Influence of temperature and wind on moisture
transport in cementitious materials

Salman Zafar
Civil Engineering
December 2003

Abstract

Moisture diffusivity is a key physical parameter linked to the early deterioration of concrete
structures, requiring repairs. The effect of hot arid climate of Saudi Arabia, characterized by high
ambient temperature (T) and high wind speed (), is investigated on the coefficient of moisture
diffusivity (D) and convective surface transfer coefficient (h(f)) respectively, for ordinary concrete with
varying water-cement ratio and selected repair materials. A combined experimental-numerical approach
is adopted involving experimental investigation of moisture loss evolution under controlled exposure
conditions in conjunction with an existing finite element based model DIANA-2D to calibrate values of D
& h(f). In addition, shrinkage strains were also recorded on specimens under similar environmental
regimes. It is found that moisture diffusivity increases significantly with the increase in ambient
temperature and water-cement ratio of concrete.

The salient feature of the work is a proposed model for mix design of a crack free concrete
subject to environmental conditions defined by temperature (T), wind speed (®) and R.H. of 40%. This
model has been postulated in terms of three invariant surfaces relating the primary variables. Also
included are directions for further research to generalize the model for non-standard and new generation
concretes.



N

94

(o ofel el e ol el el ol e e e e e 9 e il

921 ol e e e e el e o e e bl e 9 e e e

INFLUENCE OF TEMPERATURE AND WIND ON
MOISTURE TRANSPORT IN CEMENTITIOUS
MATERIALS

BY
SALMAN ZAFAR

A Thesis Presented to the
DEANSHIP OF GRADUATE STUDIES

KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
DHAHRAN, SAUDI ARABIA

In Partial Fulfillment of the

E% Requirements for the Degree of

% MASTER OF SCIENCE
:}g In

g; CIVIL ENGINEERING

o P P N P o B B A P P S A A o P AN A o R AN R R AN

!

3
i@

|

DECEMBER 2003

Sl
i

el

}

o



UMI Number: 1420766

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized

copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform 1420766
Copyright 2004 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against

unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346



KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
DHAHRAN 31261, SAUDI ARABIA

DEANSHIP OF GRADUATE STUDIES

This thesis, written by SALMAN ZAFAR under the direction of his thesis advisor and

approved by his thesis committee, has been presented to and accepted by the Dean of
Graduate Studies, in partial fulfillment of the requirements for the degree of

MASTER OF SCIENCE IN CIVIL ENGINEERING

Thesis Commitiee

Dr. Ali H. Al-Gadhib (Chairman)

n

Prof. M. H. Baluch (Co-Chairman

K glimuy (Rabronom.

P

j\ Dr. M. Kalim Member
ﬂ@J ~ )
P . \
Prof. H.I. Al-Abdul Wahhab r. A. S. Al-Gahtani (Member)
Department Chajyman LS
//& Prof. Alfarabi M. Sharif (Member)

Prof. Osania Ahmed Jannadi
Dean of Graduate Studies

20-D3— 2004
Date




Dedicated to My
Brother, Parents &

Sisters



ACKNOWLEDGEMENT

All praise is for Almighty Allah who alone made this accomplishment possible and
Salaam on His Prophet (PBUH). Acknowledgements are due to Civil Engineering
Department and King Fahd University of Petroleum & Minerals for the support in

carrying out this research.

I would like to express my gratitude to my main thesis advisor Dr. Ali H. Al-Gadhib for
his encouragement and help throughout this work. My deepest thanks are offered to my
thesis Co-advisor Dr. M.H. Baluch for his supervision, guidance and continuous
involvement throughout this research. I am also highly thankful to Dr. M. Kalimur
Rahman for his continuous support, emphasis on the practical aspects of the work and
efforts to ensure high quality work. Thanks are due to the members of my thesis
committee, Dr. A.S. Al-Gahtani and Dr. Alfarabi M. Sharif for their cooperation and

support.

I also appreciate the assistance and encouragement received from the Chairman, faculty
members, staff and graduate students of the department. Special thanks to Mr. Hassan
for his continuous and untiring efforts to upgrade and maintain the equipment, Mr.
Nahhash, Mr. Younus, Mr. Abu Abbas, Mr. Anwar, Mr. Mukarram, Mr. Omer and Mr.

Esa for their assistance during the experimental work

Finally, I am deeply indebted to my Brother, Parents and Sisters for their love, prayers,

extreme moral support, encouragement and patience during the course of my research.

iv



TABLE OF CONTENTS

Acknowledgement iv
List of Tables xi
List of Figures xii
Thesis Abstract (English) XXV
Thesis Abstract (Arabic) Xxvi
1. INTRODUCTION 1
1.1 Durability and Deterioration of Concrete ...........ccovvveiiiiiiineiieinennn 1

1.2 Repair of Concrete Structures .........ceevuveerininineiiiiininiiiiiiiienees 3

1.3 Moisture Transport and Durability of Cementitious Materials .............. 6

1.4 Parameters Affecting Moisture Transport in Cementitious Materials ...... 9

1.5 Need for Research ..........cocoviiiiiiiiiiiiiiiiiiiiie s 11

1.6 Aims and Objectives of Research ..........cccovevviiiiiiiiiiiiiiinninnnnne. 12

1.7 Research Methodology .......oovviniiininiiiiiiiiiii i e 13
2. LITERATURE REVIEW 16
2.1 Types of Moisture Transport in Cementitious Materials .................... 16

2.2 Microstructure & Transport Properties of Cementitious Materials ......... 20
2.2.1 INtroduction ........co.eiieiiniiieiiieieiir i 20

2.2.2 Microstructure and Diffusivity of Hydrated Cement Paste ........ 21



23

24

2.5

2.6

2.7

2.2.3 Microstructure and Diffusivity of Mortar & Concrete . . 26
Mechanism of Moisture Transport in Cementitious Materials ............. 29
2.3.1 Moisture Transport at Microscopic Level .............cooevevininns 30
2.3.2 Moisture Transport at Macroscopic Level ..................c..o.... 31
Moisture Diffusivity & Surface Transfer Coefficient ........................ 35
Effect of Temperature & Wind on Moisture Transport ..................... 38
Review of Methods for Measuring Moisture Profiles/Diffusivity ......... 39
2.6.1 DIN Dry & Wet Cup Method ........c.coviiiiiiiiiiiiiiiiiiiiie 40
2.6.2 Slice-Dry-Weigh Method .............cooeiiiiiiiiiiiiiiee, 42
2.6.3 Electrical Methods .........c.coiiiiiiiiiiiiiiiiiiiciinn e 43
2.6.4 Gamma Ray Attenuation ..............ccooeviiiiiiiiiiiiiiiieiiennnnnn 44
2.6.5 Neutron Radiography ...........ccocoveiiiiiiiiiiiiiiiiiiiieeee. 46
2.6.6 Nuclear Magnetic Resonance (NMR) .........ccoooiiiiiiiniiiinn, 47
2.6.7 Computer Tomography ..........ccooeviiiiiiiiiiiiiiiiiiiieiinnaen. 48
2.6.8 Microwave Beam ............cooiiiiiiiiniiiiiiii e 48
2.6.9 Thermal Conductivity ..........cceoviriiiiieiiiiiii i eieeee e 49
2.6.10 Thermal Imaging ..........ccooieeieiriiiiniiiieai i ianenane 50
2.6.11 Capillary Water Uptake ..........ccoeveviiiieininiiiiiiiiiieniieineenne 51
2.6.12 Moisture LOSS/DIYINE ....vveuvereruirinieeiinenenineeennnnerenenenensn 52
Review of Methods Used for Computing Moisture Diffusivity ............ 53
2.7.1 Boltzmann-Matano Method ............oooiviiiiiiiiiiiiiiiiin e, 53
2.7.2 Profile/Gradient Method ...........c..cooiiiiiiiiiiiiii 55
2.7.3 Difference Method ...........coviviiiiiiiiiiiiiniiiii e, 55

