
Title Page

Modelling alkali-silica reaction effects for 
condition assessment and capacity 
evaluation of reinforced concrete structures

by Thuc Nhu Nguyen 

Thesis submitted in fulfilment of the requirements for 

the degree of  

Doctor of Philosophy 

under the supervision of Professor Jianchun Li,  

Dr. Nadarajah Gowripalan, Dr. Yang Yu & Dr. Leandro Sanchez

University of Technology Sydney 
Faculty of Engineering and Information Technology 

February 2021 



i 

Certificate of Original Authorship 

I, Thuc Nhu Nguyen declare that this thesis, is submitted in fulfilment of the 

requirements for the award of Doctor of Philosophy, in the School of Civil and 

Environmental Engineering, Faculty of Engineering and Information Technology 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: 20th February 2021 

Production Note:
Signature removed prior to publication.



ii 

Dedication 

To my father, who strongly encourages and believes in my journey, with love! 



iii 

Acknowledgement 

To come to the completion of this thesis, I am indebted to many persons who have given 

generous support through various means over the last four years.  

First of all, I would like to express my heartfelt gratitude to my principal supervisor Prof. 

Jianchun Li for giving me the opportunity to work on this exciting project and for his 

excellent supervision and support throughout my PhD candidature at UTS. I am truly 

grateful to him for allowing me to freely explore the research work while giving me 

suggestions for further improvement. I am also thankful to my co-supervisor Dr 

Nadarajah Gowripalan for sharing his precious experience and knowledge in several 

insightful discussions both within and beyond the scope of my PhD. I also take this 

opportunity to thank Dr Yang Yu for being not only my co-supervisor but also a friend 

who always offers his help.  

I would like to extend my sincere gratitude to Prof Vute Sirivivatnanon for being a great 

mentor and offering continuing support throughout my time in Sydney. I am grateful to 

see such a role model as him, who always being kind and supportive to students and 

colleagues.  

I would like to acknowledge the Australian Research Council Research Hub for 

Nanoscience Based Construction Materials Manufacturing (ARC NanoComm Hub) and 

Transport for New South Wales (TfNSW) for providing financial support for this project. 

I would like to extend my thank to my external supervisor Professor Leandro Sanchez for 

giving me the opportunity to work with uStructure research group at the University of 

Ottawa, where I have gained invaluable experience, an understanding of ASR, and more 

importantly, the “crack” friendships. I am grateful to him for his valuable advice and 

continuing support since the first date we met. Likewise, I am thankful to Dr Emre 



 

iv 
 

Erkmen from Concordia University for helping me to make the visit trip to Canada 

possible and for making my time there enjoyable both in and out of his office. In this 

regard, I would like to thank UTS HDR Research Collaboration Grant and Mitacs 

Globalinks Grant for providing the financial support for my visit and collaboration with 

the research teams in Canada. 

I would like to thank all the friends I have met in Australia and Canada during my PhD 

for making this journey much more fun and enjoyable. Special thanks to several 

Vietnamese friends and Mrs Van Le, who helped me since my first day in Australia and 

have made me less homesick. 

Finally, I extremely grateful to my beloved parents and siblings for their love and 

unwavering support in my every endeavour. To my beloved wife, I could not say thank 

you enough for being with me through low or high moments in this PhD journey and in 

this life.  

         THUC NHU NGUYEN 

 

  



 

v 
 

Table of Contents 
 
Title Page ........................................................................................................................... i 

Certificate of Original Authorship ..................................................................................... i 

Acknowledgement............................................................................................................ iii 

Table of Contents .............................................................................................................. v 

List of Abbreviations........................................................................................................ ix 

List of Figures ................................................................................................................... x 

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

Abstract .......................................................................................................................... xvi 

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

1.1. Background ........................................................................................................ 1 

1.1.1. Alkali-silica reaction in concrete and its consequences .............................. 1 

1.1.2. Australia’s experience in assessment of ASR effects in concrete structures
 ………………………………………………………………………………………………. 4 

1.2. Research scope and objectives ........................................................................... 5 

1.3. Thesis structure ................................................................................................... 6 

Chapter 2: Literature review ....................................................................................... 10 

