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ABSTRACT

Concrete is the single most widely used material in the world — and it has a carbon footprint
to match. The production of concrete contributes 5% of annual anthropogenic global CO2
production mainly because of such vast quantities being used. Researches all over the world
are currently aiming at reducing the amount of cement content in concrete which is the prime
contributor to carbon emissions. Development of new concrete additives could produce a
stronger, more workable material while reducing the amount of cement required and the
resulting CO2 emissions. Whilst the addition of substitute materials like fly ash, metakaolin,
rice husk ash etc. has helped in achieving the above stated objectives, there still exists a lot of
scope for other additives especially pertaining to nanotechnology. Nanomaterials like nano-
silica, nano-alumina and nano-titania are known to improve properties of cementitious systems
but there is a lack of systematic research in this field on the different possibilities that they may
offer. With this view, thus in this research work an attempt is made to investigate the effect of
nanosilica on cement-silica fume system at low and high w/b ratios.

In the first phase of experimental work on cement-silica fume paste, mortar and
concrete, four mixes with water to binder ratio of 0.25, 0.35, 0.45 and 0.55 were used. Six
curing ages of 3, 7, 28, 56, 90 and 180 days with six replacements of silica fume levels at 0%,
5%, 10%, 15%, 20% and 25% are adopted. For measuring the compressive strength the size
of the specimens in the case of paste and mortar 5 cm cubes were used, and in the case of
concrete it was 10 cm cubes.

In the second phase of experimental work on cement-silica fume-nanosilica paste,
mortar and concrete, four levels of silica fume replacements i.e, 0%, 5%, 10% and 15% were
used. Nanosilica was used at 2% of the total cementitious materials and same w/b ratios as that
of cement-silica fume system are adopted. For measuring the compressive strength, the

specimen size same as that of cement-silica fume system were adopted.

\Y



For the third phase of experimental work on cement-silica fume concrete, the curing
ages and silica fume replacements and the water-binder ratios were same as that used for
compressive strength test. In this phase of work, sorptivity test was performed on cast
specimens.

For the fourth phase of experimental work on cement-silica fume-nano silica concrete,
the curing ages and silica fume replacements were same as that used for compressive strength
measurements. In this phase of work also, sorptivity test was performed on cast specimens.

Water permeable porosity test was performed for the cement-silica fume concrete
specimens at 90 days and 180 days curing ages. For cement-silica fume-nanosilica concrete,
the same test is conducted for specimens at 3, 7, 28, 56, 90 and 180 days curing ages.

Through the water permeable porosity and sorptivity data, the pore radius is calculated
for the cement-silica fume concrete and cement-silica fume-nano silica concretes.

From the results of cement-silica fume system, it was observed that silica fume
incorporating at 15% of total cementitious materials provided the maximum compressive
strength in all w/b ratios at all curing ages.

For the cement-silica fume-nanosilica system, it was observed that in most of the cases
the nanosilica samples with no silica fume provides the best results and it was observed that
maximum % of silica fume that can be used is 5% along with nanosilica.

From the results of sorptivity test on cement-silica fume concrete, it was observed that
silica fume concrete provides lower sorptivity values at w/b ratio of 0.35, 0.45 and 0.55.

From the results of sorptivity test on cement-silica fume- nanosilica concrete, it was
observed that at lower w/b ratios, concrete with 0% silica fume and 0% nanosilica provided the
best results. While in higher w/b ratios, nanosilica with 0% silica fume provided the lowest

sorptivity values.
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From the results of water absorption test on cement silica fume concrete and cement-
silica fume-nanosilica concrete, it was observed that the addition of silica fume do not change
the porosity significantly. The water permeable porosity increases with increase in water to
binder ratio in both silica fume and nanosilica concretes. Mean permeable pore radius do not

exhibit systematic variation with W/B ratio or SF content in all cases encountered.

vii



TABLE OF CONTENTS

CERTIFIC AT E ettt st b e e et e nne e nne e e i
ACKNOWLEDGMENTS ...ttt ii
AB ST R A CT ettt b et e et e et e e b e b et e b nae e nns v
TABLE OF CONTENTS ...ttt IX
LIST OF PLATES ..ttt ettt ae e b et nn e XV
LIST OF FIGURES ...t XVii
LIST OF TABLES ... oottt XXVili
ABBREVIATIONS AND SYMBOLS ....uiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeneenans XXXili
1 INTRODUCTION. ...ttt ettt b sbe e sb e e sbeeenne e 1
L1 GENEIAL....ceieiiieee e 1
1.2 Nanotechnology and its importance in construction SECtor .............ccocvvvrerivenenne. 2
1.3 Nanotechnology iN CONCIELE.........cuiiiieieieieeie st 3
1.4 Cement-Silica fUME SYSEM .....c.iiiiiiie e 4
1.5 Nano-silica in cement-silica fume (CSF) SYSteM........cccccoveiiiiiiiieiiicvie e, 5
1.6 Objectives and scope 0f the WOrK ............coveiiiiiiiiii i 5
1.7  Organisation of the thesis.............oooiiiiiii i 6

2 LITERATURE REVIEW ... 7
2.1 GBNEIAL ... s 7
2.2 Significance of High Strength Cement Based Materials ...........cccccccoevvevieiieennnnnn 7
2.3 Fillers in Cement Based MaterialS...........cccceririiiiiiiiiiicccccc e 8
2.3.1 Role of fillers in cement based materials..............cccoeoveiiiiiiiiniiiens 8
2.3.2  P0zzolaniC MAaterialS .........cccooiiiiiiiiieiece e 9
2.3.3  Summary of review of pozzolanic materials ...........ccccoovviniiiinninicnieins 24
2.3.4  Nano-silica application to cement based materials.............ccccccevvveiieinnnne, 25

iX



2.4 Models on effects of nanosilica in paste and CONCIete ...........cccevvrieiieeneiinsnnnn, 42

2.5  Test methods for evaluation of Durability performance...........c.cccoeveneicncninnn. 44
2.6 SOIPHIVITY ..ottt 46
2.6.1 Definition and iMPOItANCE .........ccccurieieieieeseses e 46

2.6.2 Advantages of SOrptivity StUAY..........ccoouriiiieriiiiirieeeece e 46

2.7 Factors INflUeNCING SOPLIVILY ....ocveiviiiiiiiiiieicc e 46
2.7.1 Drying (Preconditioning)........cccuervereeieenenriesieseesieeie e siee e sreesseseeseeseens 46