vi



2.7.4 Double Integration Method .............ccoeviiiiiviiiiiniiininne.. 57

2.7.5 Numerical Methods .................oii 58
2.8 Types of Repair Materials ...........c.ccvviiiviiriiniiiiiiiiineenaanes 59
2.9 Properties of Repair Materials ...........ccooeviiiiiiniiiiiiiiiinenenneanen, 61
2.10Shrinkage of CONCIete ...........coiiiiiiriiriieii it 63
2.11Factors Affecting Drying Shrinkage of Concrete ...............ccceeeennene. 66
2.11.1 Ambient Conditions .........cccoevevureinenineniniiiniieiineninenieenns 66
2.11.2 Curing of CONCIEte .....vviuiniieiiiit ittt 68
2.11.3 Member GEOMELTY .....c.vvviiniiitiiteiieiieereeeiteiienaaneaeneanns 68
2.11.4 Cement Content, Type & Fineness ...........c.ccoceiiiiiiiiiiinnnn. 68
2.11.5 Water-Cement Ratio & Water Content ...................oooieiiiinnl 69
2.11.6 ABBLEZAIES .evveveeeeeeeeeeeee e, 69
2117 AAMIXTUTES ...ovinininininitiic e e 69
2.11.8 Construction Practice .............cocoiiiiiiiiiiiiiiiiiiiiiii.. 70
2.12Water Permeability of CONCIrete .......ooovvvvviiiiiiniiiiiiniiiaieiieinnennenn. 71
2.13Factors Affecting Water Permeability of Concrete .......................... 74
2.13.1 Water-Cement Ratio .........c.cooeieiniiiiiiiiiiiiiiiiiiiiniien 74
2.13.2 Degree of Hydration ............cooevieviiiiiiiiiiiiiiiiiiiiennee 74
2.13.3 Properties of Cement ..........coooevieiiiireniiiiiiiiniiieeennn. 74
2.13.4 CUNG TINE «..vvvvvuveernnienseeseeeeesseesesesssssaeessesesssssnesnsson, 75
2.13.5 Temperature .......c.covueereieineirineeineenieeeiierierenaeernennnnns 75
2.13.6 Aggregate Properties ...........ocoveveviieneiiiniineieeniniinineeenn 76
2.13.7 Mineral AAMIXtUIES ......oveviiininieieiieneni e eneeeneeeaenenas 76

vii



3. Experimental Program for the Research 77

3.1 Scope of the Experimental Work .............ccoiiiiiiiiiiiiiiiiiniiinnn, 77
3.2 Selected Repair Materials ..........ccoveeviiiiiiniiiiiniinieiirieeene e 78
3.2.1 Fluid Micro-Concrete (FMC1) ..coovviiiiiiiiiiiiiiieeieciieens 78
3.2.2 Flowing Precision Concrete (FMC2) ......c.ovvvvviiiiniiinnnnnn. 79
3.3 Concrete Mix DeSiZn ....cvoviviiiiiiniiiiiiiiiii e 80
3.4 Shape and Size of Test Specimens ..............cocvveiiiiieneieieninieenn, 81
3.5 Moulds for SPECIMENS .....coviviiiiiriitiiiiiiiii et e een e 82
3.6 Manufacturing of Specimens .............oeoeiiiiiiiiiiiiiiiiieie e 82
3.6.1 Mixing Procedures ..........c.coeoeiiiiiiiiiiiiniiiiiniieeeeeanens 84
3.6.2 Placing of Concrete & Repair Mortars ............c.ceevenvieninnnnnns 85
3.6.3 Curing Regimes for the Test Specimens ...............cceevvvennnn. 86
3.7 Test Procedure for Compressive Strength ...........coovviiiiiiiniiiinnnn.. 86
3.8 Test Procedure for Water Permeability .............ccccoooviiiiiiiinnnn... 88
3.9 Procedure for Drying TestS ........c.oveeueniinineiinninineieneniniiiieenenanes 91
3.9.1 Specimen Preparation .............c.cociciiviiiiiiiiiiiiiiiien 91
3.9.2 Environmental Chambers .........c...ccoviiiiiiiiiiiiiiiiiiinnnn. 94
3.93 Weight Loss Measurements .........ccccooevevieviiiiiinninnnnnnen. 99
3.9.4 Testing REGIMES ....ovuiviuiiiniiiiiiiiiiiiiiii e 99
3.9.5 Moisture Content Determination .............ccovveiiiinviiiniennnnn 101
3.10Shrinkage Test Procedure ............ccccoviiiiieiiiiiiniininineiiiieeeennnns 101

viii



4. Analysis and Discussion of Results 104

4.1 Properties Of CONCIEte .........oviviviiriiiiiiieiiiii e eieiieeeeeneas 104
4.1.1 Evolution of Compressive Strength ...........ccccoeiviiiiiiiiininn 104
4.1.2 Water Permeability ..........coooviviiiiiiiiiiiiii e, 107

4.2 Drying Tests for Moisture Diffusivity ...........ccoveviiiiiiiiinnininnnnen. 109
4.2.1 Moisture Loss in Concrete ...........c.coeveviriveienieinnineneninenn 109

4.2.1.1 Effect of Water-Cement Ratio ............cccoevvvinvinnnnnn, 109
4.2.1.2 Effect of Wind Speed ........ccooeviviiiiiiiiiiiiiii, 122
4.2.1.3 Effect of Temperature .............cocveievvinininininennnnnnn 131
4.2.2 Moisture Loss in Repair Materials ..........cocovvviiiiiiiiniinn. 139
4.2.2.1 Influence of Wind ...........cooiiiiiiiiiiiiiie 143

4.2.2.2 Influence of Temperature and Relative Humidity ......... 146

4.3 Drying Shrinkage ..........ccoeieviiniiriiniiiiiiiiiiiin e 148
4.3.1 Shrinkage Strains in Concrete .........c...cooevveiiiiiiiiiniiiinninen. 148

4.3.2 Shrinkage Strain in Repair Materials ......................ooovenn, 152

5. Numerical Computation of Moisture Diffusivity 154
5.1 Introduction .........cc.oiiiiiiii e 154

5.2 Description of DIANA-2D .....ooiiniiiiiiiiiiiiir e 156
5.2.1 Governing Finite Element Equations .....................ccoenn 156

5.2.2 Functional Form of Diffusivity ...........c...coiiiiiiiiiiiin... 159

5.2.3 Role of Convective Transfer Coefficient ........................... 161

5.2.4 Procedure for Computation of Diffusivity .......................... 161

1X



5.3 Best Fit Diffusivity Law Parameters for Concrete ...............ocveenen.. 166

5.3.1 Parameters at 50 °C & 6 Km/hr Wind .........ccocveervrienennennn. 166

5.3.2 Parameters at 50 °C & 22 Km/hr Wind ........ooevvnrrinnnnnnn 167

5.3.3 Parameters at 35 °C & 6 Km/hr Wind ........ccccocvrevieenininnnnn 174

5.3.4 Parameters at 35 °C & 22 Km/hr Wind .......cocoveieinnenninns 174

5.4 Moisture Diffusivity of CONCrete .........ovvrviviininiiiiiniiniiiieiieannnns 181
5.4.1 Effect of Water-Cement Ratio ............ccccooeviviiiiiiiiiiiinn 187

5.4.2 Effect of Ambient Temperature .............ccoevviiinniiniinnnnn. 189

5.5 Diffusivity versus Strength & Permeability of Concrete ................... 194

5.6 A New Approach to Mix Design based upon Moisture Diffusivity ...... 197

5.7 Best Fit Diffusivity Law Parameters for Repair Materials ................. 202
5.7.1 Diffusivity Parameters for FMC1 ...........ccooeiiiiiiiiiiiinnnnn. 202

5.7.2 Diffusivity Parameters for FMC2 ..........ccooviiiiiiiiiiiininnnn 203

5.7.3 Effect of Temperature ............c.cocviiiiiuiiiiiiiininiiiininennennn 207

5.8 Effect of Wind Speed on Convective Transfer Coefficient ................ 210

6. Conclusions and Recommendations 212
6.1 CONCIUSIONS ...ueiniinttit ittt et eaeaeean e e eeens 212

6.2 Recommendations for Future Research .................c..cooi, 217
APPENDIX-A 218
REFERENCES 228



LIST OF TABLES

3.1

3.2

33

34

4.1

4.2

5.1

5.2

53

Concrete Mix DESIZI ...ouviuiiniitiiiiiiiii ittt rienin i enneaaaaas 81
Description of Test SPecimens .........coceueueveiiiiinirereeniiiineneeeenennnnn 82
Drying Test Regime for FMC1 & FMC2 ......cocooiiiiiiiiiiiiiiiiiiiin, 100
Drying Test Regime for Each Concrete MixX ..........cccovvvevveiiinvninninnn. 101
Compressive Strength of Concrete .........cevvvvreiiiieiiiiiiiienineeieeneenn 106

Regression Coefficients for ACI Compressive

Strength Evolution EQuation ..........ccocoiiiiiiiiiiiiiiiiiiiiiiiiiin, 106
Parameters for Diffusivity Law of Concrete, D(C) = bg tan (bic") ......... 182
Parameters for Diffusivity Law of Repair Materials,

