PERFORMANCE OF HIGH STRENGTH BINARY AND TERNARY
BLENDED CEMENT PASTE AND CONCRETE CONTAINING PALM OIL

FUEL ASH AND METAKAOLIN IN AGGRESSIVE ENVIRONMENT

MOHD HANIF BIN ISMAIL

Thesis submitted in fulfillment of the requirements
for the degree of
Doctor of Philosophy

March 2016



ACKNOWLEDGEMENT

In the name of Allah, Most Gracious, Most Merciful.
My heartiest appreciation to the supervisor who is highly respected Associate
Professor Dr Megat Azmi Bin Megat Johari in his dedication in completing this
study. My Heart felt appreciation is also given to the co-supervisor Associate
Professor Dr. Kamar Shah Bin Ariffin for contributing ideas and opinions in this

thesis.

My thanks also go to the Universiti Sains Malaysia and Kementerian
Pendidikan Malaysia for providing the financial assistance. Appreciation to the
technical staff at Concrete Laboratory, School of Civil Engineering, USM, Mr
Shahril Izham, Mr Mohd Fauzi, Mr Abdullah and Mr Mad Fadzil on their
cooperation in carrying out experiments. Whole fellow graduates and friends of
colleagues, too many to list here, the support and encouragement of you all are very

much appreciated and commendable.

Finally, to my beloved parents who are being the backbone of my life and to
all my success in this world. To my respected beloved wife, Noor Syuhaili Binti
Mohd Rusly and to my beloved son Ammar Hanif Bin Mohd Hanif your flushing

loving affection is needed in this life. May Allah bless all of you.



TABLE OF CONTENTS

ACKNOWIEAGEMENT .. .o

TabIE OF CONLENLS ... e e,

LISt OF TabDIES ..,

List of Figures

LiSt Of ADDIEVIALIONS. ... eenee ettt e

List of Symbols

A DS A . . o,

JaN 0115 2 o] S

CHAPTER 1- INTRODUCTION

11

1.2

1.3

14

1.5

General. .. ..o
Problem statement.............cooiiiiiiiiiiii
Research objectives. ... ...oviuiiii i
Scope of research...........coooeiiiiiiiii e

Layout of thesis......ooviiiiii

CHAPTER 2 - LITERATURE REVIEW

2.1

2.2

2.3

2.4

2.5

INErOdUCHION. ...\t e
Portland cement.............ooiiiiiiii s
Hydration reaction of pure cement compounds.............cccccccevvveennnnen.
Tricalcium aluminate (C3A).......cooviiiiiii e,

Calcium silicate (CoS & C3S)..ovviniiniiiii e,

11

12

12

13

13



2.6

2.7

2.8

2.9

2.10

211

2.12

2.13

2.14

2.15

2.16

2.17

2.18

2.19

2.20

2.21

High strength concrete...........coooiiiiiiiiiii e
POzZZ0lanic re€aCtioN. ...ttt et

Effects of POFA as a pozzolanic material on workability of fresh
cement mortar and CONCIete. ... .....ouiuiriiiiiie e

Effects of POFA as a pozzolanic material on the compressive strength
of cement paste, mortar and concrete................cooviiiiiiiiiinnn .

Effects of POFA as a pozzolanic material on durability of cement
paste, mortar and CONCIEte. ..........vvieiiiiiiitee e,

Effects of MK as a pozzolanic material on workability of fresh
(010 01 (=1 = PP

Effects of MK as a pozzolanic material on the compressive strength
of cement paste and CONCrete............oooviiiiiiiiee

Effects of MK as a pozzolanic material on the durability of cement
paste, mortar and CONCIEt. ........o.vvieiieiii it

Durability of binary and ternary blended cement paste, mortar and
(070 0011 [ PPN

Mechanism of chloride ion attack..........c.ovveeeii e,

Effects of chloride immersion on the strength
01 00] 013 8 1<

Mechanism of sulfate ion attack...................ooeiiiiiiiiiiiiin,
Effects of sulfate immersion on the strength properties...................
Mechanism of acid attack..............coooiiiiiiiiiii i,
Effects of acid immersion on the strength properties............ccccvevenne.