2.7.2 Moisture condition (initial water content) of concrete..........ccccccevvveereenne. 47

2.7.3 M0ode Of @DSOIPLION.......ciiiiiiiiiieieee s 47

2.7.4 Size of the specimen and coating of the Specimen.............ccccoevvvnvinnenns 47

2.7.5 SUrface FINISNING ...cc.ooviiiiiiiii e 47

2.7.6 CUMNG MENOM ..o 48

2.7.7 CarDONALION. ......eitiiiieiieiee ettt bbbt 49

2.8 Sorptivity studies on cement based materials ...........c.ccoevvereiiriiiene s 49
2.8.1 Cement-silica FUME SYSTEM.......cciiiiiiieieiee s 49

2.8.2 Cement-silica fume-nanosilica SYStEM..........cccvviiiriiiiieiee e 56

2.9 SUMIMIAIY . ettt e e e 60

3 EXPERIMENTAL INVESTIGATION ..o 63
Bl GBNEIAL ... bbb 63
3.2 Experimental factors and their IeVelS ... 63

3.2.1 Water-cement ratio, curing conditions, silica fume and nano-silica incorporation63

3.2.2 PASLE CONTENT ...t 64
3.3 IMIAEEITAIS. ... 65
3.3 L CRIMENT ..t 65
3.3 2 STHCA TUME ...t 66



3.4

3.5

3.6

3.7

3.3 3 NANO-SHICA . eeeeeeeeee ettt e e e et e e e e e e et e e e e eeeeeeeeereeeaeeeees 67

3.3.4 FINE AQQGIEUALE .....eiueeeeiiieeeti sttt bbb 67
3.3.5 C0AIsSE AQQIEOALE .....ccuvevieririeiiieeie ettt 68
3.3.6 Selection of superplasticizer (High range water reducing agents)................ 68
BL3 T WABLET .. 69
Preliminary Investigations on FiNe aggregate ...........ccoveveerenenesene e 69
3.4.1 Sand Proportion for Optimal Packing .........cccccoeviiiniiiniccicc e 69
3.4.2 Optimal packing denSity .........cccccceiiiiiiiiiieiee e 69
343 BUIK TENSITY ...t 69
3.4.4 SPECITIC GrAVITY......eiuieiiiieieitesie et bbbt 70
3.4.5 Computation of packing denSIty .........cccevereriiiiiieierese e, 70
SUPErPIASTICISEr AOSAGE ....cuveuveeiieiiieieeiieie ettt 70
3.5 L FIOW taADIE TEST ... s 70
3.5.2 Determination of optimum dosage of superplastiCizer............c.ccocvovrvrnnne. 73
3.5.3 Nomenclature for Cast SPECIMENS ........cccverieieriririiieeee e 73
3.5.4 MINT SIUMP TESE. ..t 74
Estimation of Proportion of Sand and Paste in the MiXes.........cccccevviiervennnnnnn 75
3.6.1 Volume Fraction of Fine Aggregate ........ccoccoviririnieiiiesese e 76
3.6.2 Volume Fraction of Paste for Cement MOrtar ............cocoovvveieiencicnencnnens 76
3.6.3 Volume fraction of paste for cement-silica fume mortar...........cc.ccccceveeenee. 79
3.6.4 Volume fraction of paste for cement-silica fume-nanosilica mortar........... 80
3.6.5 Volume fraction of mortar for cement-silica fume concrete....................... 82
3.6.6 Volume fraction of mortar for cement-silica fume-nanosilica concrete ...... 83
Casting and curing Of SPECIMENS. .......cueiiriiriierire e 83
3.7.1. Casting and curing of specimens for sorptivity test...........cccccevervvrrernene. 87

Xi



3.8 TEStS AESCIIPLION ...ttt 87

3.8.1 Cube compressive StrENGEN.........cooiiiiiiiiie s 87
3.8.2 SOIPLIVILY TEST ... 88
3.8.3 Water abSOrPION TEST .......ocveiiiiiiieieeiee e 89

3.0 SUMMANY . .. 89

4 SELECTION OF SUPERPLASTICIZER AND NANOSILICA ..o 91
A1 GBNEIAL ..ttt 91

4.2 Selection of suitable superplasticizer for cement-silica fume system ................ 91

4.3 Selection of best nano-silica for cement-silica fume system............c.ccocvcvenenen. 97

4.4 Optimum superplasticizer dosage for C-SF and C-SF-NS mortar mixes .......... 100

4.5 Optimum superplasticizer dosage for C-SF and C-SF-NS paste mixes ............ 104

4.6 Flow properties of cement-silica fume mortar with nanosilica ...........c..ccc....... 108

A7 SUMIMATY .ottt ettt et b et b et et s e b e e e b e b e 113

) STRENGTH OF CEMENT-SILICA FUME-NANOSILICA PASTE, MORTAR

AND CONCRETE ...ttt et sttt e na e nnee e 115
B.LGENETAL ... 115
5.2 Compressive strengths of paste SAMPIES ..., 115

5.2.1 Effect of curing age on Strength..........cooeiiiiriiieneiesee e 124
5.2.2 Effect of water-binder ratio on Strength...........ccocoiviiiiincinecee, 126
5.2.3 Effect of silica fume replacement on strength ..o 128
5.2.4 Effect of nanosilica on Strength...........ccooooeiiiiiii 129

5.3 Compressive strength of mortar SAMPIES..........ccooeiiriiininiiie e 132
5.3.1 Effect of curing age on Strength..........ccooeeiieiiiiiiineeee e 141
5.3.2 Effect water to binder ratio on Strength............ccocooeieiiiiiiiieen, 143
5.3.3 Effect of silica fume on Strength ..o 146

xii



5.3.4 Effect of nanosilica on Strength.........ccocceeeiiiieiniceee s 147

5.4 Compressive strength of concrete SamMpPIes..........coviiiiiieieieneneseee 150
5.4.1 Effect of curing age on Strength...........ccooveieiiieieiieneeee e 159
5.4.2 Effect of silica fume on Strength ... 161
5.4.3 Effect of water to binder ratio on Strength ............ccccoooveieiinniinin e 161
5.4.4 Effect of nanosilica on Strength.........ccoocveeiiiie i 164

5.5 SUMIMANY ..ot 168

6 SORPTIVITY OF CEMENT-SILICA FUME AND CEMENT-SILICA

FUMENANOSILICA CONCRETE.......oiiiiiiiiieie s 169
8.1 GBNETAL ... 169
6.2 Sorptivity results of cement-silica fume CONCrete ..........ccvvvevvienveresie e 169
6.2.1 Effect of silica fume on SOrptivity .......c.ccocviiiiiiiiniiee 179
6.2.2 Effect of w/b ratio on SOrpLiVILY........cccooiriiiiniiee e 181
6.3 Sorptivity results of cement-silica-nanosilica CONCrete ............ccocvvvvevvnrireeene. 184
6.3.1 Effect of nanosilica on SOrPLIVILY .........cccoeiiiiiiiiiiieee e 190

