020) .................................... 40 

Figure 2-20 ASR axial strain (Mikata et al., 2020) ............................................. 40 

Figure 2-21 Cast specimens dimensions and cross-section (Mikata et al., 2018)
 .................................................................................................................................. 41 

Figure 3-1 Reactive and non-reactive coarse aggregate grading curves ............. 46 

Figure 3-2 Non-reactive fine and coarse sand aggregate grading curve ............. 47 

Figure 3-3 Dacite aggregate reactivity comparison in autoclave and AMBT(Cao 
et al., 2021) ............................................................................................................... 47 

Figure 3-4 NaOH pallets with 98% purity .......................................................... 49 

Figure 3-5 Mix design quantity and percentage .................................................. 50 



x 
 

Figure 3-6 MasterGlenium SKY 8379 superplasticizer ...................................... 50 

Figure 3-7 ACIC cylindrical (∅100mm × 200mm) specimen with N12 rebar 
embedded in the central axis for ACIC test purposes .............................................. 51 

Figure 3-8 Normal cylindrical (∅100mm × 200mm) specimen for mechanical 
properties test .......................................................................................................... 52 

Figure 3-9 testing categories ............................................................................... 52 

Figure 3-10 Pictures of concrete mixing process with slump, air content and 
density test measurements at UTS Tech Lab ........................................................... 55 

Figure 3-11 (Top) Reactive and non-reactive specimens in 38°C climate chamber 
with non-reactive specimens being submerged in water and reactive specimens 
submerged in 1 M sodium hydroxide (NaOH) solution, (Bottom) Non-reactive and 
reactive specimens cured in 25°C submerged in water. ........................................... 56 

Figure 3-12 (Left) Side view of 100mm × 200mm specimen with attached 
DEMEC discs, (Right) Top view of 100mm × 200mm specimen ........................... 57 

Figure 3-13 (Left) PicoLog high-resolution data logger with terminal board and 
(right) PicoLog software platform on computer ...................................................... 58 

Figure 3-14 ACIC test schematic ........................................................................ 59 

Figure 3-15 ACIC test setup at UTS Tech Lab ................................................... 59 

Figure 3-16 Vacuum chamber for preparing the specimens for the test ............. 61 

Figure 3-17 NT build 492 setup for migration coefficient measurement ............ 61 

Figure 3-18 Chloride precipitation and direction of penetration ......................... 62 

Figure 4-1 Compressive strength universal testing machine ............................... 67 

Figure 4-2 Compressive strength development in reactive and non-reactive 
specimens ................................................................................................................. 68 

Figure 4-3 External cracks on cylinders after 120-days submerged in 1M sodium 
hydroxide solution in 38°C climate chamber ........................................................... 68 

Figure 4-4 Indirect tensile strength test apparatus ............................................... 69 



xi 
 

Figure 4-5 (left) Non-reactive specimen undergone indirect splitting tensile 
strength test (Right) Reactive specimens undergone indirect tensile strength test .. 69 

Figure 4-6 Tensile Strength development in reactive and non-reactive specimens
 .................................................................................................................................. 70 

Figure 4-7 Modulus of elasticity testing apparatus ............................................. 71 

Figure 4-8 Modulus of elasticity development in reactive and non-reactive 
specimens ................................................................................................................. 71 

Figure 4-9 (Left) Mechanical DEMEC gauge for length change measurement and 
(Right) DEMEC disks adhered to the surface of the cylindrical specimen ............. 72 

Figure 4-10 Expansion measurement for reactive and non-reactive specimens . 73 

Figure 4-11 Preparing the cylindrical (∅100mm × 200mm) specimens with N12 
steel reinforcement for the ACIC test ...................................................................... 74 

Figure 4-12 Comparison of data (potential in microvolts vs. time in hours) in pre 
and post-cover crack on five different non-reactive specimens with seven days of 
curing........................................................................................................................ 75 

Figure 4-13 (Top left) ACIC specimen during the test with corrosion byproducts 
oozing out, (Bottom Left) Cleaned cracked specimen with crack pattern parallel to 
the embedded N12 rebar, (Top right) Extracted corroded N12 rebar with heavy 
corrosion and pitting signs, (Bottom right) Corroded specimen cut parallel to the 
central axis to extract rebar, the corrosion by-products can be seen on the surface of 
the concrete by brown, dark brown and black colours ............................................. 76 

Figure 4-14 Reactive cylindrical (∅100mm × 200mm) specimens with an N12 
steel reinforcement with ASR gel exuding and microcracking on the surface ........ 78 

Figure 4-15 10-day ACIC test ............................................................................. 79 

Figure 4-16 30-day ACIC test ............................................................................. 79 

Figure 4-17 60-day ACIC test ............................................................................. 79 

Figure 4-18 100-day ACIC test ........................................................................... 80 

Figure 4-19 150-day ACIC test ........................................................................... 80 



xii 
 

Figure 4-20 Cover cracking of cylindrical specimens embedded with N12 rebar 
outlined with red colour ........................................................................................... 81 

Figure 4-21 (Left) Extracted unclean corroded rebars, (Right) Sandblasted rebar 
the left side of the rebar, which was covered in epoxy, has no signs of corrosion, 
while the right side is heavily corroded with signs of pitting corrosion .................. 81 