D(C) =bptan (D1€") oeneniniiitiiee e 208

Convective Transfer Coefficient at Various Wind Speeds ................... 211

xi



LIST OF FIGURES

1.1

1.2

1.3

1.4

1.5

1.6

2.1

22

23

24

2.5

2.6

2.7

Phases in the Life Cycle of a Concrete Structure ............ccoevvvveieenenenn. 4
Anatomy of the Life Cycle of a Concrete Structure ...........c.ccocevvenenn.e. 4
Freeze Thaw Action in Concrete due to Moisture Penetration ............... 8
Drying Shrinkage Cracks in Concrete due to Moisture Loss .................. 8
Carbonation in Concrete due to Moisture Loss .........c.cccoevvvvnineiniiinnnn. 8
Phases of the Research ............coooviiiniiiiiiiiiiiiiiiiiiiiiciieeeee 15

Electron Microscope Image of Concrete (top left), Mortar (top right),
Hydrated Cement Paste (bottom left) & CSH (bottom right) ............... 23
High Resolution Electron Microscope Image of

Hydrated Cement Paste ...........ccovviniiiiiiiiiiiiiiiiiiiiicci e 23
SEI of Interfacial Transition Zone between Coarse Aggregate and

Hydrated Cement Paste ..........ccccoiiiiiiiiiiiiiiiiiiiiiiiiiiii s 27

SEI of Interfacial Transition Zone b/w Hydrated Cement Paste and

Sand GIain ......oieiniiii e 27
Equilibrium Vapor Pressure for Capillary Pores .................cocoeiin. 32
De-sorption Isotherms in Cement Paste & Dense Concrete ................. 32
Three Phases of Moisture Transport at Macroscopic Level ................. 34

Xii



2.8

2.9

2.10

2.11

3.1

3.2

3.3

34

3.5

3.6

3.7

3.8

3.9

3.10

3.12

3.13

Principal of Boltzmann-Matano Method (Left),

Profile/Gradient Method (Right) .........cccoevviivniiiiiiiiiiiiiiiiiienes 56
Classification of Cement Based Repair Materials ..................c.oooene.e. 60
Factors Affecting Drying Shrinkage of Concrete ..................cocviennien. 67

Ilustration of Permeability and Porosity,
Porous-Impermeable (Top Left), Porous-Permeable (Top Right),

Highly Porous-Less Permeable (Bottom Left), Less Porous-Highly

Permeable material (Bottom Right) ..........cccooviiiiiiiiiiiiiiiiii 73
Moulds for Drying & Shrinkage Tests on Concrete ............ccoevevuinnnnnnn. 83
Arrangement for Compressive Strength Test ...........ccoooviiiiiviiine.... 87
Sketch of the Test Cell for Water Permeability by DIN 1048 ............... 89
Water Permeability Specimens in the Test Cells Assembly .................. 90

Water Tank, Valve & Pressure Meter Arrangement

for Permeability Test .....ccoueriiiniiiiii e 90
Splitting Arrangement for Water Permeability Specimens ................... 92
Split Permeability Specimen showing Depth of Water Penetration ......... 92
Sealed Diffusivity Specimens of Repair in Pyrex Chamber .................. 93
Sealed Diffusivity Specimens of Concrete in Pyrex Chamber ............... 93
Pyrex Glass Environmental Chamber in its Old Form ..................oie 96

QOutside view of the Steel Environmental Chamber &

Control Unit (Old) .....ooviniiiiitiiiie e e e 96
Inside view of Old Steel Chamber with Diffusivity Specimens .............. 97
Set Up for Generating Very High Wind Speeds in Steel Chamber .......... 97

Xiii



3.14

3.15

3.16

4.1

4.2

4.3

44

4.5

4.6

4.7

4.8

49

4.10

Inside View of Up Graded Steel Chamber with Shaft & Fan Blade ....... 98

Up Graded Pyrex Glass Chamber with Diffusivity &

Shrinkage SPECIMENS .......c.vvvireiriitineiir it ae e eneeneanann, 98
Shrinkage Specimens Connected to Data Logger & Computer ........... 103
Evolution of Compressive Strength of Concrete .............cccevinnnnnn. 106
Comparison of Water Permeability of Concrete Mixes ..................... 108

Relationship b/w Concrete Compressive Strength at 28 days and Water
Penetration Depth .......oooiviiiiii e 108
Effect of W/C Ratio on Moisture Loss (%) for 25 mm Specimen

at 50 °C and 6 km/hr Wind ........ccoocurvieenrioienieirie e 111
Effect of W/C Ratio on Moisture Loss (%) for 50 mm Specimen

at 50 °C and 6 km/hr Wind .......cooovveviieiiinieiiiieniien e 111
Effect of W/C Ratio on Moisture Loss (%) for 75 mm Specimen

at 50 °C and 6 km/hr Wind ....oovvrviririieniiiiieeniieen e 112
Effect of W/C Ratio on Moisture Loss (%) for 100 mm Specimen

at 50 °C and 6 km/hr Wind ....oovevviiiniiiiniiice e 112
Effect of W/C Ratio on Moisture Loss (%) for 25 mm Specimen

at 50 °C and 22 km/hr Wind ........cooooiiiiiiiiiiininiee e 114
Effect of W/C Ratio on Moisture Loss (%) for 50 mm Specimen

at 50 °C and 22 km/hr Wind .....oouvenorreneeeiriiiiiniiiiiinn e eeeeennn, 114
Effect of W/C Ratio on Moisture Loss (%) for 75 mm Specimen

at 50°C and 22 km/hr WInd ...oovnenoie e, 115

xiv



4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

4.21

Effect of W/C Ratio on Moisture Loss (%) for 100 mm Specimen

at 50 °C and 22 km/hr Wind ..........cocoovivinennininiiiciceinian,
Effect of W/C Ratio on Moisture Loss (%) for 25 mm Specimen
at35°Cand 6 kmv/hr Wind .........ccccoeviviiiniiiiiiicicice
Effect of W/C Ratio on Moisture Loss (%) for 50 mm Specimen

at 35 °Cand 6 km/hr Wind ........c..ocooviiniiiiiiniiiiiiiiec e
Effect of W/C Ratio on Moisture Loss (%) for 75 mm Specimen

at 35 °C and 6 km/hr Wind ........cccoovviiiiiioniiieiiiine e
Effect of W/C Ratio on Moisture Loss (%) for 100 mm Specimen
at35°Cand 6 km/hr Wind .......ccoovvivoiinniiniiieiicnin e
Effect of W/C Ratio on Moisture Loss (%) for 25 mm Specimen

at 35 °C and 22 kn/hr Wind ........ocoviiiiieniiiciiecee e
Effect of W/C Ratio on Moisture Loss (%) for 50 mm Specimen

at 35 °C and 22 Km/hr Wind ......cocoeiivriniininenne e e e,
Effect of W/C Ratio on Moisture Loss (%) for 75 mm Specimen

at 35 °C and 22 km/hr Wind ......cocoevvieniiiiieniieniee e,
Effect of W/C Ratio on Moisture Loss (%) for 100 mm Specimen

at 35 °C and 22 km/hr Wind .........ooovviviiiiinieiiieeenin e
Effect of Wind Speed on Moisture Loss (%) for 25 mm Specimens

for W/C Ratio 0.45 at 50 °C ......coeiimiiiiiiiiniiiiiieienniiiiiniieeeenee
Effect of Wind Speed on Moisture Loss (%) for 75 mm Specimens

for W/C Ratio 0.45 at 50 °C . ooniinie e,

XV



4.22

4.23

4.24

4.25

4.26

4.27

4.28

4.29

4.30

4.31

4.32

Effect of Wind Speed on Moisture Loss (%) for 25 mm Specimens

for W/C Ratio 0.5 at 50 °C .....couviiniiieiiieiniii e, 125
Effect of Wind Speed on Moisture Loss (%) for 75 mm Specimens

for W/C Ratio 0.5 at 50 °C ...ooovviiiiiiiiiiiii e, 125
Effect of Wind Speed on Moisture Loss (%) for 25 mm Specimens

for W/C Ratio 0.6 at 50 °C ...oovvviiiiiieciiiie e 126
Effect of Wind Speed on Moisture Loss (%) for 75 mm Specimens

for W/C Ratio 0.6 at 50 °C ....ooviiiiiiiiiiiiiiiiic e, 126
Effect of Wind Speed on Moisture Loss (%) for 25 mm Specimens

for W/C Ratio 0.45 2t 35 °C .....ooviiiiiiiiiiiccicce e 128
Effect of Wind Speed on Moisture Loss (%) for 75 mm Specimens

for W/C Ratio 0.45 at 35°%C .....oiiiiiiiiiiiiiii e 128
Effect of Wind Speed on Moisture Loss (%) for 25 mm Specimens

for W/C Ratio 0.5 8t 35 °C ....ooviiiiiiiiiiiciiee s 129
Effect of Wind Speed on Moisture Loss (%) for 75 mm Specimens

for W/C Ratio 0.5t 35°C ..ooviiiiiiiiiice e 129
Effect of Wind Speed on Moisture Loss (%) for 25 mm Specimens

for W/C Ratio 0.6 at 35 °C ...c..ooiiiiiiiiiiiiiniiiice e 130
Effect of Wind Speed on Moisture Loss (%) for 75 mm Specimens

for W/C Ratio 0.6 at 35 °C .....ooeiiniiiiiiiiniiiiiiiciiieicc e 130
Effect of Temperature on Moisture Loss (%) at Wind Speed 6 km/hr