SUMIMAIY ..o e

CHAPTER 3 - METHODOLOGY

3.1

3.2

INtrOUCHION. . et e

Material preparation...............ooouiieiiiiiiiii i,

16

17

18

20

24

33

33

36

43

43

44

46

47

49

50

57

58

58



3.3

3.2.1

3.2.2

3.2.3

3.2.4

3.25

3.2.6

3.2.7

Characterization of raw materials

3.3.1 Chemical composition

3.3.1.3 Chemical compositions of MK..........................
3.3.2 Mineralogical phase.............ccouiuiiiiiiiiiiiien,
3.3.2.1 Mineralogical phases of OPC........................c.

3.3.3

3.34

Cement

Palm oil fuel ash (POFA)

Metakaolin (MK)

Fine aggregate............................

Coarse aggregate.............c.eeuvennnn.

Superplasticizer

3311

3.3.1.2 Chemical compositions of POFA

Chemical compositions of OPC

3.3.2.2 Mineralogical phases of POFA..........................

3.3.2.3 Mineralogical phases of MK

Physical properties of binder

3.3.3.1 Specific gravity...............
3.3.3.2

3.3.3.3

Particle morphology

3.3.4.1 Particle morphology of OPC

3.3.4.2 Particle morphology of POFA

3.34.3

SUMTACE Area. ...ttt e

Particle size analysis............ooeviiiiiiiiiiiiiiinnn.

Particle morphology of MK

58

59

62

63

64

65

65

66

66

67

68

69

69

71

72

73

74

74

75

77

78

79

80

80



3.4

3.5

3.6

3.7

3.8

MIXEUTE PIOPOTTIONS. ..ttt eete et et e et e e e eeete e aeeeiaeeaaeeaens

34.1

3.4.2

Cement paste MixX Proportions. ............coeveeiiiirieenianenn.n.

Concrete MiX Proportions. .........o.ovveiiriie i,

Sample preparation..........ooveiiiiiiie i e

3.5.1

3.5.2

Cement paste sample preparation...........c.ceeeeeeeneeeeneennnnnn.

Concrete sample preparation............ooveeveiiieineeinnneannnn.

EXposure Condition............ouevuiitiiiiiiii e

3.6.1

3.6.2

3.6.3

Cement paste exposure conditions................coevvieininnnn.
Concrete exposure CoNdition...........ccooevviveiiiiiiiinieena,

Drying-wetting cycles simulator................ccooovvviniinnnn...

Laboratory WOrKS. .......oouii

3.7.1

3.7.2

3.7.3

3.7.4

3.75

3.7.6

3.7.7

3.7.8

3.7.9

Compressive strength of cement paste and concrete samples...
Cement paste mass changes under different types of exposure.

Cement paste visual assessment under different types of
BXPOSUI . ..ttt et et et e et e e e et ee e

Analysis of hardened cement paste under different types of
0 4 07011 1 ¢

Workability.......coooiii
Porosity and water absorption...............ccoeviiiiiiii i,
Gas permeability...........oooiiiiiii i
Rapid chloride permeability test (RCPT) ........................

Rapid chloride migration test ..............ccoeviiiiiiiiininnn...

3.7.10 Chloride penetration rate of concrete under drying — wetting

Vi

83

84

84

86

88

88

89

90

90

91

92

92

95

96

96

98

100

102

103

105



CHAPTER 4 - PERFORMANCE OF CEMENT PASTES CONTAINING
PALM OIL FUEL ASH AND METAKAOLIN IN AGGRESSIVE

ENVIRONMENTS
4.1 INtroduction. ..o e
4.2 Compressive strength of cement pastes...............ccoevviiiiiiiiiinnann.

4.3

4.4

4.5

421

4.2.2

4.2.3

4.2.4

4.2.5

Changes of compressive strength of cement pastes exposed
tonormal Water..........ooooveii i

Changes of compressive strength of cement pastes exposed
to sodium chloride solution...................cooiiiiiiiiiiiiien,

Changes of compressive strength of cement pastes exposed
to sodium sulfate solution.................ocooiiiiiiiiii

Changes of compressive strength of cement pastes exposed to
sulfuric acid solution...............coooiiiiii

Changes of compressive strength of cement pastes exposed to
acetic acid SOIUtION.............ooiiiiii

IMass Of CEMENt PASLES. ...........uevriieiiiei e

4.3.1

4.3.2

4.3.3

4.3.4

4.3.5

Changes of mass of cement pastes exposed to normal water....