6.4 Theory of Measurement of pore radius based on the sorptivity (Mass Gain

MELNOA) ... 194

6.5 SUMIMAIY ...ttt b e e 205
7 CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK.........ccccccurnunenne 207
T L GBNETAL ..o 207
7.2 CONCIUSIONS......c.viiiiiiiiieiete ettt bt 207
7.3 Suggestions for FUrther STUAY ... 210
REFERENCES 211
APPENDIX | 231

xiii



APPENDIX 11

APPENDIX 111

LIST OF PUBLICATIONS BASEDON PRESENT RESEARCH WORK

BRIEF BIO-DATA OF THE AUTHOR

Xiv

241

323

329

331



Plate 3.1

Plate 3.2

Mortar Mixer

Flow table

LIST OF PLATES

XV

72

73



LIST OF FIGURES

Figure 1.1 Public expenditure in nanotechnology..........ccccoviriiiii i 3
Figure 3.1 Particle size distribution of OPC CEMENT..........covviiiiiiiiiieiee e 66
Figure 3.2 Cumulative particle size distribution of OPC cement...........ccocvvveveieienencneninn 66
Figure 3.3 Mini cone for mini SIUMP teST..........ooiiiiiiieeee e 75
Figure 3.4 Schematic of the sorptivity teSt ProCeAUIE ...........cooeiviiiiiriiisisecee e 89
Figure 4.1 Super plasticizer dosage v/s flow for control mortar without SF & NS ............. 101

Figure 4.2 W/C v/s optimum dosage of super-plasticizer for control mortar without SF and

Figure 4.3 Super-plasticizer dosage v/s flow for w/(c+sf) = 0.25 for cement-silica fume
1 010] - LSS RTTPRPTOPPRTOT 102
Figure 4.4 Super-plasticizer dosage v/s flow for w/(c+sf) = 0.35 for cement-silica fume
1010 LTSS STUP PP PPPPRO 103
Figure 4.5 Super-plasticizer dosage v/s flow for w/(c+sf) = 0.45 for cement-silica fume
1 010] 6 LTS OPPPROPPPROP 103
Figure 4.6 Super-plasticizer dosage v/s flow for w/(c+sf) = 0.55 for cement-silica fume
1010 LTS OPPRROPPRO 104
Figure 4.7 Optimum super-plasticizer dosage v/s w/(c+sf) for cement-silica fume mortar. 104

Figure 4.8 Superplasticizer dosage v/s average flow diameter for w/(c+sf) = 0.25 of C-SF

XVii


file:///C:/Users/students/Desktop/contents%202.docx%23_Toc464923604

Figure 4.11 Superplasticizer dosage v/s average flow diameter for w/(c+sf) = 0.55 of C-SF

............................................................................................................................................... 107
Figure 4.13 Flow measurement results for mix with w/b=0.20 and SF/B=5%.................... 111
Figure 4.14 Flow measurement results for mix with w/b=0.25 and SF/B=5%.................... 112
Figure 4.15 Flow measurement results for mix with w/b=0.30 and SF/B=5%.................... 113

Figure 5.1 Comparison of silica fume and nano-silica paste strength for W/(C+SF) = 0.25 and
YO RSy = K 1L T 116
Figure 5.2 Comparison of silica fume and nano-silica paste strength for W/(C+SF) = 0.25 and
S (O Rs) = N1 NS 116
Figure 5.3 Comparison of silica fume and nano-silica paste strength for W/(C+SF) = 0.25 and
S (O = T 0L SO 117
Figure 5.4 Comparison of silica fume and nano-silica paste strength for W/(C+SF) = 0.25 and
Yo L (OR ST = T 11 TS 117
Figure 5.5 Comparison of silica fume and nano-silica paste strength for W/(C+SF) = 0.35 and
YO RSy = X 1L SO 118
Figure 5.6 Comparison of silica fume and nano-silica paste strength for W/(C+SF) = 0.35 and
Y 1O ST = T <1 SO 118
Figure 5.7 Comparison of silica fume and nano-silica paste strength for W/(C+SF) = 0.35 and
SF/(CHSF) = 10%. ..o eesesee e ese e 119
Figure 5.8 Comparison of silica fume and nano-silica paste strength for W/(C+SF) = 0.35 and
SF/(CHSF) = 15%...eeeveoceeeeeeeeeeeeeeseeeseeeseeeeesssessesesss s anss s s s s sssss s eneseneens 119
Figure 5.9 Comparison of silica fume and nano-silica paste strength for W/(C+SF) = 0.45 and

(L= Y 3OS 120

XViii



Figure 5.10 Comparison of silica fume and nano-silica paste strength for W/(C+SF) = 0.45
AN SF/(CHSF)ZE0 ..o e e s ee e e 120
Figure 5.11 Comparison of silica fume and nano-silica paste strength for W/(C+SF) = 0.45
AN SF/(CHSF)YZL0D ..o es s ee e eee e ese e 121
Figure 5.12 Comparison of silica fume and nano-silica paste strength for W/(C+SF) = 0.45
ANA SF/(CHSF)TLBD ... en e sneneen 121
Figure 5.13 Comparison of silica fume and nano-silica paste strength for W/(C+SF) = 0.55
SF/(CHSF) = 000 ..o ee e s e 122
Figure 5.14 Comparison of silica fume and nano-silica paste strength for W/(C+SF) = 0.55
S (O = N1 T OO 122
Figure 5.15 Comparison of silica fume and nano-silica paste strength for W/(C+SF) = 0.55
S (O = T 0L SO 123
Figure 5.16 Comparison of silica fume and nano-silica paste strength for W/(C+SF) = 0.55
S (O = 11 SO 123

Figure 5.17 Compressive strength vs curing age for W/(C+SF) =0.25 of cement-silica fume

XiX



Figure 5.22 Compressive strength vs w/b ratio for 7 days curing age of cement-silica fume