W/C Ratio 0.45 Specimen Thickness 50 mm ...............cooeiinvennnn... 133

xvi



4.33

4.34

4.35

4.36

4.37

4.38

4.39

4.40

4.41

4.42

4.43

Effect of Temperature on Moisture Loss (%) at Wind Speed 6 km/hr
W/C Ratio 0.45 Specimen Thickness 100 mm .............ccccevvvninennn.
Effect of Temperature on Moisture Loss (%) at Wind Speed 6 km/hr
W/C Ratio 0.5 Specimen Thickness 50 mm ............cccooevvviiinininn.
Effect of Temperature on Moisture Loss (%) at Wind Speed 6 km/hr
W/C Ratio 0.5 Specimen Thickness 100 mm ...............ccceveveninnnnnne.
Effect of Temperature on Moisture Loss (%) at Wind Speed 6 km/hr
W/C Ratio 0.6 Specimen Thickness SO0mm ................ccceeevienninn..
Effect of Temperature on Moisture Loss (%) at Wind Speed 6 km/hr
W/C Ratio 0.6 Specimen Thickness 100mm ................ceeevinninnn
Effect of Temperature on Moisture Loss (%) at Wind Speed 22 km/hr
W/C Ratio 0.45 Specimen Thickness 50 mm ......................oeoeee
Effect of Temperature on Moisture Loss (%) at Wind Speed 22 km/hr
W/C Ratio 0.45 Specimen Thickness 100 mm ............c.covviiivenenn...
Effect of Temperature on Moisture Loss (%) at Wind Speed 22 km/hr
W/C Ratio 0.5 Specimen Thickness S0mm ............cooevieviiiininnnn.n.
Effect of Temperature on Moisture Loss (%) at Wind Speed 22 km/hr
W/C Ratio 0.5 Specimen Thickness 100 mm ...........cevvieinininnnnnn
Effect of Temperature on Moisture Loss (%) at Wind Speed 22 km/hr
W/C Ratio 0.6 Specimen Thickness 50 mm .........ccocvvieiveniiinan...
Effect of Temperature on Moisture Loss (%) at Wind Speed 22 km/hr

W/C Ratio 0.6 Specimen Thickness 100 mm ...............cccoeevvnninnnn

Xvii



4.44  Evolution of Moisture Loss (grams) for FMC2

at30°C & 60 % RH ...oooviiiiiiiiiiiiiiiii et 140
4.45 EBvolution of Moisture Loss (%) for FMC2 at 30 °C & 60 % R.H ......... 140
4.46  Evolution of Moisture Loss (%) for FMC1 at 50 °C & 50 % R.H .......... 141
4.47  Evolution of Moisture Loss (%) for FMC2 at 50 °C & 50 % R.H .......... 141

4.48  Evolution of Moisture Loss (%) for FMC1 at 50 °C, 50 % R.H

& 12 km/hr wind ....ooieiiiiiii 142
4.49  Evolution of Moisture Loss (%) for FMC2 at 50 °C, 50 % R.H

& 12km/hr wind ..o.oiviiiiiiiii e 142
4.50 Effect of Wind on Moisture Loss (%) for FMCI1,

Specimen Thickness-40 Mm ..........coviiiiiiiiiiiiiiinn e 144
4.51 Effect of Wind on Moisture Loss (%) for FMC1,

Specimen Thickness-50mm .........c.oooiiiiiiiiiinin e, 144
4.52  Effect of Wind on Moisture Loss (%) for FMC2,

Specimen Thickness-40 mm ...........cooeviiiiiiiiiiii 145
4.53 Effect of Wind on Moisture Loss (%) for FMC2,

Specimen Thickness-50 mm ...........c.cooviiiiiiiiiiiiiiiin 145
4.54 Effect of Temperature & Relative Humidity on Moisture Loss (%)

for FMC2, Specimen Thickness-30 mm ............coovveiiiininininnn 147
4.55 Effect of Temperature & Relative Humidity on Moisture Loss (%)

for FMC2, Specimen Thickness 40 mm ...........cccvvvinniiniennennnnnn.. 147
4.56  Shrinkage strain in Concrete at 50 °C, 40 % R.H & 6 km/hr Wind ...... 150

4.57  Shrinkage strain in Concrete at 50 °C, 40 % R.H & 22 km/hr Wind .... 150

xviii



4.58

4.59

4.60

5.1

52

5.3

54

5.5

5.6

5.7

5.8

59

5.10

5.11

Shrinkage strain in Concrete at 35 °C, 40 % R.H & 6 km/hr Wind .......

Shrinkage strain in Concrete at 35 °C, 40 % R.H & 22 kmv/hr Wind

......

Shrinkage strain in FMC1 & FMC2 at 50°C & 50 % RH ................

Influence of Convective Transfer Coefficient on Moisture Loss ......

Finite Element Discretization of Diffusivity Specimen

FOr DIAN A- 2D ottt e

Flow Chart for Time Step Computations of Moisture Content

INDIANA-2D oo

Basic Flow Chart of Finite Element Program DIANA-2D ...........

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.45 - 100x100x75 mm Specimen at 50 °C & 6 km/hr Wind ........

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.45 - 100x100x100 mm Specimen at 50 °C & 6 km/hr Wind ......

Computed & Experimental Mean Moisture Loss (%) for

151

151

153

.. 163

163

164

165

168

168

. 169

W/C 0.5 - 100x100x75 mm Specimen at 50 °C & 6 km/hr Wind ....

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.5 - 100x100x100 mm Specimen at 50 °C & 6 km/hr Wind ......

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.6 - 100x100x75 mm Specimen at 50 °C & 6 km/hr Wind .........

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.6 - 100x100x100 mm Specimen at 50 °C & 6 km/hr Wind ........

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.45 - 100x100x75 mm Specimen at 50 °C & 22 km/hr Wind ....

Xix

. 169

170

170

. 171



5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

5.21

5.22

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.45 - 100x100x100 mm Specimen at 50 °C & 22 km/hr Wind ....

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.5 - 100x100x75 mm Specimen at 50 °C & 22 km/hr Wind ........

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.5 - 100x100x100 mm Specimen at 50 °C & 22 knv/hr Wind ......

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.6 - 100x100x75 mm Specimen at 50 °C & 22 km/hr Wind ........

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.6 - 100x100x100 mm Specimen at 50 °C & 22 km/hr Wind .

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.45 - 100x100x75 mm Specimen at 35 °C & 6 km/hr Wind ........

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.45 - 100x100x100 mm Specimen at 35 °C & 6 km/hr Wind ......

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.5 - 100x100x75 mm Specimen at 35 °C & 6 km/hr Wind .........

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.5 - 100x100x100 mm Specimen at 35 °C & 6 km/hr Wind ........

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.6 - 100x100x75 mm Specimen at 35 °C & 6 km/hr Wind .........

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.6 - 100x100x100 mm Specimen at 35 °C & 6 km/hr Wind ........

XX

171

172

172

173

. 173

175

175

176

176

177

177



5.23

5.24

5.25

5.26

5.27

5.28

5.29

5.30

5.31

5.32

5.33

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.45 - 100x100x75 mm Specimen at 35 °C & 22 km/hr Wind .....

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.45 - 100x100x100 mm Specimen at 35 C & 22 km/hr Wind ....

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.5 - 100x100x75 mm Specimen at 35 °C & 22 km/hr Wind ......