2.1. Introduction ...................................................................................................... 10 

2.2. Degradation of concrete mechanical properties due to ASR............................ 11 

2.3. Forecasting of ASR expansion of unrestrained concrete in the field ............... 16 

2.4. Modelling ASR expansion of reinforced concrete structures .......................... 19 

2.5. Structural performance of reinforced concrete structures suffering from ASR: 
experimental observation and numerical modelling ................................................... 22 

2.6. Research questions to be addressed .................................................................. 24 

2.7. Summary .......................................................................................................... 26 

Chapter 3: Evaluating degradation of mechanical properties of concrete due to ASR
 ………………………………………………………………………….………………….. 27 

3.1. Artificial Neural Network approach for modulus of elasticity of concrete 
affected by concrete ..................................................................................................... 27 

3.1.1. Introduction ............................................................................................... 27 

3.1.2. Empirical models for modulus of elasticity of ASR affected concrete ..... 30 

3.1.3. Data collection and description ................................................................. 33 

3.1.4. ANN model development ......................................................................... 38 



 

vi 
 

3.1.5. Results and discussion .............................................................................. 45 

3.1.6. Concluding remarks .................................................................................. 55 

3.2. Computational homogenization approach for modulus of elasticity of ASR 
affected concrete .......................................................................................................... 57 

3.2.1. Introduction ............................................................................................... 57 

3.2.2. Computational homogenization approach................................................. 59 

3.2.3. Modelling concrete stiffness reduction due to ASR ................................. 75 

3.2.4. Results and discussion .............................................................................. 81 

3.2.5. Concluding remarks .................................................................................. 87 

3.3. Summary .......................................................................................................... 88 

Chapter 4: A semi-empirical model for forecasting ASR-induced expansion of 
concrete in the field ......................................................................................................... 89 

4.1. Introduction ...................................................................................................... 89 

4.2. Background ...................................................................................................... 91 

4.2.1. ASR-induced expansion: laboratory versus field performance ................ 91 

4.2.2. Larive’s semi-empirical model for ASR-induced expansion .................... 94 

4.3. Scope of work ................................................................................................... 98 

4.4. Model development and calibration on laboratory testing data ....................... 99 

4.4.1. Overview of the semi-empirical model ..................................................... 99 

4.4.2. Consideration of reactive aggregate used in concrete ............................. 101 

4.4.3. Consideration of environmental conditions: temperature and relative 
humidity effect ....................................................................................................... 105 

4.4.4. Consideration of alkali content and alkali leaching ................................ 107 

4.5. Forecasting ASR-induced expansion in the field ........................................... 121 

4.5.1. Implementing the semi-empirical model for forecasting expansion of field 
exposed concrete blocks ........................................................................................ 121 

4.5.2. Overview of exposure sites/samples and climatic conditions ................. 127 

4.5.3. Modelling expansion of Kingston non-reinforced concrete beams ........ 131 

4.5.4. Modelling expansion of CANMET non-reinforced concrete blocks ...... 136 

4.5.5. Modelling expansion of UT non-reinforced blocks ................................ 142 

4.6. Discussion ...................................................................................................... 144 

4.6.1. Consideration of alkali leaching from test samples and alkali releasing 
from aggregate: their importance and limitation ................................................... 144 

4.6.2. Effect of environmental conditions: RH and temperature ...................... 146 



vii 

4.7. Concluding remarks ....................................................................................... 150

Chapter 5: Numerical modelling framework for expansion and capacity of reinforced 
concrete affected by ASR.............................................................................................. 153

5.1. Background .................................................................................................... 153

5.1.1. Stress-dependency of ASR expansion .................................................... 154

5.1.2. Effect of reinforcement restraint to ASR-induced expansion ................. 155

5.1.3. Numerical modelling of ASR expansion in reinforced concrete ............ 158

5.2. Stress-dependent anisotropic expansion model .............................................. 162

5.2.1. Saouma’s model ...................................................................................... 164

5.2.2. Gautam’s model ...................................................................................... 167

5.3. Consideration of mechanical properties reduction due to ASR ..................... 171

5.4. FE modelling of ASR expansion in reinforced concrete ................................ 174

5.4.1. Constitutive modelling of reinforced concrete ........................................ 174

5.4.2. Implementation of the ASR constitutive model in ABAQUS/Standard . 178

5.5. Model validation: ASR-induced expansion of concrete samples at different 
reinforcement ratios ................................................................................................... 181

