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ABSTRACT 

As of recently, research on geopolymer concrete (GPC) is gaining popularity 

among construction practitioners and researchers due to its green materials in 

construction applications. Geopolymer is the result of a chemical reaction between 

source materials such as fly ash and ground granulated blast furnace slag (GGBFS), 

and alkaline liquid. It could fully replace Ordinary Portland cement (OPC) in the 

manufacturing of concrete products and thus reduce the negative impact of the 

carbon footprint (CO2) on the environment. At present, most of the researches on 

GPC are mainly focused on the concrete design mix, mechanical properties and other 

related structural applications such as the cracking mode, flexural and shear 

behaviour and deflection of GPC. This study focuses on the bond strength behaviour 

of GPC, which is vital in predicting the cracking mode and behaviour. The main 

objective of this study is to evaluate parameters controlling the bond strength 

behaviour of GPC such as compressive strength, concrete cover-to-diameter (c/d) 

ratio and embedment length. Prior to the experiment, the design mix for the 

specimens was achieved on trial-and-error method by applying 0 %, 10 % and 20 % 

GGBFS on the fly ash-based GPC basis to obtain concrete grade of 20, 30 and 40 

respectively with OPC as control specimens. All specimens were casted on 100 mm 

and 150 mm dimensional cube moulds and activated using sodium-based alkaline 

solution. Fly ash-based GPC specimens were heat cured (60 °C) for 24 hours 

whereas specimens partially replaced with GGBFS were ambient cured. For bond 

specimens, the c/d ratio was varied from 4.19 to 7.0 whereas 3.5d and 5.0d for 

embedment using bond breaker. Overall pull-out tests show that the normalised bond 

strength for GPC decreased as the concrete grade increased with GPC over OPC 

concrete. For c/d ratio, there was no significant effect on bond strength for both 

concrete as the ratio was increased more than 5.75. Specimens with higher 

embedment length also show reduction in bond strength. In order to further promote 

the use of environmentally friendly GPC in the construction industry, further 

structural assessment on the optimum bond strength of GPC needs to be carried out.  
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ABSTRAK 

Baru-baru ini, penyelidikan konkrit geopolimer (GPC) mendapat populariti 

dalam kalangan pengamal pembinaan dan penyelidik kerana bahan hijau yang 

terdapat padanya dalam aplikasi pembinaan. Geopolimer merupakan hasil reaksi 

antara bahan sumber seperti debu terbang dan sanga relau bagas berbutir tanah 

(GGBFS) dengan cecair alkali. Bahan ini boleh menjadi penggantian penuh bagi 

simen Portland biasa (OPC) untuk menghasilkan produk konkrit sekaligus 

mengurangkan impak negatif daripada jejak karbon (CO2) terhadap alam sekitar. 

Pada masa kini, kebanyakan kajian menekankan campuran tereka bentuk, sifat 

mekanikal dan aplikasi struktur yang lain termasuklah mod retak, tingkah laku lentur 

dan ricih, dan juga pesongan untuk GPC. Kajian ini difokuskan kepada tingkah laku 

kekuatan ikatan GPC, yang penting dalam meramal mod dan tingkah laku retak. 

Objektif utama kajian ini adalah untuk menilai parameter mengawal tingkah laku 

kekuatan ikatan GPC seperti kekuatan mampat, nisbah penutup konkrit-diameter 

(c/d) dan panjang pembenaman. Berikutan itu, campuran tereka bentuk untuk 

spesimen dicapai berdasarkan kaedah percubaan dengan mengaplikasi 0 %, 10 % dan 

20 % GGBFS kepada GPC berasaskan debu terbang untuk memperoleh gred konkrit, 

masing-masing 20, 30 dan 40 dengan konkrit OPC sebagai spesimen kawalan. 

Semua spesimen dituang ke dalam acuan kiub berdimensi 100 mm dan 150 mm dan 

diaktifkan menggunakan larutan alkali berasaskan natrium. Spesimen GPC 

berasaskan abu terbang diawet menggunakan haba (60°C) selama 24 jam, manakala 

spesimen menggunakan GGBFS sebagai pengganti separa diawet dalam suhu sekitar. 

