TABLE OF CONTENTS

Page

ABSTRACT (THAID ¢t |

ABSTRACT (ENGLISH) ..t If

ACKNOWLEDGEMENTS ..ttt Y

TABLE OF CONTENTS L.ttt VI

LIST OF TABLES ..ot VIl

LIST OF FIGURES ..ottt IX

ABBREVIATIONS AND SYMBOLS ...ttt Xl
CHAPTER

I INTRODUCTION. ...ttt 1

1.1 Statement of the Problem ... 1

1.2 Objectives of the StUAY ....cccoeiiieec e 6

1.3 Organization of the dissertation ..., 7

L8 REFEIENCES ..o 8

Il LITERATURE REVIEW ..ot 13

2.1 INTrOAUCTION ettt 13

2.2 Ordinary Portland Cement......ccooeeeee e 13

2.3 The Hydration REACTION ..o 16

2.0 General fEAtUIES. ..o 21

2.5 Recycled Concrete Agregate. ... 24

2.6 Natural Rubber Latex (NRL) modified concrete .........ccccoevievieininnnns 31

2.7 Fly Ash (FA) modified CONCrete.....oooiiieieiieieieeeeeeee e, a1

2.8 REMEIENCES ... a3

Il ENHANCING THE FLEXURAL STRENGTH OF CONCRETE PAVEMENTS
WITH RECYCLED AGGREGATE USING NATURAL RUBBER LATEX
ADDITIVE. ...ttt ettt 50



VI

TABLE OF CONTENTS (Continued)

Page
3.1 INErOAUCTION oo 50
3.2 Material and Methods .........ccieiiiiieie e 53
3.3 RESULES o 60
3.4 MiIcrostructural ANALYSIS ..o 68
3.5 CONCLUSION. ..t 72
3.6 REIEIENCES ... 73
IV FLY ASH AND NATURAL RUBBER LATEX MODIFIED RECYCLED
AGGREGATE CONCRETE AS SUSTAINABLE RIGID PAVEMENT SURFACE......... 77
A1 INTFOAUCTION ettt 77
4.2  Material and Methods.......c.oee e 81
8.3 RESULES .ttt 87
4.4 MICroStruCtural ANALYSIS ..o 102
4.5 Carbon emission and COst @aNaYSES.....oceiieviirieiietieeeeeeee e 107
0.6 CONCLUSION. ...ttt 112
A7 REIEIENCES ...t 113
V  CONCLUSIONS AND RECOMMENDATIONS.........cooeeiiiiiniiieieseeeeecieeeeees 121
51 Summary and CONCLUSIONS.....coviiiiicicieieieieieieiee e 121
5.2 Recommendations for future Work.........cccoeeieeeeeeeeeeeeeeeee, 123
APPENDIX
APPENDIX A. List Of pUBUICAtIONS ..o 125

BIOGRAPHY .ttt ettt ettt et 157



Table

2.1
2.2
3.1
3.2
3.3
4.1
4.2
4.3

4.4

LIST OF TABLES

Page
the main composition of Portland cement.........cccooiiriirnicece, 14
the physical and chemical properties of OPC ..., 15
Chemical composition of ordinary Portland cement (OPQ).......ccccooveevriviriennnne. 53
Chemical Analysis of Natural Rubber LateX .......ccoeveveeiinicieiecieeeee 55
Mixing Proportions of RCA-NRL Concrete (Kg/m>).......co.cooveeeerveeveeeeeeeeeeeeeeea. 56
Chemical compositions of OPC and Fly ASh........cocoiiiiiieeeeeeeeeceee, 81
Chemical Analysis of Natural Rubber LateX .......ccooeveeiiriiieieeeeecce 82
The mix proportions of the FA-NRL-RCA concretes........coevvvveenneiciices 84
Emission factors (kg CO2-e/kg) and

