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ABSTRACT

Supplementary cementitious materials such as fly ash are currently used as clinker
replacement to reduce costs and environmental pollution associated with the
production of cement. The objective of this study was to understand the effect of
physical and chemical properties of fly ash on strength development and hydration
kinetics of mortars and cement pastes. Ten different fly ashes, collected from northern
and central parts of India, were used. All the fly ashes and cements were characterised
using X-ray diffraction (XRD) and X-ray fluorescence (XRF). The chemical
composition of fly ashes shows that all the fly ashes fall under category Class F as per
ASTM C-618 that have pozzolanic properties and react with water and calcium
hydroxide produced by cement hydration. Two cements, obtained from two different
cement plants, were used to eliminate effects that may be associated with one
particular cement. The mortar mixes were prepared by replacing 25% of cement with
fly ash, using three different water to binder ratios viz. 0.4, 0.45, 0.5, which were
cured under water at a temperature of 27°C. The compressive strength of mortars was
measured at 1, 3, 7, 28 and 90 days. The hydration kinetics were measured using
isothermal calorimetry and chemical shrinkage. Sorptivity was measured on mortar
discs after 90 days of hydration to study the effect of fly ash on the pore-structure.
Advanced techniques such as scanning electron microscopy (SEM) were used to

understand the effect of fly ash on the morphology of the cement paste.

The results from experiments show that the early strength of mortars with fly ash is
lower than cement mortar but most of the mortars recover strength by 28 days. Finer
fly ashes show higher or equal strength as compared to OPC after 28 days. It is also

observed from sorptivity and SEM (Scanning electron microscopy) images that the
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finer fly ashes improve the microstructure and porosity. A linear correlation was
found between degree of hydration and strength. Modelling of the strength
development on the basis of the particle size distribution was carried out. It was found
that it is possible to predict the strength development of the mortars using only the
particle size distribution of the fly ash as the input. It was found that for the fly ashes
studied, there is little effect of the chemical composition of the fly ash on hydration
and strength development. It was also found that the existing test for reactive silica in

the Indian standard is not suitable to assess the reactivity of a fly ash.

iv



CONTENTS

CERTIFICATE

ACKNOWLEDGEMENTS ......oooiiiiiite ettt i
ABSTRACT ...ttt ettt sttt st sbesanen iii
CONTENTS ...ttt ettt st et \
LIST OF FIGURES ...ttt st ix
LIST OF TABLES ...ttt Xix
INOTATIONS ettt ettt ettt s beesaaeenee e XX
Chapter 1 INtroduction..................cccoiiiiiiiiiiiecee e e e 1
L1 GENETAL..c..iiiiiiiiee et 1
1.2 ODJECtiVES OF ThESIS .eeuvviiuiiiriiiiiieeiieteerte ettt 4
1.3 OVErvIeW Of CRAPLETS ....eevuviieiiieeiiie et eeieeeeieeeeieeeteeeiaeeetreesareesnbeeeenseeenaseeenseas 4
Chapter 2 Literature ReVIEW .............ccooiiiiiiiiiiiiiiiiieceeeeeeeee e e 7
2.1 GENETAL ...ttt ettt et eaees 7
2.2 Cement composition and its hydration Kinetics .........ccceecuerieenieriiienieenneeniceieenene. 7
2.2.1 Cement hydration ProduCts .........c.c.ceveerieeriienieineenieeieesee e 11
2.3 Environmental impact Of CEMENL ........cceeriieiiiriiiiienieeieeie e 13
2.4 Supplementary cementitious Materials ..........cveerveeeriieeiieeeiieeeiie e e e 14
2.4.1 Ground Granulated Blast Furnace S1ag .........cccccveevivieniiieeiiiieciieeieeeeeeie e 16
2.4.2 SHICA FUME ..o 17
2.4.3 MEtaKaOIin .....ceeruiiiiiiiieiieeiecee et 18
2.4.4 Rice HUSK ASD c..ooiiiiii e 19
245 FLY ASN.eiiie ettt ettt et st 20
2.4.5.1 Important physical and chemical characteristics of fly ash ...........cccccveeeunenns 20
2.4.5.2 Current scenario of production and utilization of fly ash in India................... 22