Changes of mass of cement pastes exposed to sodium
chloride SOIUtION. ..o

Changes of mass of cement pastes exposed to sodium sulfate
SOIULION. ...,

Changes of mass of cement pastes exposed to sulfuric acid
SOIULION. ...,

Changes of mass of cement pastes exposed to acetic acid
SOIULION. ...,

Visual assessment of cement pastes exposed to normal water,
chloride, sulfate, sulfuric and acetic acid solution.........................

SUMMATY . ..o

vii

107

115

121

122

132

138

138

139

141

143

144

146



CHAPTER 5 - MICROSTRUCTURAL ASSESSMENT OF BINARY AND
TERNARY BLENDED CEMENT PASTE CONTAINING PALM OIL
FUEL ASH AND METAKAOLIN

5.1

5.2

5.3

5.4

INtrodUCtiON. ....uui e
Calcium hydroxide intensity of cement pastes................ccceevvennnen.

5.2.1 Changes of calcium hydroxide intensity of cement pastes
exposed to normal water...............ocooeieiiiiiiiiii

5.2.2 Changes of calcium hydroxide intensity of cement pastes
exposed to sodium chloride solution.........................o...e

5.2.3 Changes of calcium hydroxide intensity of cement pastes
exposed to sodium sulfate solution.................................

5.2.4 Changes of calcium hydroxide intensity of cement pastes
exposed to sulfuric acid solution.....................ccoooiieni,

5.2.5 Changes of calcium hydroxide intensity of cement pastes
exposed to acetic acid solution....................cooooiiii,

Calcium silicate hydrates intensity of cement pastes......................

5.3.1 Changes of calcium silicate hydrates intensity of cement
pastes exposed to normal water.................cooviiiiiniininnnn

5.3.2 Changes of calcium silicate hydrates intensity of cement
pastes exposed to sodium chloride solution........................

5.3.3 Changes of calcium silicate hydrates intensity of cement
pastes exposed to sodium sulfate solution..........................

5.3.4 Changes of calcium silicate hydrates intensity of cement
pastes exposed to sulfuric acid solution............................

5.3.5 Changes of calcium silicate hydrates intensity of cement
pastes exposed to acetic acid solution..............................

Ettringite intensity of cement pastes...........oovvviiiiiiiiiiiniiiennnnn..

5.4.1 Changes of ettringite intensity of cement pastes exposed to
normal water, sodium chloride and acetic acid solution.........

5.4.2 Changes of ettringite intensity of cement pastes exposed to
sodium sulfate solution..............coocoiiiii i,

viii

151

154

154

156

160

164

167

170

171

173

176

179

182

185

186

188



5.5

5.6

5.4.3 Changes of ettringite intensity of cement pastes exposed to
sulfuric acid solution...............ooiiiii i

Morphology of cement paste..........c.ovvvvriiiiiiiiiiiiiiiiii e,

5.5.1 Morphology of cement paste exposed to normal water..........

5.5.2 Morphology of cement paste exposed to sodium chloride
SOIULION. ...,

5.5.3 Morphology of cement paste exposed to sodium sulfate
SOIULION. ...

5.5.4 Morphology of cement paste exposed to sulfuric acid solution.

5.5.5 Morphology of cement paste exposed to acetic acid solution...

SUMMATY ... e e

CHAPTER 6 - ENGINEERING AND TRANSPORT PROPERTIES OF
HIGH STRENGTH TERNARY BLENDED CONCRETE CONTAINING
PALM OIL FUEL ASH AND METAKAOLIN

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

INtrOdUCTION. ...
Workability. ... ...,
Compressive strength of concrete exposed to normal water..............
Porosity and water absorption of concrete exposed to normal water....

Gas permeability, rapid chloride permeability and chloride
penetration rate of concrete exposed to normal water.....................