Figure 5.27 Percentage change of strength in 0.25 water-cementitious ratio C-SF paste with
Addition OF NANOSTIICA .......oveiiiiiiieecee e 129
Figure 5.28 Percentage change of strength in 0.35 water-cementitious ratio C-SF paste with
Addition OF NANOSTIICA .......oveviiiiiiec e 130
Figure 5.29 Percentage change of strength in 0.45 water-cementitious ratio C-SF paste with
Addition OF NANOSTIICA ......oveieiiiiii e 131
Figure 5.30 Percentage change of strength in 0.55 water-cementitious ratio C-SF paste with
addition OF NANOSTIICA ......oviieiiiiii e 131
Figure 5.31 Comparison of silica fume and nano-silica mortar strength for W/(C+SF) = 0.25
AN SF/(CHSF) = 00 ..o ee e es s s s ee s e s s eee s s e s ee s ee e eee e 133
Figure 5.32 Comparison of silica fume and nano-silica mortar strength for W/(C+SF) = 0.25
ANA SF/(CHSF) =596 ..ot ee e ee e ee e e 134
Figure 5.33 Comparison of silica fume and nano-silica mortar strength for W/(C+SF) = 0.25

ANG SF/CHSE) = 1096 ..o eeveeeee s eee e eee s eee e s eeeesee e eee e enees 134

XX



Figure 5.34 Comparison of silica fume and nano-silica mortar strength for W/(C+SF) = 0.25
ANA SF/(CHSE) = 150, eeeeeeeee s e ese s ee s es e s ee s es e s et es e es s eseees e eeer e 135
Figure 5.35 Comparison of silica fume and nano-silica mortar strength for W/(C+SF) = 0.35
AN SF/(CHSE) = 0%0...vvveeeeeeeeeeeeeeeeeeesee s seesseeeseeessees e es s es s e s e ssses e s as s ee s eeseeeseseseaeereees 135
Figure 5.36 Comparison of silica fume and nano-silica mortar strength for W/(C+SF) = 0.35
AN SF/(CHSE) = 590 ..veveoeeeeeeeeeeeeeeeeeeee s seeesseee s eesseesees s es s e s eessees e es e es s ee s eeseeeseseseeeereees 136
Figure 5.37 Comparison of silica fume and nano-silica mortar strength for W/(C+SF) = 0.35
AN SF/(CHSE) = L0%0....vvevveeeeeeeeeeeeeeeeseseeeseeeseeeesseesseesees e essseesseessses e es e as s ee s eeseeeseseseaeeeeees 136
Figure 5.38 Comparison of silica fume and nano-silica mortar strength for W/(C+SF) = 0.35
ANA SF/(CHSF) = 15%0..eveeeeeeeeee e eeee e e et et e e s es et e s s et e et esene e eser s e es e 137
Figure 5.39 Comparison of silica fume and nano-silica mortar strength for W/(C+SF) = 0.45
AN SF/(CHSE) = 0001 veeeeeeeeeeeeeeeeeeeee s seesseee s eesseesees s ee e e s eeseses e s as s ee s eeseeeseseseaeereees 137
Figure 5.40 Comparison of silica fume and nano-silica mortar strength for W/(C+SF) = 0.45
AN SF/(CHSE) = 5% eeeeeseeeseeeseees e seeeseeesees e es et ee s es e es e es s ee s eeseeeseeeseen e 138
Figure 5.41 Comparison of silica fume and nano-silica mortar strength for W/(C+SF) = 0.45
AN SF/(CHSE) = 10%0.....vveveeeeeeeeeeeeeeeeee s seeeeeeeesseeeeeesses e esseeesseeseses e es e es s ee s eeseeeseseseaneeeees 138
Figure 5.42 Comparison of silica fume and nano-silica mortar strength for W/(C+SF) = 0.45
AN SF/(CHSE) = 15%0....vveveeeeeeeeeeeeeeeeseseseeeseeesseeseeeseeesses s esseesseessses e es s es s ee s e seeeseeeseaneeeees 139
Figure 5.43 Comparison of silica fume and nano-silica mortar strength for W/(C+SF) = 0.55
AN SF/(CHSE) = 0%0.....veoeeeeeeeeeeeeeeeeesee s seees e seeeseeesees s es s seees e es e es e ee s ee s et eeeseeeseaneeeees 139
Figure 5.44 Comparison of silica fume and nano-silica mortar strength for W/(C+SF) = 0.55
AN SF/(CHSE) = 5% eeeeesee s s es e seeeseeesees e es s s e es e es e es s ee s e s eeesesesean e 140
Figure 5.45 Comparison of silica fume and nano-silica mortar strength for W/(C+SF) = 0.55

NG SF/(CHSF) = 10%0.....eeevveeeeeeeeeeeeesseeseesseesseesessssesseessessssessessessssesseesessssesseeesessseeseseeees 140

XXi



Figure 5.46 Comparison of silica fume and nano-silica mortar strength for W/(C+SF) = 0.55
AN SF/(CHSF) = 15%0 .viieieiece sttt ae e ra e e be e b nne e 141

Figure 5.47 compressive strength vs curing age for w/b=0.25 of cement-silica fume mortar

Figure 5.51 compressive strength vs w/b ratio for 3 days curing age of cement-silica fume
1] =T PP PPUPRRR PPN 144
Figure 5.52 compressive strength vs w/b ratio for 7 days curing age of cement-silica fume
1] =T PP PP PPUPRRR PPN 144
Figure 5.53 compressive strength vs w/b ratio for 28 days curing age of cement-silica fume
4T =T PSP PERPPUPRRR PPN 145
Figure 5.54 compressive strength vs w/b ratio for 56 days curing age of cement-silica fume
4T =T PP PPUPRPRPPPRR 145
Figure 5.55 compressive strength vs w/b ratio for 90 days curing age of cement-silica fume
1010 LT TSP OPPPROPRRO 146
Figure 5.56 Compressive strength vs w/b ratio for 180 days curing age of cement-silica fume
1010 L TP P PR OPPRO 146
Figure 5.57 Percentage change of strength in 0.25 water-cementitious ratio C-SF mortar with