v



2.4.5.3 Pozzolanic nature of fly ash........cccooiiiiiiiii 23

2.4.5.4 Effect of fly ash on hydration of cement ............ccccevviriiiniiiiiinicniicniceeene 24
2.4.5.5 Effect of fly ash on mechanical properties of concrete..........c.ceeeevveerreeenneennns 25
2.4.5.6 Effect of fly ash on durability of CONCIEte .........cccvveeriieeriiieiieeiee e, 26
2.4.5.7 Role of physical and chemical characteristics of fly ash on properties of
COTICTEER ..ttt et et e et et st esbt e st e et e sat e et e e sae e e ateesbeeesbeesaeesateesaneenneesaneenneens 28
2.5 Models of strength and microstructure development.............cceeeveveeerereeerveeenneenns 29
2.6 Summary and gaps iN EETALUTE .......cccveeerieeeiieeeieeesieeesieeeereeesaeeeereeeareeeareeenns 31
Chapter 3 Materials and their characterisation .....................c.ccoooiiiiiiiiiiinnenn, 33
Bl GONETAL ... e 33
3.2 MAterials USEd ....couviiuiiiiiiiiieeeee ettt 33
32,1 COMENL ..ttt ettt et st 33
322 FLY @SN. ittt ettt ettt et et 34
3.2.3 SANM. ...t ettt et b ettt e et e et e saeentea 34
T\ £ (SRR 35
3.3. Material characteriSation...........ooueeueerieenieeiienieee et 37
3.4 Particle 51z€ diStrTDULION. ......cooviiiiiiiiiieerieeieese e 40
3.5 Thermogravimetric ANALYSIS ....ccccveirriiieriiieiriieeiee ettt 46
3.5.1 Reaction potential of fly ash through TGA and DTG...........cccccvvviiieiriieenieenne. 47
3.6 Morphological characterisation of cement, fly ash and hydration products.......... 54
3.6.1 Particle morphology of unhydrated cement..............coecveeriiiiniiiiiniiiiniee e 56
3.6.2 Particle morphology of unhydrated fly ashes ...........ccoccceeviiiiiiiiiniiiniieee 57
3.6.3 Preparation of hydrated specimens for SEM-BSE investigation........................ 59
3.7 Analysis of composition of oxides from SEM-EDS..........ccccccoviiiiniiiiniieeieeene, 63
3.8 Mineralogical characterisation of cement, fly ash and hydration product............. 65
3.8.1 XRD patterns of unhydrated fly ashes ..........ccccoeiiriiiiiiniiiniiieeeeee 69

vi



3.8.2 XRD patterns of hydrated Samples ..........cooveeeriiiiiiiiniiiinieeeeeee e 70

3.9 Discussion and INfErences. ........cooveeviiriiniiiiiiiniiieccceceee e 73
Chapter 4 Hydration Kinetics of cement paste containing fly ash....................... 77
A1 GONETAL ...ttt ettt e 77
4.2 Isothermal CAlOTIMELIY .....cccuvieeiieeeiiieiiie et e et ete e e evee e et e e eesabeeesabeeeaseeens 77
4.2.1 Effect of fly ash on calorimetry ........ccccceceerieriiiinieiieenieeeeeeeeeeeeee e 78
4.3 Chemical ShIINKAZE........eeiriiiiiiieiiieeiee e 86
4.3.1 Experimental method ............coooviiiiiiiiiiiiieeeeee et 87
4.3.2 Effect of fly ash on chemical shrinkage............ccoceeiiiniiniiiniiiniiceeee 89

4.4 Comparison of degree of hydration from chemical shrinkage and calorimetry ....91

4.5 DISCUSSION ..cnitieniiieiteette ettt ettt et ettt e bt e et esb b e et e e sbeeeabeesbeesabeesbeeenbeesaeesseens 96
Chapter 5 Compressive Strength and Sorptivity.................c.cccoeiiiiiiiiniiicee, 97
5.1 INErOUCTION ...ttt et 97
5.2 Compressive SrENGH .........ooiiiiiiiiiiiiie e 97
5.2.1 Comparison of compressive strength with characteristics of fly ashes ............ 108
5.3 Correlation between degree of hydration and compressive strength................... 110
54 SOTPUIVILY . cuutieeitie ettt eeite et e et e et e e e teeestbeeeeaeeesaeeensaeesssseeasseeessseaesnseesnsseesnsseesns 113
5.4.1 Experimental TESULLS. ........coviiiiiiiieiiieeiie ettt et 114
S.4. 1.1 INTHAL SLOPES c.nvveeeniiieeiee ettt 114
5.4 1.2 FINAL SIOPES..ccuutiiiiiiieiiieeeite ettt ettt e et e et e e st e e s seeesnbaeessseeesnseeennseeens 118
5.4.2 Correlation of sorptivity with fineness and strength...........c.cccccveeviveerveennnnn. 122
5.5 Discussion and INferences...........c.eoiueiieiiiiiiiiniiicceceeeee e 124
Chapter 6 Modelling of Strength Development .........................ccooeiiiiiiininne. 125
6.1 GENETAL......eiiiiiiiiieee ettt 125
6.2 Analysis of strength results using gel-Space ratio........ccccceevveeeviiieeriiieiniieeenieenn. 125