Computed & Experimental Mean Moisture Loss (%) for
W/C 0.5 - 100x100x100 mm Specimen at 35 °C & 22 km/hr Wind

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.6 - 100x100x75 mm Specimen at 35 °C & 22 km/hr Wind ......

Computed & Experimental Mean Moisture Loss (%) for

W/C 0.6 - 100x100x100 mm Specimen at 35 °C & 22 km/hr Wind ...

Diffusivity-Normalized Moisture Content for Concrete,
W/C 0.45at 50 °C .oeiiiiiiieiiiie e,
Diffusivity-Normalized Moisture Content for Concrete,
W/C 0.5at 50 °C oveviiiiiiiiiiic e
Diffusivity-Normalized Moisture Content for Concrete,
W/C 0.6t 50 °C oot
Diffusivity-Normalized Moisture Content for Concrete,
W/C 045 at 35%C 1ooiiiiiiiiiii et
Diffusivity-Normalized Moisture Content for Concrete,

W/C 0.5 8635 00 oo

xxi

coen

178

178

179

179

180

180



5.34

5.35

5.36

5.37

5.38

5.39

5.40

5.41

542

5.43

5.44

5.45

5.46

5.47

Diffusivity-Normalized Moisture Content for Concrete,

W/C 0.6t 35°C .ooiiiiiiii it
Generic Curves for Effect of ‘n’ on Diffusivity ~ Normalized

MOISTUTE CONENL .....uinititiieieit ittt e e e e e e e s reenaees
Effect of Water-Cement Ratio on Diffusivity-Normalized Moisture
Content for Concrete at 50 °C ............ooviiiiiiiiiiiiiiiie
Effect of Water-Cement Ratio on Diffusivity-Normalized Moisture
Content for Concrete at 35 °C ........ovvviiiiiiiiiiii e,
Average Diffusivity at 35 °C ~ Water Cement Ratio of Concrete .........
Average Diffusivity at 50 °C ~ Water Cement Ratio of Concrete .........
Effect of Temperature on Diffusivity-Normalized Moisture

Content for W/C 0.45 ..o i e
Effect of Temperature on Diffusivity-Normalized Moisture

Content for W/C 0.5 .oeeiniii e
Effect of Temperature on Diffusivity-Normalized Moisture

Content for W/C 0.6 .....ouiieiiiiii i
Average Diffusivity at 50 °C ~ 35 °C for Concrete .........................
Average Diffusivity at 50 9C ~ 28 day Compressive Strength

03 00) 110, (<) (T O PPN
Average Diffusivity at 35 °Cc ~28 day Compressive Strength

OF COMCTOLE ..v.uvniieinitiit ittt e ee e
Average Diffusivity at 50 °C ~ Permeability of Concrete .................

Average Diffusivity at 35 °C ~ Permeability of Concrete .................

xxii



5.48  Shrinkage Strain in Concrete at 45 days ~ Mean Moisture Loss

at 28 days [Specimen size 100x100x75 mm] .......ccovvvriiiiiniininninnnin 200
5.49  Average Moisture Diffusivity of Concrete ~ Mean Moisture Loss at

28 days and Ambient Wind Speed [Specimen size 100x100x75 mm] .... 200
5.50 Water Cement Ratio of Concrete ~ Average Moisture Diffusivity

and Ambient Temperature ............ccooeiiiiiiiiiiiiiiiiiiiieeerenaenn 201
5.51 Water Cement Ratio of Concrete ~ Ambient Temperature

and Wind Speed ... 201
5.52 Computed & Experimental Mean Moisture Loss (%) for

FMC1 - 100x100x40 mm Specimen at 30 °C & 60 % RH ................. 204
5.53 Computed & Experimental Mean Moisture Loss (%) for

FMC] - 100x100x40 mm Specimen at 50 °C & 50 % R.H ................ 204
5.54 Computed & Experimental Mean Moisture Loss (%) for FMC1,

100x100x40 mm Specimen at 50 °C, 50 % R.H & 12 kmv/hr Wind ........ 205
5.55 Computed & Experimental Mean Moisture Loss (%) for FMC2,

100x100x40 mm Specimen at 30 %C&60%RH ...oooovvveeeiinin, 205
5.56 Computed & Experimental Mean Moisture Loss (%) for FMC2,

100x100x40 mm Specimen at 50 C&S50%RH .ooooveeeeeiieeei 206
5.57 Computed & Experimental Mean Moisture Loss (%) for FMC2,

100x100x40 mm Specimen at 50 °C, 50 % R.H & 12 km/hr Wind ....... 206
5.58 Effect of Temperature on Diffusivity-Normalized Moisture Content

L) 1Y L 209

XXiii



5.59  Effect of Temperature on Diffusivity-Normalized Moisture Content

for FMC2 oo

5.60 Convective Transfer Coefficient ~ Wind Speed

xxiv

..............................

.............................



THESIS ABSTRACT

Full Name Salman Zafar

Title of Study Influence of Temperature and Wind on Moisture Transport in
Cementitious Materials

Degree Master of Science

Major Field Civil Engineering (Structures)

Date of Degree December 2003

Moisture diffusivity is a key physical parameter linked to the early deterioration of
concrete structures, requiring repairs. The effect of hot and arid climate of Saudi Arabia,
characterized by high ambient temperature (T) and high wind speed (®), is investigated on
the coefficient of moisture diffusivity (D) and convective surface transfer coefficient (hy)
respectively, for ordinary concrete with varying water-cement ratio and selected repair
materials. A combined experimental-numerical approach is adopted involving
experimental investigation of moisture loss evolution under controlled exposure
conditions in conjunction with an existing finite element based model DIANA-2D to
calibrate values of D & hy. In addition, shrinkage strains were also recorded on specimens
under similar environmental regimes. It is found that moisture diffusivity increases
significantly with the increase in ambient temperature and water-cement ratio of concrete.

The salient feature of the work is a proposed model for mix design of a crack free
concrete subject to environmental conditions defined by temperature (T), wind speed (»)
and R.H of 40%. This model has been postulated in terms of three invariant surfaces
relating the primary variables. Also included are directions for further research to

generalize the model for non-standard and new generation concretes.

Master of Science Degree
King Fahd University of Petrolenm and Minerals
Dhahran, Saudi Arabia
December 2003

XXV



uadlall

DA Clales s Jalslh e

Aiay) 3 gall A 4 gha 1 JUSH dtas Ao 7l N 95 sadl uils A pal o sic
Sdieaba 1da

(L) ) dise utia : Jlaal

82003 sramyd : 7 AL Ay U

dleal damlall Al pall ALl Sadl )il Glee 8 Lala g0 quali gl LiaiY) duals
Al 551 sadly Didie dg0 pandl Ay ol ASkaall i caladly jladl ikl 580 ) | lsall ZO0aY)
Cun Talall Al AL gl ) LAY Apuala G OIS e Loyl g (Bindll 48 458 2l ey
sand U Al Al Al salall pehad laadl Jaladdl Gl g Cuian Y1 W elall dusi sa jaiall
AL Jae el DA e )l Jidadll s dlandll et mey e 3ke Al Gl 5 LAY
sadaall puabiall Alaatinly a5y sh e 5 ddae SAw dama 0 ot o gall Jals &y pha )l aliall
oaliilly Aall dd Jdi¥) Jiswd &5 WS | dandl Jlaall Caladl LYY Gl (3 DS 3 plas
Al Gag ol i) dasala g dud el s el 3l il e

I elall Ay 3 ad e NS B2k e agade JSUy S skl LY Apald G aag 3
AlaY! o sl Al yall Suddl jaanill dplee bl Le s g Chienl

WA Aila e Jpeand) dal e il Al A3 apanail 73503 dae alall 5 4l 5all 338 a0 L
Tl de sy il oa e L el G (Al Cagphall ail I Lga e die F 5 5lll Gagpadl (g
LAl o3 Cudid LS, o ghans DAL alall SN il (o e 3 el 1 04 40 dsh ) Ay
Aluyal @l 8 Ly Llusad gl aead e z3sa dae s 4l il Jlae g g dal (e dpa s
Caadl e haYT cdds ) shall

pole sfiuala
Cdlaall g Jgiall agd llall dzala

A0 gl Ay jal) AStanll - o el
22003 sramyd

XXVi



CHAPTER 1

INTRODUCTION

1.1 Durability and Deterioration of Concrete

Concrete in many respects is the wonder material of this century. Among all the
construction materials, it has the best ecological profile for a given engineering property
such as strength or elastic modulus. It is probably the most widely and extensively used
building material in the world, due to its relatively low cost, easy availability of
constituents, versatility and adaptability. It is estimated that the present consumption of
concrete is of the order of 4.5 billion tons every year [1]. It is easily prepared and
fabricated into many conceivable shapes and structural systems in the realms of
infrastructure, transport and habitation. It is often identified with a nation’s stability and
economic progress and the quality of human life. It thus seems reasonable to assume that
in a rapidly changing world, the concrete industry and technology can offer one of the
best ways forward to satisfy the social and human needs and aspirations.