AAAITION OF NANOSIIICA ..., 148

XXii



Figure 5.58 Percentage change of strength in 0.35 water-cementitious ratio C-SF mortar with
Addition OF NANOSTIICA. ......cc.vieiieie e 148
Figure 5.59 Percentage change of strength in 0.45 water-cementitious ratio C-SF mortar with
Addition OF NANOSTIICA. ... 149
Figure 5.60 Percentage change of strength in 0.55 water-cementitious ratio C-SF mortar with
Addition OF NANOSTIICA. .......cueieiiieice e 149
Figure 5.61 Comparison of silica fume and nano-silica concrete strength for W/(C+SF) =
0.25 AN SF/(CHSE) = 0%0...vvvvveveeeeeeeeeeeeseeeseeeeseeeeseeseessesseesesesssesesaseasseeseeesseeseseseaseeeees 151
Figure 5.62 Comparison of silica fume and nano-silica concrete strength for W/(C+SF) =
0.25 AN SF/(CHSE) = 5%0...vvevveveeeeeeeeeeeseeeseessseesseeseesees s eeseeesssese s s assee s eesseeseseseanereees 152
Figure 5.63 Comparison of silica fume and nano-silica concrete strength for W/(C+SF) =
0.25 AN SF/(CHSE) = L0%0.....veeveeveereeeeeeeeseseesseesseeseesesessseeseeesssesesasesesssessaesseesesessaseeeees 152
Figure 5.64 Comparison of silica fume and nano-silica concrete strength for W/(C+SF) =
0.25 @NA SF/(CHSF) = L15%0..c.ueiiuiiiiieie ettt sttt st st nne s 153
Figure 5.65 Comparison of silica fume and nano-silica concrete strength for W/(C+SF) =
0.35 @NA SF/(CHSF) = 090....ccuueiiiiiiieie sttt sttt bbbt sreesbeenbeaneenee s 153
Figure 5.66 Comparison of silica fume and nano-silica concrete strength for W/(C+SF) =
0.35 @N0 SF/(CHSF) = 590....ccuiiiiieiiee ettt sttt nae s 154
Figure 5.67 Comparison of silica fume and nano-silica concrete strength for W/(C+SF) =
0.35 @NA SF/(CHSF) = L0%0..c.uveieieiieiie sttt sttt st be e b e sreesbe e nee b 154
Figure 5.68 Comparison of silica fume and nano-silica concrete strength for W/(C+SF) =
0.35 @NA SF/(CHSF) = L15%0..c.ueiiuiiiiieie sttt sttt sttt bt st enne s 155
Figure 5.69 Comparison of silica fume and nano-silica concrete strength for W/(C+SF) =

0.45 AN SE/(CHSE) = 0%0...uvveeeeveeeeeeeoeeeseeeeeseeeeeseeseeeseeeessseseeesseesssssseses s eessseeeeseesessseenes 155

xXXiii



Figure 5.70 Comparison of silica fume and nano-silica concrete strength for W/(C+SF) =
0.45 AN SF/(CHSE) = 5%0...vveveeveeeeereeeeeeeeseeeseeeseeesseesseesses s e seeesssesesas e es s ee s eeseeeseseseanereees 156
Figure 5.71 Comparison of silica fume and nano-silica concrete strength for W/(C+SF) =
0.45 AN SF/(CHSE) = L0%0.....verveeeeeeeeeeeeeeeseeeessseeseesesessesseesesesssesesasssasseeesseesseesesessaseeeees 156
Figure 5.72 Comparison of silica fume and nano-silica concrete strength for W/(C+SF) =
0.45 AN SF/(CHSF) = 15%0......veveeeeeeeereseeeeeeeeeeseeeeeeseesessesseseeseeseee e s asees e eeseress e eeseees 157
Figure 5.73 Comparison of silica fume and nano-silica concrete strength for W/(C+SF) =
0.55 AN SF/(CHSE) = 0%0...vvvveeeeeeeeeeeeeeeseeeseesseeesseeseeass s s eesesesssesesas e asseeseeesseesesessasseeees 157
Figure 5.74 Comparison of silica fume and nano-silica concrete strength for W/(C+SF) =
0.55 AN SF/(CHSE) = 5%0...vvvveeveeeeeeeeeeeeeeeeseessseesseeseessesseeseeessses e s e assee s eesseeseseseaseeeees 158
Figure 5.75 Comparison of silica fume and nano-silica concrete strength for W/(C+SF) =0.55
AN SF/(CHSE) = 10%0....vvovveeeeeeeeeeeeeeees s eseeeseseeseeesseesees s es s e sseessses e es e as s eeseeesseeseseseaeereees 158
Figure 5.76 Comparison of silica fume and nano-silica concrete strength for W/(C+SF) =
0.55 @NA SF/(CHSF) = L15%0..c.ueiiiiiiiieie sttt sttt bt sre et nne s 159
Figure 5.77 Compressive strength vs curing age for 0.25 w/b ratio of cement-silica fume
(010161 (1 PP TR T U TRV PP PPPRPPS 159
Figure 5.78 Compressive strength vs curing age for 0.35 w/b ratio of cement-silica fume
(010161 (1 TP T R T TSP PPR PPN 160
Figure 5.79 Compressive strength vs curing age for 0.45 w/b ratio of cement-silica fume
(010161 (1 PSP TR TR PPRPRPRPIS 160
Figure 5.80 Compressive strength vs curing age for 0.55 w/b ratio of cement-silica fume
(010161 (1 TP T R T TSP PPR PPN 161
Figure 5.81 Compressive strength vs w/b ratio for 3 days curing age of cement-silica........ 162
Figure 5.82 Compressive strength vs w/b ratio for 7 days curing age of cement-silica fume

o101 1od (=] (=T 162



Figure 5.83 Compressive strength vs w/b ratio for 28 days curing age of cement-silica fume
(610] 0103 (1 (T TSP PPRPPPI 163
Figure 5.84 Compressive strength vs w/b ratio for 56 days curing age of cement-silica fume
(610] 0163 (1 (T ST UPPTOPPPTPPPRPPIS 163
Figure 5.85 Compressive strength vs w/b ratio for 90 days curing age of cement-silica fume
(610] 0103 (1 (T TP TP TP PPRPPI 164
Figure 5.86 Compressive strength vs w/b ratio for 180 days curing age of cement-silica fume
(610] 0103 (1 (T TP T PP PUPPOPPPTPPI 164
Figure 5.87 Percentage change of strength in 0.25 water-cementitious ratio C-SF concrete
With addition Of NANOSTIICA .....ecvveiieiieece e e 165
Figure 5.88 Percentage change of strength in 0.35 water-cementitious ratio C-SF concrete
With addition Of NANOSTIICA .....eo.veiieiee e 166
Figure 5.89 Percentage change of strength in 0.45 water-cementitious ratio C-SF concrete
With addition Of NANOSTIICA .....eoviiieiiece e 166

Figure 5.90 Percentage change of strength in 0.55 water-cementitious ratio C-SF concrete

With addition OF NANOSTIICA .......ccveiiiiiiii e 167
Figure 6.1Typical plot Of SOMPLIVITY ....cc.ooviiiiiiiiiieie e 170
Figure 6.2 Initial sorptivity for 0.25 w/b ratio of cement-silica fume concrete ................... 179
Figure 6.3 Initial sorptivity for 0.35 w/b ratio of cement-silica fume concrete ................... 180
Figure 6.4 Initial sorptivity for 0.45 w/b ratio of cement-silica fume concrete ................... 180
Figure 6.5 Initial sorptivity for 0.55 w/b ratio of cement-silica fume concrete ................... 181