Compressive strength of concrete exposed to drying-wetting

191

194

197

199

202

204

207

209

211

211

212

218

222

229

233

235



CHAPTER 7 - CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCIUSIONS. ...ttt e
7.2 Performance of binary and ternary blended cement paste containing
POFA and MK exposed to normal water....................oevivvinnnn.
7.3 Performance of binary and ternary blended cement paste containing
POFA and MK exposed to 3 % sodium chloride solution................
7.4 Performance of binary and ternary blended cement paste containing
POFA and MK exposed to 3 % sodium sulfate solution..................
7.5 Performance of binary and ternary blended cement paste containing
POFA and MK exposed to 3 % sulfuric acid solution.....................
7.6 Performance of binary and ternary blended cement paste containing
POFA and MK exposed to 3 % acetic acid solution.......................
7.7 Performance of binary and ternary blended cement paste containing
POFA and MK exposed to 3% acetic acid solution........................
7.8  The performances of high strength binary and ternary blended
concrete containing palm oil fuel ash and metakaolin exposed to
chloride drying-wetting cycles condition...................cooooiviiiinn,
7.9 RecommeNndations. ... ......oiuiiniii e,
ReTOIONCES. ..t

237

238

239

240

241

241

242



Table 2.1

Table 2.2

Table 2.3

Table 2.4

Table 2.5

Table 2.6

Table 2.7

Table 2.8

Table 2.9

Table 2.10

Table 2.11

Table 2.12

Table 2.13

Table 2.14

LIST OF TABLES

Workability of fresh high strength binary blended mortar
and concrete containing POFA

Compressive strength of binary blended concrete
containing POFA

Compressive strength of binary blended cement mortar
containing POFA

Compressive strength of binary blended cement paste
containing POFA

Transport properties of binary blended cement mortar and
concrete containing POFA

Concrete bar immersed in 10 % Mg,SO, solution for up
180 days

Mortar bar immersed in 5 % Na,SO, solution for up 15
weeks

Chloride resistance of ternary blended concrete containing
POFA

Workability of fresh high strength binary blended concrete
containing MK

Compressive strength of binary blended cement paste and
concrete containing MK

Transport properties of binary blended concrete containing
MK

Ternary blended cement paste, mortar and concrete
containing MK

Durability of binary and ternary blended concrete under
chloride solution

Durability of binary and ternary blended cement paste and
mortar under sulfate solution

Xi

Page

28

29

30

30

31

32

32

32

39

40

41

42

52

53



Table 2.15

Table 2.16

Table 2.17

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 3.6

Table 3.7

Table 3.8

Table 3.9

Table 3.10

Table 3.11

Table 4.1

Table 4.2

Table 4.3

Durability of binary and ternary blended concrete under
sulfate solution

Durability of binary and ternary blended cement paste and
concrete under sulfuric solution

Durability of binary and ternary blended cement paste and
mortar under acetic solution

Chemical compositions of cementitious material from
XRF analysis

Specific gravity of OPC, POFA and MK

Blaine surface area of OPC, POFA and MK

Median particle size of OPC, POFA and MK

Cement paste mix proportions

Concrete mix proportions

Quantity of cement paste sample in each conducted test

Quantity of concrete sample in each conducted test

Scale of visual assessment (Murthi and Sivakumar, 2008)

Chloride permeability based on total charge passed
(ASTM C1202)

Recommendation for chloride penetration rate (AASTHO
TP 64)

Strength development of OPC, binary and ternary blended
cement pastes exposed to normal water

Compressive strength of OPC, binary and ternary blended
cement pastes exposed to sodium chloride solution

Compressive strength of OPC, binary and ternary blended
cement pastes exposed to sodium sulfate solution

Xii

54

55

56

67

75

76

77

83

84

85

87

93

102

102

109

116

122



Table 4.4

Table 4.5

Table 4.6

Table 5.1

Table 5.2

Table 5.3

Table 5.4

Table 5.5

Table 5.6

Table 5.7

Table 5.8

Table 5.9

Table 5.10

Table 5.11

Table 5.12

Compressive strength of OPC, binary and ternary blended
cement pastes exposed to sulfuric acid solution

Compressive strength of OPC, binary and ternary blended
cement pastes exposed to acetic acid solution

Visual assessment of hardened cement pastes deterioration
level

Calcium hydroxide intensity of cement pastes exposed to
sodium chloride solution

Calcium hydroxide intensity of cement pastes exposed to
sodium sulfate solution

Calcium hydroxide intensity of cement pastes exposed to
sulfuric acid solution

Calcium hydroxide intensity of cement pastes exposed to
acetic acid solution

Calcium silicate hydrates intensity of cement pastes
exposed to sodium chloride solution

Calcium silicate hydrates intensity of cement pastes
exposed to sodium sulfate solution

Calcium silicate hydrates intensity of cement pastes
exposed to sulfuric acid solution