5.5.1. Test description ....................................................................................... 181

5.5.2. FE model description .............................................................................. 183

5.5.3. Free expansion model ............................................................................. 185

5.5.4. Results and discussion ............................................................................ 186

5.6. Application for modelling ASR-induced expansion of large-scale reinforced 
concrete beams in the field ........................................................................................ 193

5.6.1. Test description ....................................................................................... 194

5.6.2. Free expansion model ............................................................................. 196

5.6.3. FE model description .............................................................................. 199

5.6.4. Results and discussion ............................................................................ 201

5.7. An application for modelling ASR expansion and capacity of reinforced 
concrete beams .......................................................................................................... 210

5.7.1. Test description ....................................................................................... 210

5.7.2. Nonlinear finite–element modelling ....................................................... 213

5.7.3. Results of the ASR expansion modelling................................................ 217

5.7.4. Spatial distribution of stress, expansion and residual mechanical properties
219

5.7.5. Results of the capacity modelling ........................................................... 222



viii 

5.8. Summary ........................................................................................................ 225

Chapter 6: Conclusions and recommendations ......................................................... 227

6.1. Conclusions .................................................................................................... 227

6.1.1. Degradation of mechanical properties due to ASR and evaluation of the 
reduction in modulus of elasticity of concrete ....................................................... 227

6.1.2. Modelling unrestrained ASR expansion of concrete in the field ............ 229

6.1.3. Numerical modelling of ASR expansion and load-carrying capacity 
reinforced concrete ................................................................................................ 231

6.2. Recommendation for future works ................................................................. 232

References ..................................................................................................................... 235



 

ix 
 

List of Abbreviations 

ACR Alkali-carbonate reaction 

AMBT Accelerated Mortar Bar Test 

ANN Artificial Neural Network 

ASR Alkali-silica reaction 

ASTM American Society for Testing and Materials 

BR Bayesian Regularization 

CPT Concrete Prism Test 

DRI Damage rating index 

FEM Finite element modelling 

FEA Finite element analysis 

HAPC High-alkali Portland cement 

ISE Institution of Structural Engineers  

LAPC Low-alkali Portland cement 

LM Levenberg-Marquardt 

NN Neural network 

RC Reinforced concrete 

RVE Representative Volume Element 

SCM Supplementary cementing material 

 

 

  



 

x 
 

List of Figures 

Figure 1.1: Alkali-silica reaction in concrete (adapted from Deschenes, Bayrak & 

Folliard (2009) .................................................................................................................. 2 

Figure 1.2: Causeway bridge affected by ASR in Perth, WA (HB79 2015) .................... 5 

Figure 2.1: Mechanical properties degradation in relation to ASR-induced expansion. 13 

Figure 2.2: Crack development due to ASR: (a) Open cracks in aggregate and cement 

paste; (b) Qualitative crack development model at different levels of expansion, (c) 

Reduction in modulus of elasticity, and (d) Increase in crack density observed in 

concrete (Sanchez et al. 2015). ....................................................................................... 15 

Figure 2.3: Laboratory versus field test results of concrete varying alkali content 

(Thomas et al. 2006). ...................................................................................................... 18 

Figure 2.4: Effect of reinforcement on ASR expansion: (a) from ISE (1992), and (b) 

from MTO (2018). .......................................................................................................... 20 

Figure 2.5: Modelling for condition assessment of a bridge as described by Hariri-

Ardebili, Saouma & Merz (2018): (a) domain of uncertainties in the expansion 

advancement; and (b) structural displacement. ............................................................... 24 

Figure 3.1: General architecture of the neural network for estimating the residual 

modulus of elasticity. ...................................................................................................... 39 

Figure 3.2: Training performance of LMNN and BRNN in term of MSE and R2. ........ 46 

Figure 3.3: Number of effective parameters in BRNN. .................................................. 47 