Untuk spesimen ikatan, nisbah c/d divariasikan daripada 4.19 kepada 7.0 manakala 

3.5d dan 5.0d untuk panjang pembenaman menggunakan pemecah ikatan. Keputusan 

keseluruhan ujian tarik-keluar menunjukkan kekuatan ikatan ternormal bagi kedua-

dua konkrit G30 menurun selepas gred konkrit ditingkatkan dengan GPC mengatasi 

konkrit OPC. Untuk nisbah c/d, tiada kesan signifikan pada kekuatan ikatan untuk 

kedua-dua konkrit selepas nisbah tersebut ditingkatkan melebihi 5.75. Spesimen 

dengan panjang pembenaman yang tinggi juga menunjukkan pengurangan dalam 

kekuatan ikatan. Untuk menggalakkan penggunaan GPC yang mesra alam dalam 

industri pembinaan, lanjutan penilaian struktur terhadap kekuatan ikatan optimum 

menggunakan GPC perlu dijalankan. 

  



viii 

TABLE OF CONTENTS 

TITLE PAGE 

DECLARATION iii 

DEDICATION iv 

ACKNOWLEDGEMENT v 

ABSTRACT vi 

ABSTRAK vii 

TABLE OF CONTENTS viii 

LIST OF TABLES xii 

LIST OF FIGURES xiii 

LIST OF ABBREVIATIONS xvi 

LIST OF SYMBOLS xvii 

LIST OF APPENDICES xviii 

CHAPTER 1 INTRODUCTION 1 

1.1 Background of Study 1 

1.2 Problem Statement 2 

1.3 Research Objectives 3 

1.4 Scope of Research 4 

1.5 Significance of Study 4 

CHAPTER 2 LITERATURE REVIEW 7 

2.1 Introduction 7 

2.2 Bond Strength Mechanism 8 

2.2.1 Chemical Adhesion 9 

2.2.2 Frictional Resistance 10 

2.2.3 Mechanical Interlocking 11 

2.3 Bond Assessment 14 

2.3.1 Beam End Test 15 

2.3.2 Pull-out Test 17 



 

ix 

2.3.3 Failure Mode 18 

2.4 Geopolymer Concrete 20 

2.4.1 Fly Ash 21 

2.4.2 Ground Granulated Blast Furnace Slag 

(GGBFS) 23 

2.5 Parameters Affecting Bond Strength of GPC 26 

2.5.1 Compressive Strength 26 

2.5.1.1 Chemical Composition 30 

2.5.1.2 Design Mixture 36 

2.5.2 Concrete Cover-to-Diameter (c/d) Ratio 40 

2.5.3 Embedment Length 42 

2.6 Normalised Bond Strength 46 

2.7 Bond Strength Equations 50 

2.7.1 Bond Strength from Code of Practice 51 

2.7.2 Bond Strength from Previous Studies 52 

2.8 Chapter Summary 56 

CHAPTER 3 RESEARCH METHODOLOGY 57 

3.1 Introduction 57 

3.2 Research Flowchart 57 

3.3 Materials Specifications 58 

3.3.1 Binders 59 

3.3.2 Alkaline Activator 59 

3.3.3 Aggregates 60 

3.3.4 Bond Breaker 61 

3.4 Equipment Specifications 62 

3.4.1 Experimental Program 63 

3.5 Research Design 64 

3.5.1 Design Mixture 64 

3.5.2 Preparation of Bond Breaker 66 

3.5.3 Manufacture of Pull-Out Specimens 67 

3.5.4 Testing of Pull-Out Specimens 71 

3.5.5 Proposed Bond Strength 73 



 

x 

3.6 Chapter Summary 73 

CHAPTER 4 RESULTS AND DISCUSSION 75 

4.1 Introduction 75 

4.2 Material Properties of GPC 75 

4.2.1 Chemical Composition 76 

4.2.2 Design Mixture for GPC 79 

4.2.3 Effect of GGBFS Addition on GPC 83 

4.3 Failure Mode of Pull-Out Specimens 86 

4.4 Bond Strength of Pull-Out Specimens 88 

4.4.1 Bond Strength from Bond Stress-Slip Curve 88 

4.4.2 Influence of Compressive Strength on Bond 

Strength 95 

4.4.3 Influence of Concrete Cover-to-Diameter (c/d) 

Ratio on Bond Strength 100 

4.4.4 Influence of Embedment Length on Bond 

Strength 106 

4.5 Validation with Bond Strength from Previous Studies 113 

4.5.1 Code of Practice (CEB-FIP MC90) 113 

4.5.2 Previous Studies 117 

4.6 Chapter Summary 121 

CHAPTER 5 CONCLUSION AND RECOMMENDATIONS 123 

5.1 Introduction 123 

5.2 Conclusion 123 

5.3 Recommendations 124 

REFERENCES 127 

LIST OF PUBLICATIONS 165 

 