Calcium silicate hydrates intensity of cement pastes
exposed to acetic acid solution

Ettringite intensity of cement pastes exposed to 3 %
sodium sulfate solution

Ettringite intensity of cement pastes exposed to sulfuric
acid solution

The label used for each mineral in morphology analysis

The observation analysis of cement pastes at the age of 28
days in normal water exposure

Xiii

127

133

148

157

161

164

167

173

176

179

183

189

192

195

198



Table 5.13

Table 5.14

Table 5.15

Table 5.16

Table 5.17

Table 6.1

Table 6.2

Table 6.3

Table 6.4

Table 6.5

Table 6.6

Table 6.7

Table 6.8

The observation analysis of cement pastes at the age of 90
days in normal water exposure

The observation analysis of cement pastes at the age of 90
days in sodium chloride solution

The observation analysis of cement pastes at the age of 90
days in sodium sulfate solution

The observation analysis of cement pastes at the age of 90
days in sulfuric acid solution

The observation analysis of cement pastes at the age of 90
days in acetic acid solution

Workability of concrete mixes

Compressive strength of OPC, binary and ternary blended
concrete exposed to normal water

Relative compressive strength of OPC, binary and ternary
blended concrete exposed to normal water

Reduction in total porosity of binary and ternary blended
concrete containing POFA and MK compared to OPC
concrete

Reduction in water absorption of binary and ternary
blended concrete containing POFA and MK compared to
OPC concrete

Reduction in coefficient of gas permeability of binary and
ternary blended concrete containing POFA and MK
compared to OPC concrete

Reduction in rapid chloride permeability of binary and
ternary blended concrete containing POFA and MK
compared to OPC concrete

Reduction in chloride penetration rate of binary and
ternary blended concrete containing POFA and MK
compared to OPC concrete

Xiv

199

202

204

207

209

212

213

214

220

222

224

226

228



Table 6.9

Table 6.10

Table 6.11

Compressive strength of OPC, binary and ternary blended
concrete exposed to drying-wetting cycles

Relative compressive strength of control, binary and
ternary blended concrete exposed to drying-wetting cycles

Chloride penetration (mm) of OPC, binary and ternary
blended concrete exposed to drying-wetting cycles

XV

230

231

234



Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8
Figure 3.9
Figure 3.10
Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15
Figure 3.16

Figure 3.17

LIST OF FIGURES

Flow chart of experimental work

The collected ORPOFA at dumping site near a palm oil
mill

Ground POFA before heat treatment

Ground POFA after heat treatment and known as Treated
POFA

Kaolin clay after heat treatment

Particle size distribution of fine aggregate according to BS
882

Particle size distribution of coarse aggregate according to
BS 882

X-ray fluorescence (XRF), RIX 3000 equipment

X-ray diffraction (XRD) Bruker DX8 Advance equipment
Mineralogical phases of OPC, POFA and MK in this study
Mineralogical phase of OPC

Mineralogical phases of GPOFA, TPOFA and applied
POFA

Mineralogical phase of kaolin, treated kaolin (TK) and
applied metakaolin (MK)

Micromeritic AccuPyc 1330 helium autopycnometer
equipment

Blaine surface area apparatus
Mastersizer 2000, particle size analyzer

SEM coupled with EDX equipment for morphology and
composition analyses

XVi

Page
59

60

61

62

63

64

65

67
70
71
72

73

74

75

77
78

79



Figure 3.18

Figure 3.19

Figure 3.20

Figure 3.21

Figure 3.22

Figure 3.23

Figure 3.24

Figure 3.25
Figure 3.26

Figure 3.27

Figure 3.28

Figure 3.29

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Composition and particle morphology of OPC

Composition and particle morphology of POFA

Composition and particle morphology of MK

Cement pastes under different exposure

Simulated drying-wetting cycles condition

Visual assessment of cement paste 1) no attack 2) slight
attack 3) moderate attack 4) severe attack 5) very severe
attack

Window view of mineralogical quantitative intensity
analysis of sample using X Pert HighScore Plus software

Samples under porosity and water absorption test
Gas permeability test apparatus

Samples under rapid chloride permeability and migration
test

Cylindrical concrete samples exposed to drying-wetting
cycles

Chloride penetration measurement of tested specimen

Compressive strength of OPC,binary and ternary blended
cement pastes exposed to normal water