Material Cost of concrete MiX MatEIIALS c..o.vee oot 109



Figure

2.1
2.2

2.3

2.4

25

2.6

2.7

2.8

2.9

2.10

2.11
212

2.13

2.14
2.15

2.16

LIST OF FIGURES

Page
The SEM micrographs of OPC (Hongfang, 2015) ......cccoievierieinieneeeeeieeeees 15
Contribution of Compressive strength of CsS, C,S, C;A and C,AF
with time (Lerch, 2008) ..ot 18
The SEM images of C-S-H structure (Li, 2015) .....covovieeeieeieeeeeieeee e 19
The SEM images of CH structure (Wang, 2008; Frias, 2015) .....ccocveveviruererrennen. 20
The SEM images of (a) Ettringite (Frias, 2015)
(10) MoNOSULfate (CROT, 2012) ..ottt ettt 21

Formation of the of hydration products and the creation of cement paste
STUCTUIE (LOCNEE, 10T ..ot 21

Backscattered SEM image of a mature cement paste showing the main

MICTOSTIUCTUrAl fEATUIES .. 22
The ITZ between mortar and aggregate in concrete (Otsuki, 2003)................... 22
Strength and porosity with different W/C ratios (Kim, 2014) .......ccccccoveeieernnes 23
Chloride diffusion coefficient and porosity with different W/C ratios (Kim,
20T0) oo 23
Chloride conductivity (Olorunsogo, 2002) ..........ccceeieerieieieinieieieieeeieieieseeseeees 24
Pictorial representation of physical characteristics of recycled aggregate
(BANEIA, 2018) e eeen 25
Difference between matrixes of (a) natural aggregate concrete and

(b) recycle aggregate concrete (Bahera, 2014).......ccooviirieieiirieeieeeeeeas 25
Micrograph of RAC structure (Thomas, 2013).......ccccoirirereeeeeee e, 26

Classification of aggregate, old mortar and new mortar by discoloration of
phenolphthalein solution (Lee, 2013) ......ccoiiriirririeieirieeesessee e 27
Variation in 28 days strength compressive strength w.r.t.

RA replacement percentage by various researchers ..........cooveevnicnnreeenn. 27



Figure
2.17
2.18
2.19
2.20

2.21

2.22
2.23

2.24

2.25

2.26

2.27

2.28

2.29

LIST OF FIGURES (Continued)

Page
Mixing procedures of the (i) normal mixing approach and
(i) two-stage mixing approach (Tam, 2004) ........cooeiiriirieeieeeeeeeeee s 28
(a) Filled crack in RA using TSMA. (b) Unfilled crack in RA using NMA............... 28

(a) New interfacial zone for TSMA. (b) Poorer new interfacial zone for NMA ..29
Compressive strength of concrete replacement by GFA and GBA.................... 30
Chloride penetration depth of concrete immersed in 3% sodium chloride
solution at 6, 12, anNd 18 MONTNS ..o 30
RA structure after adopting (i) NMA, (i) TSMA; and (i) TSMA ..o, 31
Compressive strength of NRL-concrete at

(a) 7 days; (b) 14 days; (c) 28 days (Yaowarat et al., 2021) ...cocoeveveveverercieree, 32
Flexural strength of NRL-concrete at

(a) 7 days; (b) 14 days; (c) 28 days (Yaowarat et al., 2021) ....c.cccvvvvvevevirere. 33
SEM images of NRL-concrete for w/c = 0.4 at (a) r/c = 0;

(b) r/c = 1.16 (optimal); (c) r/c = 5.78. (Yaowarat et al., 2021) ..ccccooevrerrieine 34
EDX results of NRL-concrete for w/c = 0.4 at

(@) r/c = 0; (b) r/c = 1.16 (optimal); () 1/C = 5781 oo 36
Flexural toughness of NRL concrete at different w/c and r/c ratios
(Suddeepong et al., 2022) ..o e 37
Comparation of total, elastic and plastic deformations behavior

under repetitive flexural stress of NRL concrete for different r/c ratios

at w/c ratio of (a) schematic plot; (b) 0.3%,; (c) 0.4%; and (d) 0.5%
(Suddeepong et al., 2022) .......couiiieiieeieieeee e 38
(a) Influences of flexural strength on reduction in thickness of normal

and NRL concretes; and (b) relationship between deformation and number

of cycles at same stress ratio for different thickness and r/c ratios

(Suddeepong et al,, 2022) .......coiiuiiieieeeeieee e 39



Figure

2.30

2.31

3.1

3.2
3.3
3.4
35
3.6

X

LIST OF FIGURES (Continued)