  



xi 

LIST OF TABLES 

TABLE NO. TITLE PAGE 

Table 2.1 Standard grades of compressive strength (BS 5328-

2:1997) 27 

Table 2.2 Bond strength affected by compressive strength in 

previous GPC studies 28 

Table 2.3 Bond strength affected by compressive strength in 

previous GPC studies 29 

Table 2.4 Raw materials sources of GPC 34 

Table 2.5 Methods used for proposing design mixture of GPC 37 

Table 2.6 Proposed design mixture of GPC in previous studies 40 

Table 2.7 Summary of c/d effect on bond strength from previous 

studies 42 

Table 2.8 Summary of embedment length effect on bond strength 

from previous studies 46 

Table 2.9 Normalised bond strength utilized in previous studies 48 

Table 2.10 Bond strength equations utilized in previous studies 55 

Table 3.1 Properties of aggregates 60 

Table 3.2 Grading of coarse aggregates 61 

Table 3.3 Grading of fine aggregates 61 

Table 3.4 Tensile strength of steel reinforcing bars 62 

Table 3.5 Proposed design mixture of GPC 65 

Table 3.6 Design mixture of OPC 65 

Table 3.7 Embedment length for pull-out specimens 67 

Table 3.8 Properties of GPC pull-out specimens 70 

Table 3.9 Properties of OPC pull-out specimens 71 

Table 4.1 Chemical composition for binders 76 

Table 4.2 Design mixture for Trial 1 GPC 79 

Table 4.3 Material properties for Trial 1 GPC 79 

Table 4.4 Design mixture for Trial 2 GPC 82 



 

xii 

Table 4.5 Material properties for Trial 2 GPC 82 

Table 4.6 Design mixture for Trial 3 GPC 84 

Table 4.7 Material properties for Trial 3 GPC 84 

Table 4.8 Failure modes of 10 % GGBFS GPC and OPC concrete 

specimens 86 

Table 4.9 Failure modes of 0 % and 20 % GGBFS GPC specimens 87 

Table 4.10 Bond behaviour of overall GPC concrete specimens 89 

Table 4.11 Bond behaviour of overall OPC concrete specimens 93 

Table 4.12 Experimental bond strength OPC concrete specimens 

based on compressive strength 96 

Table 4.13 Experimental bond strength for GPC specimens based on 

compressive strength 97 

Table 4.14 Effect of c/d ratio on normalised bond strength for GPC 

concrete specimens 102 

Table 4.15 Effect of c/d ratio on normalised bond strength for OPC 

concrete specimens 104 

Table 4.16 Effect of embedment length on normalised bond strength 

for OPC concrete 106 

Table 4.17 Effect of embedment length on normalised bond strength 

for GPC 107 

Table 4.18 Comparison of experimental and predicted bond strength 

for OPC specimens 117 

Table 4.19 Comparison of experimental and predicted bond strength 

for GPC specimens 118 

  

 

 

  



xiii 

LIST OF FIGURES 

FIGURE NO. TITLE PAGE 

Figure 2.1 Typical peak of stress in elastic phase (Gambarova and 

Rosati, 1996) 9 

Figure 2.2 Typical slip (relative bar displacement) (Noakowski, 

1980) 9 

Figure 2.3 Wedging action and bar-concrete slip of the bar 

(Gambarova and Rosati, 1996) 12 

Figure 2.4 Chemical adhesion, friction and wedging action 

(Noakowski, 1980) 12 

Figure 2.5 Slip on the rib faces accompanying splitting failure 

(Cairns, 1992; Andreasen, 1992) 13 

Figure 2.6 Local bond stress-slip law (CEB-FIP MC90, 1993) 14 

Figure 2.7 Typical beam end specimen (Wolfe, 2011) 16 

Figure 2.8 Typical pull-out specimens (Wolfe, 2011) 17 

Figure 2.9 Failure mode: (a) yielding of reinforcement (b) pull-out (c) 