In spite of these intrinsic technical and economical advantages of the material, and
in spite of the tremendous scientific advances that have been made in our understanding
of its microstructure and engineering, deterioration of concrete has become a major global

problem, and there is widespread concern about its lack of durability [2]. The damage to



concrete structures can be attributed to a wide variety of causes including, but not limited
to the following [3]:
o Lack of quality control in construction.
e Design defects including insufficient concrete strength, cover, structural depth and
reinforcement.
e A phenomenal increase in loading spectra on infrastructure like bridges, associated
with impact and vibration, abrasion, wear and fatigue.
¢ Damage in concrete under physical and chemical attack from:
o Air borne chlorides and sulfates
¢ Soil bomne chlorides and sulfates
o Leeching of salts
o Salt crystal expansion
o Alkali aggregate reaction
e Chemical exposure
o Thermal movement
o Erosion
e Humidity dynamics
o Freeze and thaw reactions
+ Damage due to concrete reinforcement under attack from
» Chloride
o Carbonation, resulting in destruction of steel passivity layer
The consequences of such a diverse and aggressive warfare on living and

breathing concrete is tremendous. The concrete responds to such an attack with a



softening behavior associated with extensive cracking, de-lamination of concrete cover
and dilution of reinforcement. It loses the prime characteristics of being a dense material.
The porous concrete consequently becomes vulnerable to more profound attack, which if
allowed continuing, results in disastrous failures.

In the international sphere, deterioration has been attributed to aging and
degradation of concrete, carbonation, chloride contamination due to use of deicing salts,
freeze and thaw action and alkali-aggregate reaction. The environment in Arabian Gulf
region and Eastern province of Saudi Arabia is characterized by high humidity, high
temperature and wind speeds, and excessive air/soil borne salinity, which has resulted in

deterioration and subsequent cracking and spalling of concrete.

1.2  Repair of Concrete Structures

The anatomy of the life cycle of a concrete structure indicates three different
phases [4]:
e An early stage of trouble free life
o Problem initiation and incubation period
o Damage propagation period
As the damage propagates a time comes when the safety and serviceability of the structure
gets seriously impaired, hence necessitating repair work to restore it [Figure 1.1, 1.2].
Repair, rehabilitation and strengthening of deteriorated concrete structures, is
economically the most viable solution. In the United States repair and improvement to

infrastructure will amount to $ 3.3 trillions over the next two decades and has become the
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third largest deficit in the country [5]. In U.K the cost of such repair is estimated to be in
excess of 500 million pounds annually [6], whereas in Australia it is estimated to cost in
excess of AUS $ 200 million per year [7]. In the Arabian Gulf region, the potentially
aggressive environment has resulted in premature deterioration requiring extensive repairs
[8-13]. It is estimated that repair and maintenance of concrete structures in Saudi Arabia
would run into billions of Saudi Riyals in the coming few decades [14].

The rapid growth in restoration has undoubtedly greatly influenced the market for
the products used in the maintenance and repair of deteriorated concrete structures, which
has literally been inundated by new products. However this explosion of new products has
not only considerably complicated the selection of most suitable materials for the specific
work but has also helped the circulation of products which are unsuitable for the job due
to lack of norms indicating performance requirements of these materials. The
commercially available repair materials fall into two main categories [6]:

o Cementitious and modified cementitious repair mortars and micro-concrete

e Resin based repair mortars and pure resins

The later category is used principally in crack injections, thin repairs and under chemical
exposure situations.

Depending on the nature of application a repair system should meet the following
requirements [15]:

e Arrest the deterioration of concrete
e Form an impermeable barrier to prevent ingress of deleterious or aggressive species
(Oxygen, Carbon Dioxide, moisture and aggressive chloride and sulfate ions)

o Create an environment that restores passivity of the reinforcement



» Restore the integrity of the structure
o Provide an aesthetically acceptable finish

To achieve these requirements the primary focus in the development of repair
products has been on the production of materials with high compressive strength, which
has resulted in the development of unprecedented high early compressive strength repair
materials. Despite of this achievement the repaired structures in many projects have
shown early signs of distress and failure in the form of extensive cracking and/or de-
lamination from the substrate [16]. In the Eastern province of Saudi Arabia some
structures have been repaired thrice over a span of three years thus defeating the prime

objective of restoration through costly repairs.

1.3 Moisture transport and durability of cementitious materials

The single most important factor, which plays a dominant role in problem
initiation, incubation and damage propagation period, is the movement of moisture in
concrete. In a cementitious material saturated by liquid water, which is suddenly subjected
to an ambient environment of lower relative humidity, an initial thermodynamic
imbalance occurs between the external vapor concentration and that within the specimen.
To restore thermodynamic equilibrium, the sample exchanges water vapor with the
exterior through surface convection, resulting in diffusion of moisture from the core of
concrete towards its exterior boundaries. The moisture diffusion process continues until a

hygral equilibrium state is reached.



Cementitious materials are affected by moisture and moisture variations in a
number of ways. A change in moisture condition can cause cracking of the material,
which can reduce serviceability of the structure. Shrinkage strains develop, as moisture is
lost to environment. In case of drying shrinkage it develops near the drying surface much
quicker than in the center of the element. This occurs initially at a high rate but slows
down with time as the material ages.

The prediction of spatial distribution and time history of moisture content in a
structural or non-structural concrete element is of paramount importance. It is needed for
the determination of shrinkage, creep, thermal dilatation, strength, durability, rate of
hydration, thermal conductivity, fire resistance, radiation shielding and in the design of
pre-stressed concrete pressure vessels for nuclear reactors [17].

The penetration of moisture into building structures can cause damage by the
action of chemical contaminant agents transported by water, by the action of micro-
organisms growing in the humid environment or by the mechanical action of freezing and
thawing [Figure 1.3]. On the other hand, most of this moisture leaves the porous system
by drying, which causes shrinkage and carbonation [Figure 1.4, 1.5], in cementitious

materials [18].



Figure 1.3: Freeze Thaw Action in Concrete due to Moisture Penetration

Figure 1.5: Carbonation in Concrete due to Moisture Loss



1.4 Parameters affecting Moisture transport in cementitious materials

The material parameters, which have a significant influence on the moisture
diffusion process, are the co-efficient of moisture diffusivity (D) and the convective
surface transfer coefficient (hy). Moisture diffusivity is a material property and can be
defined as the flux of moisture flowing through the material when there exists a unit
moisture gradient, in the absence of bulk motion [19]. Diffusion of moisture from
concrete and repair is a key physical process, which has a significant influence on
durability and integrity of concrete members.

Water cement ratio plays a significant role in concrete after hydration. The
contacts between C-S-H particles are dependant on water films that are physically
adsorbed at the surfaces of these particles. Mechanisms like shrinkage and creep are very
much affected by the movement of C-S-H particles caused by hygral gradients. In the
Arabian Gulf region condensed silica fume is now being extensively used in concrete, it
reacts with CH phase in the cement paste to produce secondary C-S-H having larger
volume. This affects the porosity of the system and ultimately the moisture diffusivity of
the material.

Moisture diffusivity is hence the key physical parameter that is required for
computation of moisture transport in cementitious materials. The transport coefficient is
largely material specific, i.e. depends exclusively on material porosity, pore structure and
moisture content. It is known that in the diffusion of gas through a catalyst, the diffusion
paths are tortuous, irregularly shaped channels; accordingly, the flux becomes less than it

would be in a uniform pore of the same length and mean radius. The effective coefficient
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of diffusivity in linear diffusion problems can be expressed in terms of a tortuosity
parameter (1), a factor that describes the relationship between the actual path lengths
relative to the nominal length of the porous media [20]. In lieu of measuring the
tortuosity, diffusivity may be established as a regressed function of the water/cement ratio
for cementitious materials. However, inasmuch as the diffusion of moisture through
concrete is now known to be a non-linear problem, the influence of moisture
concentration level on the diffusivity has also to be considered [21].