Relative compressive strength of OPC, binary and ternary
blended cement pastes exposed to normal water

Changes of compressive strength of cement pastes
exposed to sodium chloride solution compared to cement
pastes exposed to normal water

Changes of compressive strength of cement pastes
exposed to sodium sulfate solution compared to cement
pastes exposed to normal water

XVii

79

80

81

89

90

94

96

97

99

101

104

104

108

108

116

122



Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Losses of compressive strength of cement pastes exposed
to sulfuric acid solution compared to cement pastes
exposed to normal water

Losses of compressive strength of cement pastes exposed
to acetic acid solution compared to cement pastes exposed
to normal water

Changes of mass of cement pastes exposed to normal
water

Changes of mass of cement pastes exposed to sodium
chloride solution compared to cement pastes exposed to
normal water

Changes of mass of cement pastes exposed to sodium
sulfate solution compared to cement pastes exposed to
normal water

Losses of mass of cement pastes exposed to sulfuric acid
solution compared to cement pastes exposed to normal
water

Losses of mass of cement pastes exposed to acetic acid
solution compared to cement pastes exposed to normal
water

Visual changes of cement paste exposed to sulfuric acid
solution

Example of the diffractograms that was generated by XRD
advance Bruker DX8 equipment.

Calcium hydroxide, calcium silicate hydrate and ettringite
quantitative intensity calculating process of on the selected
diffractogram.

Calcium hydroxide intensity of cement pastes exposed to
normal water

Reduction of calcium hydroxide intensity of cement pastes
exposed sodium chloride solution compared to cement
pastes exposed to normal water

xviii

128

133

138

139

141

143

145

147

152

153

155

158



Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Reduction of calcium hydroxide intensity of cement pastes
exposed to sodium sulfate solution compared to cement
pastes exposed to normal water

Reduction of calcium hydroxide intensity of cement pastes
exposed to sulfuric acid solution compared to cement
pastes exposed to normal water

Reduction of calcium hydroxide intensity of cement pastes
exposed to acetic acid solution compared to cement pastes
exposed to normal water

Calcium silicate hydrates intensity of cement pastes
exposed to normal water

Changes of calcium silicate hydrates intensity of cement
pastes exposed to sodium chloride compared to cement
pastes exposed to normal water

Reduction of calcium silicate hydrates intensity of cement
pastes exposed to sodium sulfate compared to cement
pastes exposed to normal water

Reduction of calcium silicate hydrates intensity of cement
pastes exposed to sulfuric acid compared to cement pastes
exposed to normal water

Reduction of calcium silicate hydrates intensity of cement
pastes exposed to acetic acid compared to cement pastes
exposed to normal water

Ettringite intensity of cement pastes exposed to normal
water, 3% sodium chloride and 3 % acetic acid solution

Changes of ettringite intensity of cement pastes exposed to
sodium sulfate compared to cement pastes exposed to
normal water

Changes of ettringite intensity of cement pastes exposed to
sulfuric acid compared to cement pastes exposed to
normal water

Xix

162

165

168

171

174

177

180

184

186

190

193



Figure 5.16

Figure 5.17

Figure 5.18

Figure 5.19

Figure 5.20

Figure 5.21

Figure 5.22

Figure 5.23

Figure 5.24

Figure 5.25

Figure 5.26

Figure 5.27

Figure 5.28

Figure 5.29

Figure 5.30

Figure 5.31

Morphology of the tested cement paste

Morphology of OPC cement paste at the age of 28 and 90
days (normal water exposure)

Morphology of M10 cement paste at the age of 28 and 90
days (normal water exposure)

Morphology of P40 cement paste at the age of 28 and 90
days (normal water exposure)

Morphology of P35M5 cement paste at the age of 28 and
90 days (normal water exposure)

Morphology of P30M10 cement paste at the age of 28 and
90 days (normal water exposure)

Morphology of OPC cement paste at the age of 90 days
(sodium chloride solution exposure)

Morphology of M10 cement paste at the age of 90 days
(sodium chloride solution exposure)

Morphology of P40 cement paste at the age of 90 days
(sodium chloride solution exposure)

Morphology of P35M5 cement paste at the age of 90 days
(sodium chloride solution exposure)

Morphology of P30M10 cement paste at the age of 90
days (sodium chloride solution exposure)