Figure 3.4: Historical comparisons of the modulus of elasticity between the 

measurements and predictions. ....................................................................................... 48 

Figure 3.5: Regression analysis results of the ANN 8-10-1 model. ............................... 49 

Figure 3.6: The relationship between the ratio βEc, predicted/βEc, measured and the 

expansion level of existing empirical models and the proposed model (SD: standard 

deviation)......................................................................................................................... 49 

Figure 3.7: Comparison of measured and predicted results of existing empirical models 

and the proposed model. ................................................................................................. 52 

Figure 3.8: Neural interpretation diagram of the model ANN 8-10-1. ........................... 54 

Figure 3.9: Relative contribution of input variables to the output. ................................. 55 

Figure 3.10: Schematic description of two-scale modelling based on homogenized 

material. ........................................................................................................................... 62 

Figure 3.11: Schematic outline for the two-scale analysis procedure. ............................ 68 



 

xi 
 

Figure 3.12: RVE of cracked concrete ............................................................................ 71 

Figure 3.13: (a) Standard bilinear rectangular element enriched to introduce 

discontinuity, and (b) Edge of the element ..................................................................... 75 

Figure 3.14: Crack development in concrete due to ASR: (a) Open cracked in aggregate 

and cement paste; (b) Qualitative crack development model at different levels of 

expansion [based on Sanchez et al. (2015)]. ................................................................... 77 

Figure 3.15: Test results from Sanchez et al. (2017): (a) modulus of elasticity reduction  

and (b) crack density with respect to expansion degree. ................................................. 77 

Figure 3.16: (a) Aggregate size distribution curve considered in this study (b) geometry 

of the RVE. ..................................................................................................................... 79 

Figure 3.17: RVE of concrete at different levels of expansion and typical development 

of cracks in a single aggregate in the RVE. .................................................................... 80 

Figure 3.18: Reduction of concrete stiffness vs. expansion based on the homogenized 

RVE. ................................................................................................................................ 83 

Figure 3.19: Reduction in 1111D̂  vs. expansion for different cement elastic moduli. ....... 84 

Figure 3.20: Reduction in 2222D̂  vs. expansion for different cement elastic moduli. ..... 84 

Figure 3.21: Effect of cement elastic modulus on ASR related reduction of concrete 

stiffness. .......................................................................................................................... 85 

Figure 3.22: Reduction in 1111D̂  vs. expansion for different aggregate elastic moduli. ... 85 

Figure 3.23: Reduction in 2222D̂  vs. expansion for different aggregate elastic moduli. . 86 

Figure 3.24: Effect of aggregate elastic modulus on ASR related reduction of concrete 

stiffness. .......................................................................................................................... 86 

Figure 4.1: Differences between lab and field test results in term of ultimate expansion 

(Thomas et al. 2006). ...................................................................................................... 93 

Figure 4.2: ASR-induced expansion curves obtained from Larive’s model with 

considering temperature and relative humidity effects after Saouma & Perotti (2006a).

 ......................................................................................................................................... 96 

Figure 4.3: Effect of aggregate type/nature on expansion: (a) test data from Sanchez et 

al. (2017), and (b) model parameters proposed by Goshayeshi (2019). ....................... 102 

Figure 4.4: Dependency of the ultimate expansion (ε∞) to the alkali content. .............. 110 

Figure 4.5: Effect of alkali leaching on the ASR kinetic (Lindgård et al. 2013). ......... 112 

Figure 4.6: ASR kinetics parameters with respect to alkali leaching at 1 year. ............ 113 



 

xii 
 

Figure 4.7: Model validation on Lindgård’s data for the ideal expansion curve. ......... 117 

Figure 4.8: Model validation on Sino and Shehata’s data for the ideal expansion curve.

 ....................................................................................................................................... 120 

Figure 4.9: Development of expansion at different zones in a concrete member (Courtier 

1990). ............................................................................................................................ 124 

Figure 4.10:  Overall procedure for modelling expansion of concrete in the field. ...... 125 

Figure 4.11:  Schematic procedure for the consideration of environmental conditions.