External influences like ambient temperature, humidity and wind speed are also
believed to have an influence on the moisture diffusivity coefficient and the convective
surface transfer coefficient [22]. Water transport processes are often accompanied by
temperature variation. From the thermodynamic theory, it should be expected that the
transport properties increase with the temperature. According to the Hirschfelder equation
[23], for diffusion of a gas through a binary gas mixture, the diffusivity varies
approximately in the ratio of absolute temperatures to the power 1.5. Jooss and Reinhardt

[24], have recently noted the application of this to concrete moisture diffusivity.
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1.5 Need for Research

The need for this research exists both from a basic and applied research point of
view. The deterioration and serviceability of concrete structures (new & repaired) are
directly related to the durability of concrete and repair materials, which in certain aspects
depends on the moisture transport in these cementitious materials, as described earlier.

Owing to the hot & arid climate of Saudi Arabia, there is a need to study the effect
of temperature on coefficient of moisture diffusivity (D) and the effect of wind speed on
convective transfer coefficient (hs) for both concrete and repair materials. Also the
discussion in section 1.4 obviates the importance of investigating the effect of water-
cement ratio on D of concrete.

This research will provide a basis for expressing D as a function of water-cement
ratio, moisture concentration and temperature for concrete, and will enable to express h¢in
terms of wind speed. This can supply basic expressions for use in transport of aggressive
species through concrete, the modeling of which relates to the core issues of concrete
durability.

Further the results of this research would be useful in context of concreting under
hot weather conditions. Cracking of fresh concrete (prevalent in arid environments) is
inevitably linked to rate of water evaporation from concrete surface and this research
would allow a rational basis for developing a model to predict evaporative losses under

varying environmental conditions.
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1.6 Aims and Objectives of Research

The primary objective of this research is to investigate the influence of
temperature on coefficient of moisture diffusivity (D) and wind speed on convective
transfer coefficient (hy), for the selected concrete mixes and repair materials. In addition
the role of water-cement ratio in influencing D of concrete will also be established.

A combined experimental-numerical approach will be adopted to identify the
impact of above stated parameters. The research program includes the following aspects:

o Experimental investigation of evolution of moisture loss and free shrinkage strain, in
concrete of varying water-cement ratio and repair materials, under different
temperatures and wind speeds.

« Experimental investigation of compressive strength evolution and water permeability
of the concrete mixes.

o Determination of coefficient of moisture diffusivity (D) and convective transfer
coefficient (hy), using the experimental moisture loss data in an existing finite element
model [25], simulating the exposure conditions of the experimental specimen.

o Development of regression models, relating D of concrete to moisture loss, shrinkage
strain, compressive strength & water permeability, and expressing hr in terms of wind

speed.
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1.7 Research Methodology

The accomplishment of this research involved the following four phases. A
general overview of research methodology and the phases involved is shown in Figure
1.6.

The first phase included a comprehensive literature survey and data collection in
the following areas:

e Moisture transport and drying shrinkage in cementitious materials.

e Available techniques for computing moisture diffusivity of cementitious materials.

o Selection of repair materials.

o Water permeability of concrete.

The second phase involved fabrication, upgrading and calibration of the
equipment and molds:

e Two environmental chambers already available, equipped with humidity and
temperature control were upgraded in terms of wind speed, required as per testing
conditions for the moisture loss and shrinkage tests on concrete and repair materials.
The temperature and humidity units were also repaired or replaced and all the
equipment was properly calibrated.

¢ Molds were manufactured for casting specimens to be used in the different tests.

In the third phase mix design and proportioning of the ingredients of concrete
were carried out, according to ACI 211.1-91. Three different water-cement ratios 0.45, 0.5
& 0.6 were selected to allow generation of enough data to ascertain the influence of w/c

ratio on coefficient of moisture diffusivity. This phase also involved carrying out moisture
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loss and drying shrinkage tests on the specimens of selected concrete mixes & repair
materials. All these tests were carried out for a period of two to three months in
environmental chambers, under selected exposure conditions, dictated by the prevailing
summer environment in the Eastern province of Saudi Arabia. Testing was also done for
determining certain mechanical properties of the selected concrete mixes:
o Compressive strength evolution.
e Water permeability.

The fourth and final phase involved the analysis of experimental data and the use
of a numerical model based on non-linear finite element method, developed earlier [19,
25, 26, 27]. The model was used for simulation of moisture diffusion in concrete & repair
materials, under subjected environmental conditions, and hence computing the
corresponding values of coefficient of moisture diffusivity (D) and convective transfer
coefficient (hs). Regression models were then developed utilizing these results, to serve as

guidelines for researchers and engineers.
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CHAPTER 2

LITERATURE REVIEW

2.1 Types of Moisture Transport in Cementitious Materials

Typical moisture transport processes important in porous cementitious materials
include diffusion, viscous saturated flow and capillary transport.

Viscous Saturated Flow is driven by a difference in water pressure. The flow
depends both on the geometry of the porous material and on properties of the fluid itself.
The saturated flow (g) is often described by Darcy’s law, which expressed in the 3-D

pressure field becomes:

k!’
g=——"Vp 2.1)

where k, is the permeability of the material and 7 is the dynamic viscosity of water. For

a one-dimensional case, Darcy’s law becomes:

g=——2" 22)
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Capillary Transport occurs due to surface tension between water and air, which
is caused by the attraction forces acting on the molecules of the liquid. The magnitude of
the attraction decreases strongly with the increasing distance between the molecules. This
distance is considerably larger in a gas than in a liquid, therefore, liquid molecules at the
surface are more attracted towards the interior liquid than towards a surrounding gas. The
liquid will therefore tend to form a relatively tough skin or film on its surface and
minimize the surface area by striving to form a spherical drop. Energy is needed to
transport a molecule from the bulk to the surface, which is numerically the surface tension
[28]. The simplest model of capillary transport is to approximate the wetted region as a
fully saturated rectangular wetting front or a moving boundary. For many applications this

model is accurate enough and can be used more or less directly.

x =Byt B= r;—o-cose (2.3)
n

Where x is the penetration depth of the suggested sharp wetting front, t is the time, 1y is
the pore radius, 7 is the dynamic viscosity, o is the surface tension, € is the contact
angle between the edge of the molecule meniscus and solid material and B is the
penetration coefficient to be determined experimentally [29].

Diffusion at isothermal conditions is driven by a difference in vapor pressure, i.c.
the water molecules are moving towards a lower vapor pressure or in other words under a

concentration gradient. Sherwood in a series of papers in 1930’s used linear mathematical
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theory of diffusion, generally referred as Fick’s second law to predict the drying of solids.

The diffusion equation in a linear diffusion theory is of the form:

2
oc_joc
ot ox?

2.4)

Where C represents vaguely defined moisture content and D represents an experimentally
determined coefficient

Carlson [30] first used the diffusion equation to predict shrinkage in concrete
members. He found that only first half of the moisture loss from prisms dried at room
temperature and 50 % relative humidity could be approximated by the linear diffusion
theory, the final moisture being lost with ever increasing difficulty. Pickett [31] also used
the linear diffusion theory to predict moisture loss in unrestrained un-reinforced concrete
members. He also observed that with the progress of drying the remaining moisture is lost
with ever-increasing difficulty and much slower than a linear diffusion theory would
predict. He treated diffusion coefficient as a function of time, which preserves the
linearity of the problem and admits analytical solution to predict shrinkage in concrete
elements. Van Arsdel in 1944 investigated the effect of variable diffusivity on the drying
rates predicted by the diffusion theory in the area of chemical engineering. The
dependence of diffusivity on moisture content renders the problem non-linear. The

diffusion equation modified to the form
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was used by Van Arsdel to solve numerically for moisture loss to yield similar results to
those found in laboratory.

Philajaavara [32] first considered the dependence of diffusivity on moisture
content in numerical analysis of drying of slabs. He used various hypothetical forms of
dependence of diffusivity on moisture content. Bazant and Najjar [17] presented a
comprehensive computer analysis of experimental drying data and mathematical
formulation for non-linear diffusion analysis. They considered moisture diffusion in terms
of relative humidity rather than moisture content. They postulated that diffusivity and
other material parameters are strongly dependent on pore humidity, temperature and
degree of hydration of concrete. Bazant contended that due to porosity becoming non-
uniform with time, the usage of evaporable water content (w.) as a basic variable in
diffusion equation involves error, since Fick’s law in terms of w, cannot be applied to
obtain diffusion equation governing drying process when hydration proceeds. Bazant used

the following equation for predicting moisture loss in concrete

Oh oH oT
—— 3 s —_— 2.
Py div(D(h)grad(h))+ py + K Py (2.6)

N

H D
is the change in h due to self-desiccation i.e. loss of
¢

where, h is the pore humidity,

. oT . . )
free water due to hydration, o is the change in temperature due to hydration. Bazant
t
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formulation based on pore humidity and non-linear diffusion equation has been used in
several studies for predicting moisture loss and shrinkage in concrete. Johannson [33],
Garbozyskwi and Shah [34] and Alvaredo [35] are some examples.