concrete splitting (Ganesan et al., 2015; Hadi, 2008) 19 

Figure 2.10 Process of fly ash collection (Wilson, 2015) 21 

Figure 2.11 SEM showing glassy fly ash (Wilson, 2015) 22 

Figure 2.12 Class C and Class F fly ash sample (Chou et al., 2009) 22 

Figure 2.13 Ground granulated blast furnace slag (GGBFS) sample 

(Islam et al., 2015) 24 

Figure 2.14 Typical SEM image of GGBFS sample (Wan et al., 2004) 25 

Figure 2.15 Chemical compositions from previous studies utilizing 

Class F fly ash 31 

Figure 2.16 Chemical compositions from previous studies utilizing 

GGBFS 33 

Figure 2.17 Chemical compositions in cementitious materials (Albitar 

et al., 2018) 35 

Figure 2.18 Steel and bond forces variation in concrete member: (a) 

segmental cracked concrete; (b) action of bond stresses on 

reinforcing bar; (c) tensile force variation in steel; and (d) 

bond force variation along steel bar (Darwin, 2005) 43 



xiv 

Figure 2.19 Comparison of 3.5d and 4.5d development length (Ahmed 

et al., 2008) 44 

Figure 2.20 CEB Model Code 90 (CEB 1992) local bond stress–slip 

relationship (Haskett et al., 2008) 51 

Figure 3.1 Research flowchart 58 

Figure 3.2 Configuration of bond breaker 67 

Figure 3.3 Modified pull-out specimen mould 68 

Figure 3.4 Cross-sectional view of pull-out specimens 69 

Figure 3.5 Plan view of pull-out specimens 69 

Figure 3.6 Configuration of pull-out testing 72 

Figure 4.1 Comparative of chemical composition for Class F fly ash 78 

Figure 4.2 Comparative of chemical composition for GGBFS 78 

Figure 4.3 Compressive strength and splitting tensile strength for 

Trial 1 80 

Figure 4.4 Comparison of compressive strength and splitting tensile 

strength for Trial 1 and Trial 2 83 

Figure 4.5 Compressive strength and splitting tensile strength for 

GPC after GGBFS replacement       85 

Figure 4.6 Bond stress-slip curve for 0 % GGBFS GPC specimens 90 

Figure 4.7 Bond stress-slip curve for 10 % GGBFS GPC specimens 91 

Figure 4.8 Bond stress-slip curve for 20 % GGBFS GPC specimens 92 

Figure 4.9 Bond stress-slip curve for OPC concrete specimens 93 

Figure 4.10 Influence of ultimate bond strength on corresponding slip 

for GPC 94 

Figure 4.11 Normalised bond strength against compressive strength for 

all specimens 95 

Figure 4.12 Influence of concrete compressive strength on bond 

strength      99 

Figure 4.13 Influence of c/d ratio on bond strength 101 

Figure 4.14 Effect of c/d ratio on bond strength for all concrete grades 105 

Figure 4.15 Effect of embedment length on 0 % GGBFS GPC bond 

specimens 108 

Figure 4.16 Effect of embedment length on 10 % GGBFS GPC bond 

specimens 109 



 

xv 

Figure 4.17 Effect of embedment length on 20 % GGBFS GPC bond 

specimens 110 

Figure 4.18 Effect of embedment length on OPC concrete bond 

specimens 111 

Figure 4.19 Effect of embedment length on normalised bond strength 112 

Figure 4.20 Comparison of bond strength between experimental and 

predicted GPC 114 

Figure 4.21 Comparison of bond strength between experimental and 

predicted OPC 115 

Figure 4.22 Comparison of experimental and predicted bond strength 

of GPC from previous studies 119 

 

 

  



 