 ....................................................................................................................................... 127 

Figure 4.12: Average yearly temperatures (A) and precipitation (B) at Austin and 

Ottawa& Kingston (Fournier et al. 2009). .................................................................... 129 

Figure 4.13: Experimental results of field beams exposed in Kingston exposure site and 

the corresponding CPT. ................................................................................................. 131 

Figure 4.14: Model outcomes in comparison to the experimental data: (a) HAPC and (b) 

LAPC non-reinforced beams......................................................................................... 135 

Figure 4.15: Model outcomes in comparison to the experimental data of specimens in 

CANMET ...................................................................................................................... 138 

Figure 4.16: Model outcomes in comparison to the experimental data of specimens 

incorporating different alkali contents in CANMET. ................................................... 141 

Figure 4.17: Model outcomes in comparison to the experimental data of concrete blocks 

kept at CANMET and UT sites. .................................................................................... 143 

Figure 4.18: Field expansion of concrete blocks at CAMENT at various temperatures.

 ....................................................................................................................................... 148 

Figure 4.19: Field expansion of concrete blocks at CAMENT at various RH inputs. .. 149 

Figure 5.1: Multiaxial stress test setup and results in Liaudat et al. (2018). ................. 155 

Figure 5.2: Effect of reinforcement to ASR expansion (ISE 1992): (a) restrained 

expansion with respect to reinforcement ratio; and (b) stress development in concrete.

 ....................................................................................................................................... 158 

Figure 5.3: Weights distribution (Saouma & Perotti 2006b). ....................................... 167 

Figure 5.4: Uncoupled and maximum axial expansion with respect to axial compressive 

stress (Gautam et al. 2017b). ......................................................................................... 169 

Figure 5.5: Proposed upper and lower bounds of (a) compressive strength, (b) tensile 

strength and (c) modulus of elasticity. .......................................................................... 173 

Figure 5.6: Compressive stress-strain behaviour of concrete at different expansion 

levels. ............................................................................................................................ 177 



xiii 

Figure 5.7: Stress-strain behaviour of the reinforcement. ............................................. 177

Figure 5.8: Flowchart for implementation of the ASR constitutive model in ABAQUS.

 ....................................................................................................................................... 180

Figure 5.9: Dimensions and reinforcement configuration of the reinforced concrete 

prisms (unit: mm). ......................................................................................................... 182

Figure 5.10: Geometry and boundary conditions of the reinforced concrete prism. .... 184

Figure 5.11: Model and measured free expansion curves of (a) Batch 2 and (b) Batch 3.

 ....................................................................................................................................... 186

Figure 5.12: FE results on ASR expansion strain at different mesh sizes of the Batch 3 

prism with 1.23% reinforcement ratio. ......................................................................... 187

Figure 5.13: Comparison of modelling ASR expansion with and without considering 

expansion-stress dependency. ....................................................................................... 189

Figure 5.14: Modelling results versus measurement data of Batch 2 concrete prisms 

with: (a) non-reinforcement (free expansion), (b) 1.23%, (c) 2.18% and 3.14% 

reinforcement ratio. ....................................................................................................... 191

Figure 5.15: Modelling results versus measurement data of Batch 3 concrete prisms 

with: (a) non-reinforcement (free expansion), (b) 1.23%, (c) 2.18% and 3.14% 

reinforcement ratio. ....................................................................................................... 192

Figure 5.16: Stress distribution in the longitudinal direction (S33) of concrete prisms of 

1.23% reinforcement ratio: (a) Batch 2 mixture and (b) Batch 3 mixture. ................... 193

Figure 5.17: Kingston field test (MTO 2018). .............................................................. 194

Figure 5.18: Dimensions and reinforcement configuration of RC beams. ................... 195

Figure 5.19: 27-year expansion data of non-reinforced and reinforced beams at 

Kingston site (MTO 2018): (a) HAPC mixture and (b) LAPC mixture. ...................... 196

Figure 5.20: Measured and modelled free expansion curves of non-reinforced ........... 198

Figure 5.21: Measured and modelled free expansion curves of non-reinforced beams 

using the proposed semi-empirical model. ................................................................... 199

Figure 5.22: Geometry and boundary conditions of reinforced concrete prism. .......... 200

Figure 5.23: Numerical expansion curves of reinforced concrete beams of HAPC and 

LAPC mixtures. ............................................................................................................ 203