vii



6.2.1 Gel-space ratio in hydrating neat cement phases..........cccceveveeeviieeniieeiniieennneen. 129

6.2.2 Gel-space of hydrating pastes with partial replacement by weight .................. 130
6.2.3 Gel-space ratio of hydrating pastes with partial replacement by volume......... 131
0.2.4 CUIVE FIHNEZ ...eeeiiieeiiie ettt et eeste e et eeeateestteessseeesabeeessseeensseesnnseeens 132
6.2.5 Analysis of results of fitting with gel space ratio .........ccceevevveerieeevieecrreeeinen. 140
6.3 Analysis of strength results using C-S-H-space ratio .........cccceeevieervieennieennneen. 144
6.3.1 C-S-H-space ratio in hydrating neat cement phases ...........ccccevcueerrieeeneeennnneen. 144
6.3.2 C-S-H-space ratio of hydrating pastes with partial replacement by weight ..... 145

6.3.3 C-S-H-space ratio of hydrating pastes with partial replacement by volume .... 146

0.3.4 CUIVE FIHNEZ ...eeeirieeiiie ettt et e et eesaeeeaae e s bt eessbeeesabeeessseeensseeennseeens 147
6.3.5 Analysis of results of fitting using C-S-H-space ratio..........cceeevveevevveenveeennenn. 152
6.4 Discussion and INfErenCes..........ocvevviriiiriiniiiniereeeeeeeeee e 155
Chapter 7 ConclusSions...............c..oooiiiiiiiiiiiiece e re e e eareeens 157
7.1 SUINIMATY Lottt ettt e ettt e sttt e st e e st e e s abteeeabeeesabeeesabeesnseesnnseas 157
7.2 CONCIUSIONS ....entieiiieiie ettt sttt ettt et et e sabeebeenaees 157
7.3 FULUIE WOTK ...ttt e 159
REFEIeNCES ... e 161
APPEIAIX ......ooiiiiiiiiiiiee ettt et e et e e e e e e e ra e e e ba e e e baeenabeeenaaeas 173

viii



LIST OF FIGURES

Figure 1.1 Estimated cement production
Figure 1.2 CO; emission by ten largest emitters worldwide
Figure 2.1 Rate of hydration of cement by isothermal calorimetry

Figure 2.2 Schematic diagram of a hydrating cement grain after a) 0 min b) 10 min
¢)10 hours d) 18 hours e) 1-3 days f) 2 weeks from mixing with water

Figure 2.3 Estimated demand of cement and CO; emission by the year 2020
Figure 2.4 Current utilization of mineral additives
Figure 2.5 Ternary diagram of cementitious materials

Figure 2.6 Backscattered images of microstructure of unhydrated slag (left) and
hydrated slag (right) at 90 days

Figure 2.7 Particle morphologies of silica fume by SEM. Left: Shape and size of silica
fume; Right: agglomeration of small Silica fume particle on big particles

Figure 2.8 SEM graphs of metakaolin

Figure 2.9 Microstructure development of control cement mortar mix (left) and mix
with RHA at 28 days

Figure 2.10 Typical SEM images of fly ash
Figure 2.11 Production and Utilization of fly ash in India

Figure 2.12 Effect of replacement rate and age on the development of strength in
mortars containing fly ash

Figure 2.13 The change in the volume fraction of cement, hydration products, water
and voids created due to le Chatelier contraction with hydration and the
concept of Gel and Space volumes at a given degree of hydration

Figure 3.1 Sources of cement and fly ashes

Figure 3.2 Particle size distribution of cements C1 and C2

Figure 3.3 Particle size distribution of fly ashes F1, F2 and F3

Figure 3.4 Particle size distribution of fly ashes F5, F6 and F7

Figure 3.5 Particle size distribution of fly ashes F8, F9 and F10

ix



Figure 3.6 A comparison of the Blaine’s fineness of the fly ashes with the measured
amorphous content