xvi 

LIST OF ABBREVIATIONS 

RC - Reinforced Concrete 

OPC - Ordinary Portland Cement 

GPC - Geopolymer Concrete 

IPC - Inorganic Polymer Concrete 

CO2 - Carbon Dioxide 

C-S-H - Calcium Silicate Hydrate 

C-A-S-H - Calcium Aluminate Silicate Hydrate 

SiO2 - Silicon Dioxide 

Al2O3 - Aluminium Oxide 

Fe2O3 - Iron (II) Oxide 

CaO - Calcium Oxide 

SEM - Scanning Electron Microscopy 

XRF - X-Ray Fluorescence 

HVFA - High Volume Fly Ash 

GGBFS - Ground Granulated Blast Furnace Slag 

POFA - Palm Oil Fuel Ash 

MARS - Multivariable Adaptive Regression 

ANN - Artificial Neural Networks 

ASTM - American Society for Testing and Materials 

MS - Malaysia Standard 

RILEM - International Union of Laboratories and Experts in 

Construction Materials, Systems and Structures 

BS - British Standard 

UTM - Universal Testing Machine 

GFRP - Glass Fibre Reinforced Polymer 

PI - Partial Interaction 

NaOH - Sodium Hydroxide 

Na2SiO3 - Sodium Silicate 

SSD - Saturated-Surface Dry 

LVDT - Linear Variable Displacement Transducer 



 

xvii 

 

LIST OF SYMBOLS 

τu - Ultimate bond strength 

τnorm - Normalised bond strength 

F - Force  

d - Diameter of steel reinforcement 

L - Embedment length 

δ - Slip 

δ1 - Slip at ultimate bond stress 

c/d - Concrete cover-to-diameter ratio 

sp/b - Superplasticiser-to-binder ratio 

f’c - Compressive strength 

f’ct - Splitting tensile strength 

fyk - Steel yield strength 

ft - Steel tensile strength 

ld - Development length 

CA:FA - Coarse aggregates-to-fine aggregates ratio 

w/b - Water-to-binder ratio 

τ–δ - Bond stress-slip 

P–Δ - Load-slip 

   

   

   

   

   

   

   

  



xviii 

LIST OF APPENDICES 

APPENDIX TITLE PAGE 

Appendix A Photos of Research Materials and Process 137 

Appendix B Tensile Data for Steel Bar 156 

Appendix C Certificate of Calibration 159 

Appendix D Sample Calculation 163 



1 

 

 

CHAPTER 1 

 

 

INTRODUCTION 

1.1 Background of Study 

 Development of civil infrastructures including multi-storey buildings, road, 

bridges, retaining wall and underground structures are synonym with the reinforced 

concrete (RC) as one of the most widely utilized composite materials (Maranan, 

2016). In designing and analysing RC members, knowledge of bond between 

reinforcement and its concrete surrounding is crucial since it could affect flexural 

behaviour as well as the shear capacity of the members (Visintin et al., 2013). Also 

termed as bond behaviour, the concrete structure consisted of tensile stress 

transferred from steel-to-concrete by interfacial interaction. The mechanism is 

important not only to govern the formation of cracks and crack width but also for 

many other vital issues related to structural application such as anchorage capacity, 

minimum development length and lap splice length of the reinforcements (Visintin et 

al., 2013; Orangun et al., 1977). 

 When reinforcement is embedded in concrete and tested in tension, concrete 

cracks due to the failure of chemical adhesion that has been formed during hardening 

of concrete. Thus, adequate bonding between concrete and steel is essential to ensure 

the effective composite action of the RC section (Selby, 2012). Research on bond 

strength in RC components was widened into various structural applications 

including the tension stiffening and deflection through experimental, analytical and 

even numerical methods (Visintin et al., 2013). Recently, the structural applications 

utilized various by-products such as fly ash and ground granulated blast furnace slag 

(GGBFS) as alternative sources of binder to produce geopolymer concrete (GPC), 

and could be potentially used as construction materials (Albitar et al., 2018; Ma et 

al., 2018). 
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 The fundamental studies on structural applications, bond behaviour, still 

needs further investigation for GPC utilizing both by-products due to limited 

knowledge on the material properties of the materials. Plus, knowledge on its 

mechanism needs to be well-understood as it is the critical factor governing the bond 

performance of RC components. It includes the parameters such as compressive 

strength, concrete cover-to-diameter (c/d) ratio and embedment length that could 

effect on the bond strength of GPC (Zhao et al., 2016). Thus, this study will apply fly 

ash and GGBFS as the by-products to investigate the bond strength behaviour for 

GPC in terms of material properties thus propose the utilization of this green 

concrete to be used in construction applications. 

1.2 Problem Statement 

Ordinary Portland cement (OPC) as conventional concrete in RC structure is 

well-known for its excessive carbon footprint to the environment (Razi et al., 2016). 