Figure 5.24: Numerical expansions in the vertical direction of the reinforced beams. 204

Figure 5.25: Development of cracks along the main reinforcing bars from the reinforced 

beam of HAPC. ............................................................................................................. 205



 

xiv 
 

Figure 5.26: Predicted expansion curves of reinforced concrete beams of HAPC and 

LAPC using upper bound, lower bound and mean values of the residual mechanical 

properties. ...................................................................................................................... 206 

Figure 5.27: Numerical expansion curves of the HAPC reinforced beam from Model I 

and Model II using upper and lower bounds of free expansion curves from the semi-

empirical model. ............................................................................................................ 208 

Figure 5.28: Numerical expansion curves of the LAPC reinforced beam from Model I 

and Model II using free expansion curves from the semi-empirical model. ................. 209 

Figure 5.29: Reinforced concrete beams tested in Fan & Hanson (1998): (a) Dimensions 

and reinforcement configuration, (b) expansion measurements (unit: mm). ................ 212 

Figure 5.30: Expansion measured on the 5R1 and 5N1 beams..................................... 212 

Figure 5.31: Test for load capacity of 5R1: (a) four-point bending test and (b) load-

deflection behaviour. ..................................................................................................... 213 

Figure 5.32: Geometry and boundary conditions of the reinforced concrete tested in Fan 

& Hanson (1998). .......................................................................................................... 214 

Figure 5.33: Stress-strain behaviour of concrete under (a) compression and (b) tension.

 ....................................................................................................................................... 216 

Figure 5.34: Free volumetric expansion of the concrete containing reactive aggregate

 ....................................................................................................................................... 217 

Figure 5.35: Numerical and experimental ASR expansion at different locations for the 

reactive beam. ............................................................................................................... 218 

Figure 5.36: Predicted expansions using the upper bound, lower bound and mean values 

of residual mechanical properties. ................................................................................ 219 

Figure 5.37: Spatial distribution of concrete stresses after 360 days: (a) S22 in the 

transverse direction and (b) S33 in the longitudinal direction. ..................................... 220 

Figure 5.38: Spatial distribution of average expansion in concrete elements. .............. 221 

Figure 5.39: Spatial variations of the residual mechanical properties after 360 days: (a) 

compressive strength (SDV13), (b) modulus of elasticity (SDV14), and (c) tensile 

strength (SDV15). ......................................................................................................... 221 

Figure 5.40: Load-deflection behaviour of the non-reactive beam. .............................. 222 

Figure 5.41: Load-deflection behaviour of the reactive beam. ..................................... 224 

Figure 5.42: Effects of variations in residual material properties on load-deflection 

behaviour. ...................................................................................................................... 225  



xv 

List of Tables 

Table 3.1: Model variables and variation range .............................................................. 34

Table 3.2: Comparison of experimental data and calculated normalised modulus of 

elasticity according to different empirical models and the proposed ANN model ......... 52

Table 3.3: Material properties used in the RVE .............................................................. 78

Table 3.4: Information on open cracks in the RVE of ASR affected concrete ............... 81

Table 3.5: Effective stiffness properties of ASR affected concrete in GPa .................... 83 

Table 4.1: Experimental data and empirical model parameters for the concrete tested in 

Lindgård et al. (2013) .................................................................................................... 116

Table 4.2: Experimental data and empirical model parameters for the concrete tested in 

(Sinno & Shehata 2019) ................................................................................................ 119

Table 4.3: Model parameters for ideal expansion curve of LAPC and HAPC concrete

 ....................................................................................................................................... 133

Table 4.4: Model parameters for ideal expansion curves of Spratt and Sudbury blocks 

tested in CANMET ....................................................................................................... 137

Table 4.5: Calculation of the ultimate expansion of mixtures varying in concrete alkali 

content ........................................................................................................................... 137 

Table 5.1: Model parameters of the CDP...................................................................... 175

Table 5.2: Material properties of the concrete and reinforcing steel ............................ 184

Table 5.3: Larive’s model parameters of free volumetric expansion curves ................ 186

Table 5.4: Confined reinforced expansion from Model I in comparison to free expansion