Figure 3.7 A comparison of reactive silica and Blaine’s fineness of fly ashes
Figure 3.8 Comparison of amorphous content and reactive silica of fly ashes

Figure 3.9 Decomposition of phases at different temperatures for cement C2 at 28
days using TGA and DTG

Figure 3.10 TGA slope graph of cement C2 hydrated for 28 days
Figure 3.11 DTG of cement C2 at water-to-cement ratio 0.4
Figure 3.12 DTG graph of cement- fly ash (C2F7) blend at water to binder ratio 0.4

Figure 3.13 DTG graph of cement and fly ash (F6) hydrated paste at water to binder
ratio of 0.4 aged 28 days

Figure 3.14 Decomposition of Ca(OH); (450°C) and CaCOs3 (700°C) as observed in
DTG measurements for C1 and fly ash F5, F6 and F7 blends at w/b ratio
of 0.4 aged 28 days

Figure 3.15 Decomposition of Ca(OH); (450°C) and CaCOs3 (700°C) as observed in
DTG measurements for Cement C2 and fly ash F5 and F7 blends at w/b
ratio of 0.4 aged 7 days

Figure 3.16 Decomposition of Ca(OH); (450°C) and CaCOs3 (700°C) as observed in
DTG measurements for cement C2 and fly ash F5, F6 and F7 blends at
water to binder ratio of 0.4 aged 28 days

Figure 3.17 Decomposition of Ca(OH), (450°C) and CaCOs3 (700°C) as observed in
DTG measurements for C1 and fly ash F5, F6 and F7 blends at water to
binder ratio of 0.45 aged 28 days

Figure 3.18 Decomposition of Ca(OH), (450°C) and CaCOs3 (700°C) as observed in
DTG measurements for cement C2 and fly ash F5, F6 and F7 blends at
w/b ratio of 0.45 aged 7 days

Figure 3.19 Decomposition of Ca(OH); (450°C) and CaCOs3 (700°C) as observed in
DTG measurements for cement C2 and fly ash F5 and F7 blends at water
to binder ratio of 0.45 aged 28 days

Figure 3.20 Decomposition of Ca(OH); (450°C) and CaCOs3 (700°C) as observed in
DTG measurements for cement C1 and fly ash F5, F6 and F7 blends at
w/b ratio of 0.5 aged 7 days

Figure 3.21 Decomposition of Ca(OH); (450°C) and CaCOs3 (700°C) as observed in
DTG measurements for C1 and fly ash F5, F6 and F7 blends at water to
binder ratio of 0.5 aged 28 days

X



Figure 3.22 Decomposition of Ca(OH); (450°C) and CaCOs3 (700°C) as observed in
DTG measurements for cement C2 and fly ash F5, F6 and F7 blends at
w/b ratio of 0.5 aged 7 days

Figure 3.23 Decomposition of Ca(OH); (450°C) and CaCOs3 (700°C) as observed in
DTG measurements for cement C2 and fly ash F5, F6 and F7 blends at
water to binder ratio of 0.5 aged 28 days

Figure 3.24 Signal generation in scanning electron microscopy (SEM)

Figure 3.25 Interaction of an electron beam with the sample

Figure 3.26 SEM images of unhydrated Cement C1 at low and high magnification

Figure 3.27 SEM images of unhydrated Cement C2 at low and high magnification

Figure 3.28 SEM images of fly ashes F1 (left) and F2 (right)

Figure 3.29 SEM images of fly ash F3. Plerospheres were observed in this fly ash

Figure 3. 30 SEM images of fly ash F4 (left) and unprocessed fly ash F5 (right)

Figure 3.31 SEM images of processed fly ashes F6 (left) and F7 (right)

Figure 3.32 SEM images of Fly ashes F8 (left) and F9 (right)

Figure 3.33 SEM images of fly ash F10 at different magnifications

Figure 3.34 Grey level representation of polished samples of BSE images

Figure 3.35 BSE Image of polished section of cement (C2) paste (w/c 0.4) aged 28
days

Figure 3.36 Backscattered Electron Image of polished section of cement- fly ash paste
(C2-F5) and (C2-F7) at w/c 0.4 aged 28 days

Figure 3.37 Backscattered Electron Image of polished section of cement- fly ash paste
(C2-F6) and (C2-F7) w/c 0.45 aged 28 days