Morphology of OPC cement paste at the age of 90 days
(sodium sulfate solution exposure)

Morphology of M10 cement paste at the age of 90 days
(sodium sulfate solution exposure)

Morphology of P40 cement paste at the age of 90 days
(sodium sulfate solution exposure)

Morphology of P35M5 cement paste at the age of 90 days
(sodium sulfate solution exposure)

Morphology of P30M10 cement paste at the age of 90
days (sodium sulfate solution exposure)

XX

196

197

197

197

198

198

199

200

200

201

201

202

203

203

203

204



Figure 5.32

Figure 5.33

Figure 5.34

Figure 5.35

Figure 5.36

Figure 5.37

Figure 5.38

Figure 5.39

Figure 5.40

Figure 5.41

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Morphology of OPC cement paste at the age of 90 days
(sulfuric acid solution exposure)

Morphology of M10 cement paste at the age of 90 days
(sulfuric acid solution exposure)

Morphology of P40 cement paste at the age of 90 days
(sulfuric acid solution exposure)

Morphology of P35M5 cement paste at the age of 90 days
(sulfuric acid solution exposure)

Morphology of P30M10 cement paste at the age of 90
days (sulfuric acid solution exposure)

Morphology of OPC cement paste at the age of 90 days
(acetic acid solution exposure)

Morphology of M10 cement paste at the age of 90 days
(acetic acid solution exposure)

Morphology of P40 cement paste at the age of 90 days
(acetic acid solution exposure)

Morphology of P35M5 cement paste at the age of 90 days
(acetic acid solution exposure)

Morphology of P30M10 cement paste at the age of 90
days (acetic acid solution exposure)

Compressive strength of OPC, binary and ternary blended
concrete exposed to normal water

Total porosity of OPC, binary and ternary blended
concrete containing POFA and MK

Water absorption of OPC, binary and ternary blended
concrete containing POFA and MK

Coefficient of gas permeability of OPC, binary and ternary
blended concrete containing POFA and MK

Rapid chloride permeability of OPC, binary and ternary
blended concrete containing POFA and MK

XXI

205

205

205

206

206

207

208

208

208

209

213

220

222

223

225



Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Rapid chloride penetration rate of OPC, binary and ternary
blended concrete containing POFA and MK

Sample of OPC, binary and ternary blended concrete
exposed to drying-wetting cycles

Compressive strength of OPC, binary and ternary blended
concrete exposed to drying-wetting cycles

Chloride penetration of OPC, binary and ternary blended
concrete exposed to drying-wetting cycles

XXii

227

229

230

234



ASTM
BBC
BBCP
BS
CAH
CH
CIMA
CSAH
CSH
ETT
FESEM

Gyp

LOI
MK
POFA
ppm
ppt

RCPT
RMT
SEM
SP
TBC
TBCP
W/B
wi/C
XRD
XRF

LIST OF ABBREVIATIONS

American society for testing and materials
Binary blended concrete

Binary blended cement paste

British standard

Calcium aluminate hydrate

Calcium hydroxide

Cement Industries of Malaysia Berhad
Calcium sulfoaluminate hydrate
Calcium silicate hydrate

Ettringite

Field emission scanning electron microscope
Gypsum

Kaolin

Loss of ignition

Metakaolin

Palm oil fuel ash

Part per million

Part per thousand

Quartz

Rapid chloride penetration test

Rapid migration test

Scanning electron microscope
Superplasticizer

Ternary blended concrete

Ternary blended cement paste
Water/binder ratio

Water/cement ratio

X-ray Diffraction

X-ray fluorescence

xxiii



X O I 2 U W » © <

r X
=

Py
P,
Tt

Wy
Wssd
Wssw

LIST OF SYMBOLS

Viscosity coefficient of nitrogen gas
Pi=3.142

Water porosity

Water density

Surface area

The diameter of the sample
The diameter of tube

Depth of permeability
Tubes readings

Pressure

Gas permeability coefficient
Water permeability coefficient
Height

Mass of sample

Porosity of concrete

Gas pressure

Atmosphere pressure

Time

Fluid velocity

Dry weight

Saturated weight

Saturated weight in water

XXiV



	Performance of high strength binary and ternary blended cement paste and concrete containing palm oil fuel ash and metakaolin in aggressive environment_Mohd Hanif Ismail_A9_2016_MJMS