Each tonne of cement production releases approximately one tonne of carbon dioxide 

(CO2) to the surrounding environment. Annually, around 5 % to 7 % of worldwide’s 

CO2 emission was contributed by the cement industry (Alnahhal et al., 2017). 

Furthermore, cement manufacturing is a resource-intensive and energy-intensive 

process (Olivier et al., 2012). Currently, researchers are aiming to develop more 

effective alternatives, including replacement of Ordinary Portland cement (OPC) 

with geopolymer concrete (GPC) (Muttashar et al., 2014). 

Also, there is a massive amount of Class F fly ash production from energy 

generation, which requires an enormous amount of space for its disposal (Islam et 

al., 2015). Class F fly ash is more preferred compared to Class C fly ash due to its 

higher workability and ease of handling as construction materials (Chou et al., 2009). 

However, there are some issues associated with the utilization of the fly ash-based 

GPC including low early strength development as well as inclusion of high 

temperature curing which requires higher energy consumption (Nath and Sarker, 

2014). To improve such issues, ground granulated blast furnace slag (GGBFS) could 

be suggested as partial replacement of the GPC (Fang et al., 2018).  
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Many studies have been carried out to investigate bond strength between 

concrete and reinforcement that could contribute to the ultimate bond stress and slip 

for conventional concrete (Ganesan et al., 2015; Ma et al., 2018; Mendis and French, 

2000; Mo et al., 2016; Tekle et al., 2016; Vinothini et al., 2015). However, the 

studies are not considered extensive for GPC in terms of parameters affecting the 

bond strength, thus need additional studies on its material properties as well as bond 

behaviour. Utilization of the by-products as replacement for conventional concrete 

could be ideal to investigate the bond behaviour of fly ash and GGBFS-based GPC 

(Fang et al., 2018). 

Despite safer design basis for engineers in dealing with splitting failures and 

improved prediction of cracking behaviour for RC members, the experimental works 

on bond behaviour utilizing the GPC still need further investigation. Thus, the 

utilization of Class F fly ash and GGBFS could be the most ideal by-products to 

investigate the material properties as well as bond strength of GPC. Therefore, this 

strongly indicates important gaps to be fulfilled in proposing utilization of GPC for 

future research as sustainable concrete in construction applications. 

1.3 Research Objectives 

The objectives of the research are: 

(a) To identify compressive strength, concrete cover-to-diameter (c/d) ratio and 

embedment length as the parameters controlling bond strength between GPC 

and embedded reinforcement. 

(b) To evaluate the bond strength for GPC made up of Class F fly ash and 

GGBFS embedded with reinforcement based on the parameters identified. 

(c) To propose utilization of Class F fly ash and GGBFS as GPC for further 

structural applications.  
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1.4 Scope of Research 

In this study, Class F fly ash is the main binder in GPC with GGBFS as the 

partial replacement. Unlike OPC as the well-established materials, fly ash needed to 

undergo chemical analysis for identification of either Class F or Class C fly ash. For 

current study, the analysis includes X-ray fluorescent (XRF) analysis for the 

identification as well as comparison with previous studies. Then, GGBFS were added 

in percentage of 0 %, 10 % and 15 % as fly ash replacement in GPC. 

Trial-and-error design mixture is performed to obtain a suitable design 

mixture based on compressive test, splitting tensile test as well as slump test, 

subjected to bond test. For bond behaviour, the bond test that was conducted is pull-

out test. OPC concrete as control specimens is fabricated with GPC as comparison 

purpose. All tests were conducted for 7 days curing ages. The specimens were casted 

into either 100 mm-dimensional or 150mm-dimensional cube mould and cured at 

ambient temperature, except for fly ash-based GPC that requires heat curing. 

1.5 Significance of Study 

The utilization of Class F fly ash and GGBFS as the main binder in GPC 

could be as effective as conventional concrete in structural application. For instance, 

in terms of bond strength, some of previous studies suggested that both concretes are 

comparable to each other despite differences in material properties (Castel and 

Foster, 2015; Sofi et al., 2007; Junaid et al., 2015; Tekle et al., 2016). Other than the 

structural aspects, sustainability, efficiency and productivity of utilization for by-

products should also be taken into consideration in order to produce a more 

sustainable environment by reducing the utilization of conventional concrete (Razi et 

al., 2016). Class F fly ash and GGBFS were well-known as the main by-products to 

manufacture GPC and could be promoted to replace the conventional concrete in the 

future (Fang et al., 2018; Sani et al., 2020).  
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Inclusion of GGBFS could be helpful in attaining a higher compressive 

strength since Class F fly ash could not achieve a high compressive strength at an 

early age. Plus, compressive strength portrays the material properties of GPC in 

which eventually affect the bond strength (Al-Azzawi et al., 2018). Other than 

compressive strength, bond strength prediction of GPC governed by c/d ratio and 

embedment length could be developed. The experimental bond strength based on all 

the parameters could suggest optimum bond strength as a safe design value to be 

proposed, especially for different type of materials as relative comparison (Orangun 

et al., 1977). 