Figure 3.38 Visual representation of cement fly ash blend (C2-F7) aged 28 days using
SEM-EDS imaging. Ca, Si and Al elements demonstration in cement- fly

ash blends separately

Figure 3.39 Difference in Ca/Si ratio of cement and cement-fly ash blend aged 28
days using SEM-EDX

Figure 3.40 Difference in Al/Si ratio of cement and cement-fly ash blend aged 28
days using SEM-EDX

Xi



Figure 3.41 Difference in Al/(Ca+Si) ratio of cement and cement-fly ash blend aged
28 days using SEM-EDX

Figure 3.42 Bragg’s reflection

Figure 3.43 XRD pattern of unhydrated cement C1 and C2 (1: Alite; 3Ca0.Si0z,
2: Belite; 2Ca0.Si0y)

Figure 3.44 XRD Pattern of cement paste at 28 days of hydration [1: Alite (3CaSiO»),
2: belite (2Ca0Si0»), 3: calcium hydroxide (Ca(OH)>)}

Figure 3.45 Diffractogram of unhydrated/raw fly ashes

Figure 3.46 Diffractogram of Cement C1 and fly ashes F5, F6, F7 blends at w/b ratio
of 0.4 aged 28 days

Figure 3.47 Diffractogram of Cement C2 and fly ashes F5, F6, F7 blends at w/b ratio
of 0.4 aged 28 days

Figure 3.48 Diffractogram of Cement C1 and fly ashes F5, F6, F7 blends at w/b ratio
of 0.45 aged 28 days

Figure 3.49 Diffractogram of Cement C2 and fly ashes F5, F7 blends at w/b ratio of
0.45 aged 28 days

Figure 3.50 Diffractogram of Cement C1 and fly ashes F5, F6, F7 blends at w/b ratio
of 0.5 aged 28 days

Figure 3.51 Diffractogram of Cement C2 and fly ashes F5, F6, F7 blends at w/b ratio
of 0.5 aged 28 days

Figure 4.1 Rate of heat evolved in pastes with cement C1 and fly ashes F1, F2 and F3
at water to binder ratio of 0.4

Figure 4.2 Cumulative heat evolved in pastes with cement C1 and fly ashes F1, F2
and F3 at water to binder ratio of 0.4

Figure 4.3 Rate of heat evolved in pastes with cement C1 and fly ashes F4, F5, F6 and
F7 at water to binder ratio of 0.4

Figure 4.4 Cumulative heat evolved in pastes with cement C1 and fly ashes F4, F5, F6
and F7 at water to binder ratio of 0.4

Figure 4.5 Rate of heat evolved in pastes with cement C1 and fly ashes F8, F9, and
F10 at water to binder ratio of 0.4

Figure 4.6 Cumulative heat evolved in pastes with cement C1 and fly ashes F8, F9,
and F10 at water to binder ratio of 0.4

xii



Figure 4.7 Rate of heat evolved in pastes with cement C2 and fly ashes F1, F2, and F3
at water to binder ratio of 0.4

Figure 4.8 Cumulative heat evolved in pastes with cement C2 and fly ashes F1, F2,
and F3 at water to binder ratio of 0.4

Figure 4.9 Rate of heat evolved in pastes with cement C2 and fly ashes F4, F5, F6 and
F7 at water to binder ratio of 0.4

Figure 4.10 Cumulative heat evolved in pastes with cement C2 and fly ashes F4, F5,
F6 and F7 at water to binder ratio of 0.4

Figure 4.11 Rate of heat evolved in pastes with cement C2 and fly ashes F8, F9 and
F10 at water to binder ratio of 0.4

Figure 4.12 Cumulative heat evolved in pastes with cement C2 and fly ashes F8, F9
and F10 at water to binder ratio of 0.4

Figure 4.13 Effect of Blaine’s fineness of fly ash on the peak heat evolved during
hydration. The line shows the trend for the points other than the outliers

Figure 4.14 Effect of Blaine’s fineness of fly ash on the slope from the minimum in
induction period to the peak heat evolution. The line shows the trend for
the points other than the outliers.