Figure 4-22 Average time to chloride-induced corrosion crack in reactive and-
nonreactive specimens ............................................................................................. 83 

Figure 4-23 (Left) NT build 492 test tank and (Right) Specimens ready for NT 
build 492 test after extracting from the vacuum chamber........................................ 84 

Figure 4-24 Average migration coefficient at different curing ages ................... 86 

Figure 4-25 (Left) White ASR gel deposits on the surface of the NT build 492 test 
specimens at the age of 100-day and (Right) Side view of the same specimen which 
contains microcracks ................................................................................................ 87 

Figure 4-26 Axially split reactive and non-reactive specimens at 90-day of curing 
age undergone NT build 492 test indicating a lower penetration depth in reactive 
specimens on the left compared to the non-reactive specimen on the right after 
spraying them with 0.1 silver nitrate ........................................................................ 87 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiii 
 

3. List of Tables 

Table 2-1 Research done regarding mechanical properties of concrete affected by 
ASR by chronological order adapted from (Mohammadi et al., 2020) ................... 19 

Table 2-2 Reinforcement corrosion at different pH levels (Pullar-Strecker, 1987)
 .................................................................................................................................. 25 

Table 2-3: Test specimens and ultimate shear capacity (Mikata et al., 2020) .... 39 

Table 3-1 Mix aggregates .................................................................................... 46 

Table 3-2 GP cement oxide composition in concrete .......................................... 48 

Table 3-3 Mix design representing material needed for one cubic meter of concrete
 .................................................................................................................................. 49 

Table 3-4 Trial mix results .................................................................................. 53 

Table 3-5 Batch number and expected number of specimens from each batch .. 54 

Table 3-6 Test voltage based on initial current at 30V  utilizing NT build 492 
standard .................................................................................................................... 62 

Table 4-1 Fresh concrete properties and number of specimens from each batch 66 

Table 4-2 Average compressive strength test results for reactive and non-reactive 
specimens ................................................................................................................. 67 

Table 4-3 Average splitting tensile strength test results ...................................... 70 

Table 4-4 Modulus of elasticity test results. ........................................................ 71 

Table 4-5 Number of specimens for expansion measurement ............................ 72 

Table 4-6 Rebar weight loss percentage, time to corrosion-induced crack, 
minimum and maximum crack width in pre and post-crack scenarios using seven 
days cured none-reactive ACIC specimens ............................................................. 75 

Table 4-7 Time to chloride-induced corrosion crack, rebar mass loss, minimum 
and maximum visible crack width on 10-day, 30-day, 60-day, 100-day and 150-day 
for reactive and non-reactive specimens in ACIC test ............................................. 82 



xiv 
 

Table 4-8 Migration confidant values for reactive and non-reactive specimens 85 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



xv 
 

Abstract 

 

Alkali-silica reaction (ASR) and reinforced concrete (RC) corrosion are two of 

the major concrete deterioration phenomena that can affect concrete structures such 

as jetties, bridges, and dams, causing harm to the structure lowering the lifespan and 

the structural integrity, which eventually results in billions of dollars of rehabilitation 

cost. Although ASR and RC corrosion mechanisms are well-known and have been 

studied significantly in the past years individually, there have been small amounts of 

research regarding ASR and RC corrosion combined effects and how ASR can affect 

the corrosion of steel in RC structures. This study aims to determine how ASR can 

impact chloride-induced corrosion in RC structures utilizing accelerated laboratory 

test methods. ASR generates an expansive gel that causes concrete to expand and 

crack over time. These cracks may open the way to other deteriorating effects, such 

as chloride ions. Previous research on ASR speculates that ASR cracks could 

accelerate chloride ions ingress leading to faster corrosion of the reinforcement 

embedded in concrete. However, recent research show otherwise and suggest that 

ASR can cause higher tortuosity in concrete that tributes to the lowering of 

diffusion/migration coefficient of concrete which causes concrete affected by ASR 

to resist the ingress of chloride ions. The investigation in this study is planned to be 

carried out using experimental approaches. The experimental study is based on a 

“Comparative Method” and will compare the time to corrosion-induced cracking and 

migration coefficient in concrete specimens utilizing accelerated methods for 

concrete with highly reactive dacite and non-reactive aggregate with 1.25% alkali 

boosting. The chloride migration coefficient of reactive specimens decreased over 

the 150-day test duration compared to specimens prepared with non-reactive 

aggregate. Furthermore, accelerated chloride-induced corrosion (ACIC) tests on 

reactive specimens show a higher time to cover crack due to corrosion than non-

reactive specimens over the 150-day testing. Additionally, the mechanical properties 

of the specimens prepared with a reactive and non-reactive aggregate such as 

compressive strength, tensile strength and modulus of elasticity were measured. The 

compressive and tensile strength of the reactive specimens, which expanded by 

0.12%, shows little change while the modulus of elasticity decreased over the 150-
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day testing period compared to non-reactive specimens. The results of this 

experiment indicate that ASR within the concrete environment can lower the chloride 

migration of the concrete and increase the time to chloride-induced corrosion crack 

of the concrete cover.  
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