 ....................................................................................................................................... 192

Table 5.5: Larive’s model parameters of free volumetric expansion curves ................ 198

Table 5.6: Material properties of the concrete and reinforcing steel ............................ 201

Table 5.7: Material properties of the concrete used for 5N1, 5R1 and reinforcing steel

 ....................................................................................................................................... 216



xvi 

Abstract 

Alkali-silica reaction (ASR) is one of the most harmful distress mechanisms affecting 

concrete infrastructure worldwide. ASR is a chemical reaction that generates a secondary 

product, which induces expansive pressure within the reacting aggregate particles and 

adjacent cement paste upon moisture uptake. This in turn leads to cracking, loss of 

material integrity, and consequently compromises serviceability and capacity of the 

structure. In Australia, several concrete structures of various types such as dams, bridges 

and railway sleepers have been identified as affected by the reaction to varying extents. 

To date, the majority of experts agree that new concrete structures can be constructed in 

such a way to avoid ASR-induced effects by using either non-reactive aggregates 

classified by national and international standards, or supplementary cementitious 

materials to mitigate the reaction. However, there is currently a lack of a comprehensive 

plan for diagnosis and prognosis of existing concrete structures affected by ASR. This is 

despite its importance in providing efficient rehabilitation methods and management 

strategies for the infrastructure.  

When investigating existing structures affected by ASR, two crucial questions need to be 

answered prior to specifying management strategies, i.e., (i) the current state of damage 

and its effects on structural capacity and serviceability; and (ii) the prediction of damage 

progress and its impact on the structure in the coming months or years. In this regard, two 

main effects of the deleterious ASR - expansion and mechanical properties degradation 

of the concrete - need to be evaluated prior to assessing the condition and capacity of the 

affected structures suffering from ASR. This study aimed to provide different modelling 

approaches for evaluating the degradation of mechanical properties, expansion of 

concrete in the field, and eventually assessing the structural behaviour of ASR affected 

structural members and structures. 

First, a critical review on mechanical properties of concrete suffering from ASR is 

provided. Due to significant reduction in modulus of elasticity and its wide variation, two 

different models were implemented to provide better understanding and evaluations of 

the reduction in the modulus of elasticity. An artificial neural network (ANN) model was 



xvii 

proposed to investigate impacts of different factors (i.e., reactive aggregates, alkali 

content, design strength in addition to the expansion) to the modulus of elasticity and 

subsequently to provide a better estimation of the reduction. In another approach, a 

computational homogenization model was developed to model the impact of ASR-

induced cracking in concrete on its stiffness. The proposed model was able to quantify 

the impact of ASR-induced internal cracking on the reduction of concrete stiffness. 

Second, a novel semi-empirical model was proposed for forecasting expansion of 

unrestrained concrete in the field based on results of laboratory testing such as from the 

concrete prism test (CPT). The model accounted for effects of the reactive aggregate type 

and nature, alkali leaching, alkali contribution from aggregates and environmental 

conditions (i.e. temperature, relative humidity) on the ASR expansion. The semi-

empirical model is capable of accounting for the effects of environmental conditions in 

the field for forecasting ASR-induced expansion of concrete field blocks. This is shown 

by excellent model outcomes for concrete blocks from three outdoor sites in Canada and 

the USA, which were made by different reactive aggregates and alkali contents. 

Finally, as a continuation of the semi-empirical model, a finite element (FE) model was 

developed for modelling expansion and load-carrying capacity of reinforced concrete 

members. Two well-known empirical models to account for stress-dependency of the 

ASR expansion were adopted to account for the effect of reinforcement restraints on the 

ASR expansion development in reinforced concrete members. The model was 

implemented in the commercial FEA package ABAQUS/Implicit using different 

developed user subroutines, and the concrete damaged plasticity model. Impact of the 

variation in residual mechanical properties on expansion advancement and load-carrying 

capacity of reinforced concrete members was also investigated.  

By providing different numerical investigations on the degradation of mechanical 

properties, expansion of the field concrete and consequently the structural capacity, this 

study provided a comprehensive approach for assessing condition and capacity of existing 

reinforced concrete structures suffering from ASR.
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