Figure 4.15 Schematic representation of chemical shrinkage

Figure 4.16 Schematic diagram of chemical shrinkage

Figure 4.17 Chemical shrinkage set up in laboratory

Figure 4.18 Image taken by the webcam

Figure 4.19 Chemical shrinkage of cement C1 with fly ashes F1, F2, F3, F4 at w/b 0.4

Figure 4.20 Chemical shrinkage of cement C1 with fly ashes F5, F7, F8, F9, F10 at
w/b 0.4

Figure 4.21 Chemical shrinkage of cement C2 with fly ashes F1, F2, F4, F5 at w/b 0.4
Figure 4.22 Chemical shrinkage of cement C2 with fly ashes F6, F7, F8, F9 at w/b 0.4

Figure 4.23 DOH from calorimetry compared with DOH from chemical shrinkage
with cement C1

Figure 4.24 DOH from calorimetry compared with DOH from chemical shrinkage
with cement C2

Figure 4.25 Correlation between Degree of Hydration from chemical shrinkage and
Calorimetry at C-S-H value assumed to be 2.18

xiii



Figure 4.26 Correlation between Degree of Hydration from chemical shrinkage and
calorimetry at C-S-H value assumed to be 2.30

Figure 5.1 Compressive strength with cements C1, C2 with fly ashes F1, F2, F3 by
weight at w/b 0.4

Figure 5.2 Compressive strength with cements C1, C2 with fly ashes F4, F5, F6, F7
by weight at w/b 0.4

Figure 5.3 Compressive strength with cements C1, C2 with fly ashes F8, F9, F10 by
weight at w/b 0.4

Figure 5.4 Compressive strength with cements C1, C2 with fly ashes F1, F2, F3 by
weight at w/b 0.45

Figure 5.5 Compressive strength with cements C1, C2 with fly ashes F4, F5, F6, F7
by weight at w/c 0.45

Figure 5.6 Compressive strength with cements C1, C2 with fly ashes F8, F9, F10 by
weight at w/b 0.45

Figure 5.7 Compressive strength with cements C1, C2 with fly ashes F1, F2, F3 by
weight at w/b 0.5

Figure 5.8 Compressive strength with cements C1, C2 with fly ashes F5, F6, F7 by
weight at w/b 0.5

Figure 5.9 Compressive strength with cements C1, C2 with fly ashes F8, F9, F10 by
weight at w/b 0.5

Figure 5.10 Compressive strength with cements C1, C2 with fly ashes F1, F2, F3 by
volume at w/b 0.4

Figure 5.11 Compressive strength with cements C1, C2 with fly ashes F4, F5, F6, F7
by volume at w/b 0.4

Figure 5.12 Compressive strength with cements C1, C2 with fly ashes F8, F9, F10 by
volume at w/b 0.4

Figure 5.13 Compressive strength with cements C1, C2 with fly ashes F1, F2, F3 by
volume at w/b 0.45

Figure 5.14 Compressive strength with cements C1, C2 with fly ashes F4, F5, F6, F7
by volume at w/b 0.45

Figure 5.15 Compressive strength with cements C1, C2 with fly ashes F8, F9, F10 by
volume at w/b 0.45

Figure 5.16 Compressive strength with cements C1, C2 with fly ashes F1, F2, F3 by
volume at w/b 0.5

Xiv



Figure 5.17 Compressive strength with cements C1, C2 with fly ashes F4, F5, F6, F7
by volume at w/b 0.5

Figure 5.18 Compressive strength with cements C1, C2 with fly ashes F8, F9, F10 by
volume at w/b 0.4

Figure 5.19 A comparison of compressive strength of both cements C1 and C2 at the
same age

Figure 5.20 A comparison of strengths of fly ash mortars with cements C1 and C2 at
the same age

Figure 5.21 Strength measured at 90 days compared with fineness with cements and
fly ashes

Figure 5.22 Strength at 90 days vs amorphous content (%) with fly ashes
Figure 5.23 Relationship of strength at 90 days and reactive silica
Figure 5.24 Relationship of heat released with strength

Figure 5.25 Comparison of degree of hydration from chemical shrinkage with
strength for cement C1

Figure 5.26 Comparison of degree of hydration from chemical shrinkage with
strength for cement C2

Figure 5.27 Comparison of the slope of chemical shrinkage vs. compressive strength
with the specific surface of the fly ash used

Figure 5.28 Schematic diagram of sorptivity test

Figure 5.29 Initial slopes of cements C1, C2 and cement blend with fly ash F1
measured on 90 days cured samples

Figure 5.30 Initial slopes of cements C1, C2 and cement blend with fly ash F2
measured on 90 days cured samples

Figure 5.31 Initial slopes of cements C1, C2 and cement blend with fly ash F3
measured on 90 days cured samples

Figure 5.32 Initial slopes of cements C1, C2 and cement blend with fly ash F4
measured on 90 days cured samples

Figure 5.33 Initial slopes of cements C1, C2 and cement blend with fly ash F5
measured on 90 days cured samples