This study will also provide experimental investigation of bond strength to 

represent bond-slip behaviour by carrying out pull-out tests utilizing GPC to propose 

the utilization of this green cement as construction materials. Upon its completion, 

the results will be compared with control specimens and previous bond strength 

equations to give predictions on the optimum bond strength with the parameters 

involved. The experimental analysis could assist designers to propose an equation as 

a guideline for further structural application, especially when it comes to non-

established materials such as Class F fly ash and GGBFS. Also, this study could be a 

benchmark for extension studies of tension stiffening and deflection behaviour of 

GPC in structural application (Visintin et al., 2013). 
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Appendix A Photos of Research Materials and Process 

Figure A1 Collected Class F fly ash sample 

Figure A2 Collected GGBFS sample 
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Figure A3 Collected OPC sample 

 

Figure A4 Sodium hydroxide flakes supplied by BTScience Sdn. Bhd. 

 



139 

 

Figure A5 Sodium silicate gel supplied by BTScience Sdn. Bhd.  

 

Figure A6 Alkaline solution with 14 M concentration 
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Figure A7 Sikadur-30 used to prepare the bond breaker 

Figure A8 Bond breaker prepared for pull-out specimens 
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Figure A9 Universal Testing Machine for compressive and splitting tensile test   

 

Figure A10 Universal Testing Machine for steel tensile test 
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Figure A11 Universal Testing Machine for pull-out test 

Figure A12 Linear Variable Displacement Transducer (LVDT) 
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Figure A13 Materials to manufacture GPC specimens 

 

Figure A14 56-L capacity pan mixer 
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Figure A15 Workability test for GPC 

Figure A16 Poker vibrator used to compact the fresh GPC 
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Figure A17 Dry oven curing for GPC 

Figure A18 GPC specimens after heat cured and de-moulded 
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Figure A19 In-situ casting for 100 mm dimensional pull-out specimen 

 

Figure A20 In-situ casting for 150 mm dimensional pull-out specimen 
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Figure A21 Pull-out specimen after de-moulding (a) 100 mm dimensional 

 

Figure A22 Pull-out specimen after de-moulding (a) 100 mm dimensional 
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Figure A23 Experimental compressive strength test setting 

Figure A24 Experimental splitting tensile test setting 



149 

 

Figure A25 Experimental pull-out test setting 

 

 

Figure A26 Gypsum applied before pull-out test 
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Figure A27 Fly ash and GGBFS collection form 
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Figure A28 G-TF-100-10-3.5d (a) 0 % GGBFS (b) 10 % GGBFS (c) 20 %

GGBFS 

Figure A29 G-TF-100-10-5.0d (a) 0 % GGBFS (b) 10 % GGBFS (c) 20 %

GGBFS 

(a) (b) (c) 

(a) (b) (c)
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Figure A30 G-TF-150-10-3.5d (a) 0 % GGBFS (b) 10 % GGBFS (c) 20 % 

GGBFS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A31 G-TF-150-10-5.0d (a) 0 % GGBFS (b) 10 % GGBFS (c) 20 % 

GGBFS 

 

 

(a) (b) (c) 

(a) (b) (c) 
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Figure A32 G-TF-150-12-3.5d (a) 0 % GGBFS (b) 10 % GGBFS (c) 20 %

GGBFS 

Figure A33 G-TF-150-12-5.0d (a) 0 % GGBFS (b) 10 % GGBFS (c) 20 %

GGBFS 

(a) (b) (c) 

(a) (b) (c)
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Figure A34 G-TF-150-16-3.5d (a) 0 % GGBFS (b) 10 % GGBFS (c) 20 % 

GGBFS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A35 G-TF-150-16-5.0d (a) 0 % GGBFS (b) 10 % GGBFS (c) 20 % 