Page

Relationship between stress ratio and fatigue life of normal and
NRL-concretes at different w/c and r/c ratios (Suddeepong et al., 2022) ........ 39
Morphologies; (a) normal cement-sand matrix, (b) cement-sand with 10%
latex, (c) cement-sand with 20% latex and (d) latex-film

(Muhammad and 1SMEIL 2012) ..ottt ees 40

Particle size distributions of sand, Crushed Limestone,

RCA and RCA + SN ... 54
(a) Specimen; (b) schematic of the dimensions for flexural test.........ccccccovue.e. 59
Initial and final setting times of NRL- cement paste ........ccccovvvvnnnnnnncccnes 60
Compressive strength of RCA-NRL concrete at (a) 7days; (b) 28 days............... 62
Flexural strength of RCA-NRL concrete at (a) 7days; (b) 28 days........cccceveeee... 64

Flexural strength and mid-span displacement of

specimen cured at 28 days at w/c of (a) 0.3, (b) 0.4 and (c) 0.5 ...cocoeveiviiinnne. 65

3.7 Flexural strength versus compressive strength

3.8

3.9

3.10

4.1
4.2

4.3

at various r/c ratio at (a) 7 days; (D) 28 daYS.....cccerirrireieieieeeeeeee s 67
SEM images of NRL-RCA-concrete for w/c = 0.3 at

(@) r/c = 0; (b) r/c = 1 (0ptimal); (C) 1/C = 2 e 69
EDX results of NRL-concrete for w/c = 0.3 at
(@) r/c = 0; (b) r/c = 1.0 (optimal); (C) 1/C = 2.0 oo 71
X-ray diffraction pattern of NRL-RCA-concrete
at w/c =0.3 with r/c ratio of (a) 0%; (b) 1%; (c) 2% at 28 dayS.......ccccecerevrne... 12
Particle size distributions of Sand, RCA, RCA+Sand and FA .....oovoeveeeeeeeeeee, 82

Compressive strength of FA-RCA-NRL concrete at

(a) 7 days; (b) 28 days; (€) 56 AAYS ...uveeeeeeeeeeeeeeeeeeeeeeeee e 90
Flexural strength of FA-RCA-NRL concrete at

(a) 7 days; (b) 28 days; (€) 56 AAYS. oveveeeeeeeeeeeeeeeeeeeeeeeeee e 94



Figure

4.4

4.5

4.6

a.7

4.8

4.9

4.10

4.11

Xl

LIST OF FIGURES (Continued)

Page
Fatigsue life of FA-RCA-NRL concrete at 28 days
for FA replacement levels of (a) 15%, (b) 20%, and () 25%.....cccccecvuerieerinnnnce. 95
Fatigue life of FA-RCA-NRL concrete at 56 days
for FA replacement levels of (a) 15%, (b) 20%, and () 25%......cccccovvreerriinnnen. 96
Flexural fatigue response of FA-RCA-NRL concrete under
a stress ratio of 60% after 56 days for FA replacement levels of
(@) 15%, (D) 20%, AN (C) 2590 ....vvuieeirieiiieie et 100

Effect of r/b ratio on fatigue life versus SRq relationship of

FA-RCA-NRL concrete at 56 days for varying fly ash replacement

levels: (a) 15%, (D) 2096, @NA (C) 25%0. ..veveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee et 101
SEM images of FA-RCA-NRL concrete at 28 days

with 25% fly ash replacement and r/b ratios of

0%, (b) 0.5% (OpPtIMaL), AN (C) 2%, .....evvreerreeieereeeeeee s 104
SEM images of FA-RCA-NRL concrete at 56 days

with 25% fly ash replacement and r/b ratios of

0%, (b) 0.5% (OPtIMAL), AN (C) 2%6.....cveeeeeeeieeieieieeeee s 105
EDS images of FA-RCA-NRL concrete at 56 days

with 25% fly ash replacement and r/b ratios of

0%, (b) 0.5% (OPtIMAL), AN (C) 2%6.....cveeeeeeeieeieieieeeee s 106
FA-RCA-NRL concrete mixtures and corresponding 28-day

compressive strength, flexural strength and fatigue life:

(@) CO2 emissions and (B) Material COSTu i, 110