Figure 5.34 Initial slopes of cements CI, C2 and cement blend with fly ash F6
measured on 90 days cured samples

XV



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure 5.49 Comparison of final slopes of sorptivity with Blaine's fineness

5.35 Initial slopes of cements C1, C2 and cement blend with fly ash F7

5.36

5.37

5.38

5.39

5.40

541

542

543

5.44

5.45

5.46

5.47

measured on 90 days cured samples

Initial slopes of cements C1, C2 and cement blend with fly ash F8

measured on 90 days cured samples

Initial slopes of cements C1, C2 and cement blend with fly ash F9

measured on 90 days cured samples

Initial slopes of cements C1, C2 and cement blend with fly ash F10

measured on 90 days cured samples

Final slopes of cements C1, C2 and cement blend with fly ash FI

measured on 90 days cured samples

Final slopes of cements C1, C2 and
measured on 90 days cured samples

Final slopes of cements C1, C2 and
measured on 90 days cured samples

Final slopes of cements C1, C2 and
measured on 90 days cured samples

Final slopes of cements C1, C2 and
measured on 90 days cured samples

Final slopes of cements C1, C2 and
measured on 90 days cured samples

Final slopes of cements C1, C2 and
measured on 90 days cured samples

Final slopes of cements C1, C2 and
measured on 90 days cured samples

Final slopes of cements C1, C2 and
measured on 90 days cured samples

cement blend

cement blend

cement blend

cement blend

cement blend

cement blend

cement blend

cement blend

with

with

with

with

with

with

with

with

fly

fly

ash

ash

ash

ash

ash

ash

ash

ash

F2

F3

F4

FS

Fo6

F7

F8

F9

5.48 Final slopes of cements C1, C2 and cement blend with fly ash F10

measured on 90 days cured samples

Figure 5.50 Comparison of compressive strength with sorptivity

Figure 6.1 The hydration process representation of neat cement C1 with time up to 90
day, red colour represents clinker, other colours are hydration products

XVvi



Figure 6.2 The hydration process representation of neat cement C2 with time up to 90
day, red colour represents clinker, other colours are hydration products

Figure 6.3 The microstructure representation of cement-fly ash blend (C1F5) with
time up to 90 days at w/s ratio 0.4, red colour particles represent clinker,
yellow of fly ash and other colours are hydration products

Figure 6.4 The microstructure representation of cement-fly ash blend (C1F7) with
time up to 90 days at w/s ratio 0.4, red colour particles are clinker, yellow
colour is fly ash and other colours are hydration products

Figure 6.5 Phase assemblage diagram of cement C1

Figure 6.6 Phase assemblage diagram of fly ash F5

Figure 6.7 Phase assemblage diagram of fly ash F7

Figure 6.8 Phase assemblage diagram of fly ash F10

Figure 6.9 Fitting of modelled and measured strength for C1 and C2 using gel-space
ratio

Figure 6.10 Comparison of modelled and measured strength when the density of C-S-
H is assumed to be 2.0

Figure 6.11 Fitting of modelled and measured strength for cement C1 and fly ash F5
with replacement by weight using gel-space ratio

Figure 6.12 Comparison of modelled and measured strength for cement C1 with
replacement by weight using gel-space ratio for fly ashes other than F5

Figure 6.13 Comparison of modelled and measured strength for cement C1 with
replacement by volume using gel-space ratio

Figure 6.14 Comparison of modelled and measured strength for cement C2 with
replacement by weight using gel-space ratio

Figure 6.15 Comparison of modelled and measured strength for cement C2 with
replacement by volume using gel-space ratio

Figure 6.16 Comparison of modelled and measured strength for cements C1 and C2
with replacement by quartz by weight and by volume using gel-space ratio

Figure 6.17 Degree of hydration of cements C1 and C2 at various ages used in the fits
using gel-space ratio

Figure 6.18 Degree of hydration of cements F1, F2, F3 and F4 at various ages used in
the fits using gel-space ratio

xvii



Figure 6.19 Degree of hydration of cements F5, F6 and F7 at various ages used in the
fits using gel-space ratio

Figure 6.20 Degree of hydration of cements F8, F9 and F10 at various ages used in
the fits using gel-space ratio

Figure 6.21 A comparison of the degree of hydration at 90 days with amorphous
content using gel-space ratio

Figure 6.22 A comparison of the degree of hydration of the fly ashes at 90 days with
reactive silica content using gel-space ratio