Figure 6.6 Initial sorptivity vs curing age for 0% silica fume of cement-silica fume concrete

XXV


file:///C:/Users/students/Desktop/contents%202.docx%23_Toc464923710

Figure 6.8 Initial sorptivity vs curing age for 10% silica fume of cement-silica fume concrete

............................................................................................................................................... 183
Figure 6.10 Initial sorptivity vs curing age for 20% silica fume of cement-silica fume
(010] 0103 (1 (T TS T TP PP 184
Figure 6.11 Initial sorptivity vs curing age for 25% silica fume of cement-silica fume
(610] 0103 (1 (TP TP OPPPPPI 184

Figure 6.12 Initial sorptivity vs curing age for 0.25 w/b ratio of C-SF concrete with addition
(o) 4 Lo 01T | ToF: ST SSPR 191
Figure 6.13 Initial sorptivity vs curing age for 0.35 w/b ratio of C-SF concrete with addition
(o) 0 Lo 01T | ToF: USSR 192
Figure 6.14 Initial sorptivity vs curing age for 0.45 w/b ratio of C-SF concrete with addition
(o) 0 Lo 01| [ ToF: SRR 193
Figure 6.15 Initial sorptivity vs curing age for 0.55 w/b ratio of C-SF concrete with addition
(o) 0 Ta o 1] 1 T OSSR 194
Figure 6.16 Water permeable porosity vs curing age for nanosilica concrete with 0% SF . 203
Figure 6.17 Water permeable porosity vs curing age for nanosilica concrete with 5% SF . 203
Figure 6.18 Water permeable porosity vs curing age for nanosilica concrete with 10% SF 204

Figure 6.19 Water permeable porosity vs curing age for nanosilica concrete with 15% SF.204

XXVi



LIST OF TABLES

Table 2.1 Physical and chemical characteristics of pozzolanic materials ...............cc.ccooveenne. 11
Table 2.2 Details of alloy type and the SiOz content of silica fume ...........cccoooeviiiiiieiinnns 12
Table 2.3 Details of nanomaterial studies in cement based materials .............ccoccoovivniniennnn, 26

Table 2.4 General relationship between permeability and absorption test results on dry

(60} 3T 1] (TP PPTPRR PP 45
Table 3.1 Physical properties of ordinary Portland cement ..o 65
Table 3.2 Chemical composition and some physical properties of cement ............cccecvevenee. 65
Table 3.3 Chemical composition of silica fume (Grade 920-D).........ccccceeeririniiiininninenennn. 67

Table 3.4 Sieve analysis OF SANG...........cooiiiiiiie s 68

Table 3.5 Mix proportions for cement-silica fume mortar MiXes .........ccccvereriveresieeresrennenns 78
Table 3.6 Mix proportions for cement-silica fume-nanosilica mortar mixes ............ccccceeuee. 84
Table 3.7 Quantity of materials for cement-silica fume concrete mixes...........ccccvvevervenenne. 85
Table 3.8 Quantity of materials for cement-silica fume-nanosilica concrete mixes.............. 86

Table 4.1 Paste samples considered for selection of best superplastiCizer ............ccoccocvvvnene 92
Table 4.2 Physical characteristics of SUPerplastiCISers..........cooviiririieniniiniene e 92

Table 4.3 Superplasticizer dosage, compressive strength results for P1A paste sample ....... 93
Table 4.4 Superplasticizer dosage, compressive strength results for P1C paste sample........ 94
Table 4.5 Superplasticizer dosage, compressive strength results for P3A paste sample ....... 94
Table 4.6 Superplasticizer dosage, compressive strength results for P3C paste sample........ 95
Table 4.7 Superplasticizer dosage, compressive strength results for P1B paste sample........ 95
Table 4.8 Superplasticizer dosage, compressive strength results for P2A paste sample ....... 96
Table 4.9 Superplasticizer dosage, compressive strength results for P2B paste sample........ 96
Table 4.10 Superplasticizer dosage, compressive strength results for P2C paste sample ...... 96

Table 4.11 Superplastizer dosage, compressive strength results for P3B paste sample......... 97

XXVii



Table 4.12 Physical characteristics of NanoSilica ...........cccccocveiiiiiieiiiec e 98
Table 4.13 Compressive strength of different NS samples (without admixture effect) ......... 99
Table 4.14 Compressive strength of different NS samples (considering admixture effect)... 99
Table 4.15 Optimum superplasticizer dosage (liquid) for cement-silica fume mortars ....... 100
Table 4.16 Optimum superplasticiser dosage (liquid) for cement-silica fume-nanosilica

(1010] 6 U ST TSP UPRTPPPT 101

Table 4.17 Optimum super-plasticizer dosages (liquid) for cement-silica fume paste mixes

Table 4.19B Percentage Reduction of flow with respect to control for mix with W/B=0.20
ANA SF/BT5Y0 ..t 109
Table 4.20A Flow results for mix with W/B=0.25 and SF/B=5% ..........cccccecvvvvrivrierenenncns 109
Table 4.20B Percentage Reduction of flow with respect to control for mix with W/B=0.25
ANA SF/BT5Y0 ...ttt 109
Table 4.21A Flow results for mix with W/B=0.30 and SF/B=5% ..........cc.cccccerenvrieniinnrnnns 110

Table 4.21B Percentage Reduction of flow with respect to control for mix withW/B=0.30 and

SF/BIZEY0 .ttt et e e e ae et e e e e e be e e areebeeareeareearee s 110
Table 6.1 Sorptivity results of C-SF concrete with w/b=0.25 and SF/B=0% ...................... 171
Table 6.2 Sorptivity results of C-SF concrete with w/b=0.25 and SF/B=5% ...........c......... 171
Table 6.3 Sorptivity results of C-SF concrete with w/b=0.25 and SF/B=10%.................... 172
Table 6.4 Sorptivity results of C-SF fume concrete with w/b=0.25 and SF/B=15%........... 172
Table 6.5 Sorptivity results of C-SF concrete with w/b=0.25 and SF/B=20%.................... 172
Table 6.6 Sorptivity results of C-SF concrete with w/b=0.25 and SF/B=25%.................... 173

XXViii



Table 6.7 Sorptivity results of C-SF concrete with w/b=0.35 and SF/B=0% ...................... 173