GGBFS 

(a) (b) (c) 

(a) (b) (c) 



155 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A36 (a) O-100-10-3.5d-OPC (b) O-100-10-5.0d-OPC (c) O-150-10-3.5d-

OPC (d) O-150-10-5.0d-OPC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A37 (a) O-150-12-3.5d-OPC (b) O-150-12-5.0d-OPC (c) O-150-16-3.5d-

OPC (d) O-150-16-5.0d-OPC 

(a) (b) (c) (d) 

(a) (b) (c) (d) 
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Appendix B Tensile Data for Steel Bar 

Figure B1 Tensile test result for 10 mm diameter 



157 

 

 

Figure B2 Tensile test result for 12 mm diameter 
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Figure B3 Tensile test result for 16 mm diameter 
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Appendix C Certificate of Calibration 

Figure C1 Certificate of calibration for tensile machine (page 1) 
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Figure C2 Certificate of calibration for tensile machine (page 2) 
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Figure C3 Certificate of calibration for compression machine (page 1) 
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Figure C4 Certificate of calibration for compression machine (page 2) 
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c/d ratio: 

Embedment length, L : 

Bond strength, τu : 

Bond strength, τu : 

Appendix D Calculation for Bond Strength 

 

Sample Calculation of Bond Strength  

Given specimens: G-150-10-3.5d-10% 

Parameters involved: Compressive strength, c/d ratio and embedment length 

 

Compressive strength, f’c: 36.8 MPa (from same batch of pull-out specimens) 

 

      

 
    

  

  
     

 

                 

 

   
 

   
 

 

Maximum load applied, P :       13.30361 kN 

 

Area, πdL :                    π x 10 x 35 = 1099.557429 mm2 
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c/d ratio: 

Embedment length, L : 

Normalised bond strength, τnorm: : 

Bond strength, τu : 

Sample Calculation of Bond Strength  

Given specimens: G-150-10-3.5d-10% 

Parameters involved: Compressive strength, c/d ratio and embedment length 

 

Compressive strength, f’c: 36.8 MPa (from same batch of pull-out specimens) 

 

      

 
    

  

  
     

 

                 

 

               

               
 

 

                      

 

      
  

√   
 

 

     

√    
 

 

      

 

 

 

 

 

 

 

 

 



165 

LIST OF PUBLICATIONS 

Indexed Conference Proceedings 

1. Sani, M. A., Muhamad, R. & Mo, K. H. (2020). Effect of Ground Granulated 

Blast Furnace Slag as Partial Replacement in Fly Ash-Based Geopolymer 

Concrete. In IOP Conference Series:Materials Science and Engineering, 712, 

pp. 012002. IOP Publishing. http://doi.org/10.1088/1757-899X/712/1/01200.  

 


	0bba15ea27fca15c4f10f4589506c0398116a17e059f6f407e92f06cf20920ab.pdf
	3da3a2a7ec3064ba408cfe459f30a7d97dd98fcfd7eae22912acfde8966c4a66.pdf
	9d8eb252cfa753c00f76839bcd81e221796faa255b920212ffcde6169e8122c5.pdf
	9d8eb252cfa753c00f76839bcd81e221796faa255b920212ffcde6169e8122c5.pdf
	Microsoft Word - Borang Pengesahan Kerjasama - Fikril

	9d8eb252cfa753c00f76839bcd81e221796faa255b920212ffcde6169e8122c5.pdf

	3e22acf0001433d7c6ce6b51ba5ad47e3bb4dab383c609c6e8f24ca1067b0191.pdf
	993a7636d0ca63afda98308608e7ef5e2eac3b821d1fed259badda1ed9209220.pdf
	36cfa022d97cd86d79c6542070a92fd70d0d7b7c0b346171d60126c98809b7c1.pdf
	7f559571fe2ddc7d64d7bb0ec4230ed2fce2b7953df19479c0ac73d6407c97d0.pdf

	08209d87ef70689310a4152bc6fb9e7811306348c6e57beb2e2917feb0f1e745.pdf
	9a335c4e4eae7d4a2f657c7a89eb3a1dfe39f74ab7bba27bbf29e7087d0b7779.pdf
	2cd3b8100305a65fb60df93c4045239cfc18d1f95d458df5a47af61c535f8667.pdf