Figure 6.23 Fitting of modelled and measured strength for cement C1 and C2 with
replacement by weight using C-S-H-space ratio

Figure 6.24 Fitting of modelled and measured strength for cement-fly ash C1F5 with
replacement by weight using C-S-H-space ratio

Figure 6.25 Comparison of modelled and measured strength for cement C1 with
replacement by weight using C-S-H-space ratio for fly ashes other than
F5

Figure 6.26 Comparison of modelled and measured strength for cement C1 with
replacement by volume using C-S-H-space ratio

Figure 6.27 Comparison of modelled and measured strength for cement C2 with
replacement by weight using C-S-H-space ratio

Figure 6.28 Comparison of modelled and measured strength for cement C2 with
replacement by volume using C-S-H-space ratio

Figure 6.29 Comparison of modelled and measured strength for cements C1 and C2
with replacement by quartz by weight and by volume using C-S-H-space

ratio

Figure 6.30 Degree of hydration of fly ashes F1, F2, F3 and F4 at various ages used in
the fits using C-S-H-space ratio

Figure 6.31 Degree of hydration of fly ashes F5, F6 and F7 at various ages used in the
fits using C-S-H-space ratio

Figure 6.32 Degree of hydration of fly ashes F8, F9 and F10 at various ages used in
the fits using C- S-H-space ratio

Figure 6.33 A comparison of the degree of hydration at 90 days with amorphous
content using C-S-H-space ratio

Figure 6.34 A comparison of the degree of hydration of the fly ashes at 90 days with
reactive silica content using C-S-H-space ratio

xviii



LIST OF TABLES

Table 3.1 List of sources of cements and fly ashes

Table 3.2 Oxide analysis of cements using XRF

Table 3.3 Phase composition of cements measured using XRD Reitveld analysis
Table 3.4 Chemical composition of fly ashes

Table 3.5 Phase composition of fly ashes using XRD Reitveld analysis

Table 3.6 Physical properties of cements and fly ashes

Table 3.7 Particles sizes of cements and fly ashes used in this study

Table 3.8 Comparison of calculated amorphous contents with measurements
Table 3.9 Phases in unhydrated cements

Table 3.10 Phases in hydrated cement C2

Table 3.11 Composition of 28 days hydrated cement C2

Table 4. 1 Calculation of quantities of hydration products in cements C1 and C2
Table 6.1 Free-fitted values of parameters mi, m2 and m3 using gel space ratio

Table 6.2 Free-fitted values of parameters a and b for neat and blended mortar using
gel space ratio

Table 6.3 Free-fitted values of parameters m3, m4 and ms using C-S-H space ratio

Table 6.4 Free-fitted values of parameters a and b for neat and blended mortars using
C-S-H-space ratio

Xix



AFt
AFm
Olc

BSE

CsS
CoS
GCiA
C4AF
C-S-H
CH
DOH
DTG
EDS

ffw
GGBS

IR
ky
LOI
mW
OPC
PSD
Pe

pr

I

RHA

NOTATIONS

Aluminium oxide Al>O3

Ettringite

Monosulphate

degree of hydration of cement
Backscattered Electron Microscopy
calcium oxide CaO

Tricalcium Silicate

Dicalcium Silicate

Tricalcium aluminate

Tricalcium aluminoferrite

Calcium silicate hydrate

Calcium hydroxide

Degree of Hydration

Differential Thermogravemetry
Energy Dispersive X-Ray Spectroscopy
Iron oxide Fe;03

fraction of OPC replaced by fly ash
Ground granulated blast furnace slag
Water H,O

Insoluble Residue

volume efficiency

Loss on ignition

milliwatt

Ordinary Portland cement

Particle size distribution

Specific gravity of cement

Specific gravity of fly ash
Dissolved thickness

Rice Husk Ash

Silicon dioxide SiO»

Sulfate SO3

XX



SCM
SEM
TGA
Vw

Ve
Veel
Vs

vt
w/b
w/c
We
XRD
XRF
Xe

Supplementary cementitious material
Scanning Electron Microscopy
Thermo gravimetric Analysis
Volume fraction of water phase
volume fraction of cement phase
volume fraction of hydration products
volume fraction of space

volume fraction of fly ash

water to binder ratio

water to cement ratio

water to cement ratio for OPC
X-Ray Diffraction

X-Ray Florescence

Gel-Space ratio for cement

xXi



	Amarpreet Kaur 2010CEZ8186.pdf