Table 6.8 Sorptivity results of C-SF concrete with w/b=0.35 and SF/B=5% ...........c.c....... 173
Table 6.9 Sorptivity results of C-SF concrete with w/b=0.35 and SF/B=10%.................... 174
Table 6.10 Sorptivity results of C-SF concrete with w/b=0.35 and SF/B=15% .................. 174
Table 6.11 Sorptivity results of C-SF concrete with w/b=0.35 and SF/B=20% .................. 174
Table 6.12 Sorptivity results of C-SF concrete with w/b=0.35 and SF/B=25% .................. 175
Table 6.13 Sorptivity results of C-SF concrete with w/b=0.45 and SF/B=0%.................... 175
Table 6.14 Sorptivity results of C-SF concrete with w/b=0.45 and SF/B=5%.................... 175
Table 6.15 Sorptivity results of C-SF concrete with w/b=0.45 and SF/B=10% .................. 176
Table 6.16 Sorptivity results of C-SF concrete with w/b=0.45 and SF/B=15% ................... 176
Table 6.17 Sorptivity results of C-SF concrete with w/b=0.45 and SF/B=20% .................. 176
Table 6.18 Sorptivity results of C-SF concrete with w/b=0.45 and SF/B=25% ................... 177
Table 6.19 Sorptivity results of C-SF concrete with w/b=0.55 and SF/B=0%.................... 177
Table 6.20 Sorptivity results of C-SF concrete with w/b=0.55 and SF/B=5%.................... 177
Table 6.21 Sorptivity results of C-SF concrete with w/b=0.55 and SF/B=10% .................. 178
Table 6.22 Sorptivity results of C-SF concrete with w/b=0.55 and SF/B=15% ................... 178
Table 6.23 Sorptivity results of C-SF concrete with w/b=0.55 and SF/B=20% .................. 178
Table 6.24 Sorptivity results of C-SF concrete with w/b=0.55 and SF/B=25% .................. 179

Table 6.25 Sorptivity results of cement-silica-nanosilica concrete for w/b=0.25 and SF/B=0%
ANA NS/(CHSFANS)T200....oeeeeeeeeeeeee et ee e ee e ee e se e ss e sene e 185
Table 6.26 Sorptivity results of cement-silica-nanosilica concrete for w/b=0.25 and SF/B=5%
ANA NS/(CHSFANS)T200...oeeeeeeeee oo ee s ee e e ee e se e es e sereeene 185
Table 6.27 Sorptivity results of cement-silica-nanosilica concrete for w/b=0.25 and

SF/B=10% and NS/(CHSFHNS) Z206 .....ooveoeveeeeeeeeeeseeeeseeeseeeeseesssesesseessseees e seseessseesseeeees 186

Table 6.28 Sorptivity results of cement-silica-nanosilica concrete for w/b=0.25 and

XXiX



SF/B=15% and NS/(CHSFHNS) Z200 .....ovoeevoeeeereseees s eseeeeeeeesesseeesesesesesses s eseseeseesseesse 186
Table 6.29 Sorptivity results of cement-silica-nanosilica concrete for w/b=0.35 and SF/B=0%
AN NS/(CAHSFANS)Z2Y0....vvorveeveeeeeeeeee e e et eeeeee s e sseeseees e ee s ee s eseeessses e es e es s eesseeeeeesenees 186
Table 6.30 Sorptivity results of cement-silica-nanosilica concrete for w/b=0.35 and SF/B=5%
AN NS/(CHSFANSYZ2%0....veorveeveeeeeeeeee e e et ee s eeeeeesseeseees e ee s ee s s eesseeseee s eseeee e ees e s 187
Table 6.31 Sorptivity results of cement-silica-nanosilica concrete for w/b=0.35 and

SF/B=10% and NS/(CHSFHNS) Z200 .....ovoeeveeeeereeeeesseesseeeeseeeeseesseessesesssess s essssessessesssen 187
Table 6.32 Sorptivity results of cement-silica-nanosilica concrete for w/b=0.35 and

SF/B=15% and NS/(CHSFHNS) =290 ......cccveiiiiieiieie et 187
Table 6.33 Sorptivity results of cement-silica-nanosilica concrete for w/b=0.45 and SF/B=0%
AN NS/(CHSFANS)Z200. ..o ees e eeeeeee s ee s eee e ees e ees e aeseeee s ees e ees e eseens 188
Table 6.34 Sorptivity results of cement-silica-nanosilica concrete for w/b=0.45 and SF/B=5%
AN NS/(CHSFANS)Z200...oeeeeeeeeeeeeeee e ees e eee s eee e ee s aes e ee s ee e ses e eseenn 188
Table 6.35 Sorptivity results of cement-silica-nanosilica concrete for w/b=0.45 and

SF/B=10% aNd NS/(CHSFHNS) Z2 ... eeeeeesee e s es e seees e ees e esseeseseeseeeee 188
Table 6.36 Sorptivity results of cement-silica-nanosilica concrete for w/b=0.45 and

SF/B=15% and NS/(CHSFHNS) =290 ......cccveieiieiieie et sie e 189
Table 6.37 Sorptivity results of cement-silica-nanosilica concrete for w/b=0.55 and SF/B=0%
AN NS/(CHSFANS)Z200. .. s s se e e s e ee e s ees e ee s ee e eeseeseens 189
Table 6.38 Sorptivity results of cement-silica-nanosilica concrete for w/b=0.55 and SF/B=5%
AN NS/(CHSFANS)Z200...eeeeeeee e ees e s eee e s e ee e s eeseeee s es e eeseeseens 189
Table 6.39 Sorptivity results of cement-silica-nanosilica concrete for w/b=0.55 and

SF/B=10% and NS/(CHSFHNS) Z206 .....coveoeeeeeeeeeeeeseeeeseeeeseeeeseessseeeseeessseees e esseessseesseeees 190
Table 6.40 Sorptivity results of cement-silica-nanosilica concrete for w/b=0.55 and

SF/B=15% and NS/(CHSFHNS) 290 .....coeiuiiiiiiriieieieiee e 190

XXX



Table 6.41 Pore radius values for control concrete of 0.25 water to cementitious ratio ...... 197
Table 6.42 Pore radius values for control concrete of 0.35 water to cementitious ratio ...... 197
Table 6.43 Pore radius values for control concrete of 0.45 water to cementitious ratio ...... 198
Table 6.44 Pore radius values for control concrete of 0.55 water to cementitious ratio ...... 198
Table 6.45 Pore radius values for silica fume concrete of 0.25 water to cementitious ratio. 200
Table 6.46 Pore radius values for silica fume concrete of 0.35 water to cementitious ratio. 200
Table 6.47 Pore radius values for silica fume concrete of 0.45 water to cementitious ratio. 200
Table 6.48 Pore radius values for silica fume concrete of 0.55 water to cementitious ratio. 200
Table 6.49 Pore radius values for nanosilica concrete of 0.25 water to cementitious ratio.. 201
Table 6.50 Pore radius values for nanosilica concrete of 0.35 water to cementitious ratio.. 201
Table 6.51 Pore radius values for nanosilica concrete of 0.45 water to cementitious ratio.. 202

Table 6.52 Pore radius values for nanosilica concrete of 0.55 water to cementitious ratio.. 202

XXXi



ABBREVIATIONS AND SYMBOLS

AS Amorphous silica

ASR Alkali-silica reaction

bwoc Based on the weight of cement

CH Calcium hydroxide

CNS Colloidal nanosilica

CSF condensed silica fume

C-S-H Calcium Silicate Hydrate

ESEM Environmental Scanning Electron Microscopy
FA Fly ash

GGBFS Ground Granulated Blast Furnace slag
HCP Hardened cement paste

HPC High performance concrete

HPSCC High performance self-compacting concrete
HRM High-reactive Metakaolin

HRWRA High Range Water Reducing Admixture
HVFA High Volume Fly Ash

ISSA Incinerated sewage sludge ash

LD C-S-H Low Density Calcium Silicate Hydrate
MK Metakaolin

NMK Nano metakaolin

NS Nanosilica

NSS Nano-silica solution

OPC Ordinary Portland cement

PC Portland cement

XXXl



PWC
RHA
SCC
SCE
SF

SP
STEM
UHPC
UHPC
w/b
wi/c
w/cm

dQ/dt

Portland White Cement

Rice husk ash

Self-Compacting Concrete
Saturated calomel electrode
Silica fume

Superplasticizer

Scanning Transmission Electron Microscopy
Ultra-high performance concrete
Ultra-high strength and performance concrete
water to binder ratio

water to cement ratio

water to cementitious ratio
volumetric flow rate

Radius of pore

Pressure drop

Dynamic viscosity

Distance penetration

velocity of liquid

Surface tension

Contact angle

Porosity

mass of water

Density

Sorpivity

Absorption

XXXV



	Final Thesis.pdf
	Binder1.pdf
	PART 1.pdf
	Binder1
	contents2.pdf
	contents 1


	Binderfinal
	PART3.pdf
	Binder4.pdf
	Binder3.pdf
	Binder2.pdf
	Binder1.pdf
	Chapter 1.pdf
	CHAPTER 2

	Experimental Investigation

	Chapter 4
	Chapter 5 Revised
	Chapter 6
	Chapter 7

	REFERENCES
	Appendix 1
	APPENDIX II PART 1

	sairam sir

	Final file

	Final Thesis.pdf
	Binder1.pdf
	PART 1.pdf
	Binder1
	contents2.pdf
	contents 1


	Binderfinal
	PART3.pdf
	Binder4.pdf
	Binder3.pdf
	Binder2.pdf
	Binder1.pdf
	Chapter 1.pdf
	CHAPTER 2

	Experimental Investigation

	Chapter 4
	Chapter 5 Revised
	Chapter 6
	Chapter 7

	REFERENCES
	Appendix 1
	APPENDIX II PART 1

	sairam sir

	Final file


	Final Thesis.pdf
	Binder1.pdf
	PART 1.pdf
	Binder1
	contents2.pdf
	contents 1


	Binderfinal
	PART3.pdf
	Binder4.pdf
	Binder3.pdf
	Binder2.pdf
	Binder1.pdf
	Chapter 1.pdf
	CHAPTER 2

	Experimental Investigation

	Chapter 4
	Chapter 5 Revised
	Chapter 6
	Chapter 7

	REFERENCES
	Appendix 1
	APPENDIX II PART 1

	sairam sir

	Final file


	Final Thesis.pdf
	Binder1.pdf
	PART 1.pdf
	Binder1
	contents2.pdf
	contents 1


	Binderfinal
	PART3.pdf
	Binder4.pdf
	Binder3.pdf
	Binder2.pdf
	Binder1.pdf
	Chapter 1.pdf
	CHAPTER 2

	Experimental Investigation

	Chapter 4
	Chapter 5 Revised
	Chapter 6
	Chapter 7

	REFERENCES
	Appendix 1
	APPENDIX II PART 1

	sairam sir

	Final file


	Final Thesis.pdf
	Binder1.pdf
	PART 1.pdf
	Binder1
	contents2.pdf
	contents 1


	Binderfinal
	PART3.pdf
	Binder4.pdf
	Binder3.pdf
	Binder2.pdf
	Binder1.pdf
	Chapter 1.pdf
	CHAPTER 2

	Experimental Investigation

	Chapter 4
	Chapter 5 Revised
	Chapter 6
	Chapter 7

	REFERENCES
	Appendix 1
	APPENDIX II PART 1

	sairam sir

	Final file


	Final Thesis.pdf
	Binder1.pdf
	PART 1.pdf
	Binder1
	contents2.pdf
	contents 1


	Binderfinal
	PART3.pdf
	Binder4.pdf
	Binder3.pdf
	Binder2.pdf
	Binder1.pdf
	Chapter 1.pdf
	CHAPTER 2

	Experimental Investigation

	Chapter 4
	Chapter 5 Revised
	Chapter 6
	Chapter 7

	REFERENCES
	Appendix 1
	APPENDIX II PART 1

	sairam sir

	Final file


	Final Thesis.pdf
	Binder1.pdf
	PART 1.pdf
	Binder1
	contents2.pdf
	contents 1


	Binderfinal
	PART3.pdf
	Binder4.pdf
	Binder3.pdf
	Binder2.pdf
	Binder1.pdf
	Chapter 1.pdf
	CHAPTER 2

	Experimental Investigation

	Chapter 4
	Chapter 5 Revised
	Chapter 6
	Chapter 7

	REFERENCES
	Appendix 1
	APPENDIX II PART 1

	sairam sir

	Final file


	Final Thesis.pdf
	Binder1.pdf
	PART 1.pdf
	Binder1
	contents2.pdf
	contents 1


	Binderfinal
	PART3.pdf
	Binder4.pdf
	Binder3.pdf
	Binder2.pdf
	Binder1.pdf
	Chapter 1.pdf
	CHAPTER 2

	Experimental Investigation

	Chapter 4
	Chapter 5 Revised
	Chapter 6
	Chapter 7

	REFERENCES
	Appendix 1
	APPENDIX II PART 1

	sairam sir

	Final file