Sakata [22, 36], Penev and Kawamura [37], and Asad et al. [26-27, 38-39] used
non-linear moisture diffusion theory in terms of moisture content, rather than pore
humidity. Granger, Torrenti and Acker [40] have analyzed the two classical hypothesis,
treating moisture diffusion equation in terms of relative humidity and moisture content.
They have shown that in many cases, the good linearity of the de-sorption isotherm

between 50% and 100% relative humidity allows for both types of models.

2.2  Microstructure & Transport Properties of Cementitious Materials
2.2.1 Introduction

In cement-based materials, the presence and transport of moisture in macro and
micro arterial network of pores is of paramount importance in several phenomena
including drying shrinkage. Concrete is a composite material whose microstructure is
random over a wide range of length scales. At the largest scale, concrete can be
considered to be a mortar rock composite, where the randomness in the structure is on the
order of centimeters the size of a typical coarse aggregate. Mortar can be considered as a
hydrated cement paste-sand composite, with random structure on the order of millimeters.
Hydrated cement paste can further be considered as a random composite material made up
of un-reacted cement, CSH Calcium Silicate Hydrate gel, CH Calcium Hydroxide or

Portlandite, capillary pores and other chemical phases. The randomness of the hydrated
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cement paste microstructure is on the order of micrometers. Finally CSH is itself a
complex material, with random structure as seen by neutron scattering, on the order of
nanometers [41]. This range of random structure, from nanometers (CSH) to centimeters
(concrete) covers seven orders of magnitude in size.

Two very simple ideas control how the spatial geometry of the microstructure of
cementitious materials affects transport properties. These ideas can be expressed in terms
of the Tube theory:

o Large diameter tubes have higher transport rates than the small diameter tubes.

o Tubes that are blocked have zero transport rates.

These ideas phrased more rigorously as pore size and connectivity, provide the theoretical
framework necessary for describing how the transport properties depend on pore
structure. Cementitious mortars have a broad distribution of pores from some tenths of
angstrom to several microns. The distribution, random connectivity and tortuosity of these
pores play an important role in phenomena like vapor adsorption and de-sorption and

moisture transfer in cementitious materials [42].

2.2.2 Microstructure and Diffusivity of Hydrated Cement Paste

It is important to begin with hydrated cement paste since it is the matrix material
that along with sand and rock inclusions forms the concrete composite. In a pure hydrated
cement paste (hcp), irregularly shaped cement particles exist in aqueous suspension,
which undergoes random growth due to hydration reaction. Un-hydrated cement consists

of a fine powder whose main constituents are:
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e Tri-calcium silicate C3S
e Di-calcium silicate C;S
e Tri-calcium aluminate CzA
o Tetra-calcium alumino ferrite C4;AF
e Calcium sulfate added to prevent flash set of cement
Hydrated Cement paste can be thought of as consisting of four phases:
e Un-reacted cement
e Surface products like CSH
o Pore products like CH
o Capillary pore space
Surface products grow out from the un-reacted cement particles and contain continuous
gel pores, while pore products are generally crystalline and fully dense, with no connected
pores. The capillary pores are the left over space between solid phases [Figure 2.1, 2.2].
The connectivity of different phases and particularly the pore phases change with
time. Immediately after mixing, the solid phases are discontinuous and so the freshly
mixed paste is a viscous liquid. The solid phase is then built up through random growth of
reaction products, and at some point becomes continuous across the sample mainly due to
the formation of CSH surface products [43].
Water in the hydrated cement paste can be bound both physically and chemically.
In contact with moist air, water molecules are bound physically by adsorption and
capillary condensation, to the surfaces of the pore system by Vander Waal forces, until
equilibrium with the humidity of the ambient air is reached. There is never a static

condition, as some water molecules leave the pore surface, other become attached.



Figure 2.1: Electron Microscope Image of Concrete (top left), Mortar (top right),

Hydrated Cement Paste (bottom left) & CSH (bottom right)

Ml i

Figure 2.2: High Resolution Electron Microscope Image of Hydrated Cement Paste

23



24

At equilibrium number of molecules leaving is same as number becoming bound to the
surface. Chemically bound water exists within the cement gel and is not lost until the gel
is heated well above 105°C. Also classified as evaporable or non-evaporable, normally
physically bound water is taken as evaporable and vice versa [29].

A percolation threshold that is more important for transport processes is the point
at which capillary pore space loses continuity. Such a percolation threshold can exist,
because as the hydration products are formed, pieces of the capillary pore space will be
trapped and cut off from the main pore network, thus reducing the fraction of the pores
that form a connected pathway for transport. As this process continues, the capillary pore
space can lose all long range connectivity, so that fast transport of water or ions through
the relatively large capillary pore system would end, and slow transport would then be
regulated by the smaller CSH gel pores [42]. Results from computer simulation modeling
of hydrated cement paste microstructure by Garboczi & Bentz [44] provide evidence for
such a percolation threshold.

Early in the hydration, capillary pore space is fully percolated and these pores are
much larger than the CSH gel pores and so dominate the moisture transport. During
hydration, capillary porosity and capillary pore size decreases due to consumption of
water during hydration, producing hydration products that fill in the capillary pore space.
As the capillary porosity reduces the capillary pores become smaller and only partially
connected, so for porosities near but above the percolation threshold, pure capillary pore
paths have only slightly more influence on flow than hybrid paths that are made up of
isolated capillary pockets linked by CSH gel pores. The capillary pores are still somewhat

bigger than the gel pores but their connectivity is becoming small. Below the critical
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capillary porosity all the flow should now go through CSH gel pores, but flow will be
dominated by paths that contain some isolated capillary pore regions and are not just
made up of pure CSH gel pores. If this were not true, then after a certain point, diffusivity
would begin going up with increasing hydration, since more CSH and thus more gel pores
being formed [42].

The transport properties of hydrated cement paste would thus depend on the
hydration time, particle size distribution, original water-cement ratio & the type and
quantity of admixtures. When polymers are mixed in powdered form to a cementitious
product, normally in repair materials, the polymer particles are uniformly dispersed in the
system. The porosity, pore volume, pore distribution and pore shape in polymer modified
cementitious material are different from those of the unmodified. It results in a lower
number of pores with a radius greater than 200nm but significantly more with a radius of
25nm or less [45,46]. The polymer modification results in two processes in the hydrated
cement paste:

o Cement hydration

e Polymer film formation

As the water evaporates from a polymer system, the polymer spheres approach each other
and eventually touch and fuse into a continuous film. With the loss of water due to
evaporation and cement hydration, polymer particles get gradually confined in capillary
pores. With the progress of cement hydration, capillary water is reduced and polymer
particles coalesce to form a continuous closed packed layer on the surfaces of the cement

gel particles.
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Many of the new generation cementitious repair products also contain condensed
silica fume, which has very small particles and high silica content, with a specific surface
area of 20,000 m?/kg. The silica fume reacts with the CH phase in the hydrated cement
paste to produce secondary CSH, having larger volume than original CH and silica fume
combined. It tends to reduce the capillary porosity of the hcp due to two effects, ‘Pore size
refinement’, since it produces more volume of CSH replacing the pore volume and ‘Grain

size refinement’, since it replaces part of larger grained cement [47].

2.2.3 Microstructure and Diffusivity of Mortar & Concrete

Mortar and concrete are normally considered as composite materials with the fine
and coarse aggregates as inclusions and hydrated cement paste as the matrix. The
transport properties of aggregate are measurable and usually constant in time. The
aggregates are dispersed in the cement paste matrix in a manner that does not provide a
continuous porous path for the transport of moisture. Aggregate pores act only as a buffer
zone, which can either store or release moisture to the surrounding cement paste matrix.
However the Interfacial Transition Zone (ITZ), between the cement paste and aggregates,
coarse or fine, plays a critical role in determining the bulk transport properties [Figure 2.3,
24].

The characteristic features seen in the interfacial zone are higher capillary porosity
and higher CH volume fractions than in the bulk and generally bigger pores. These

features are typically seen in the hydrated cement paste volume that is within 50 um [48].
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Figure 2.3: SEI of Interfacial Transition Zone between Coarse Aggregate and Hydrated

Cement Paste

Figure 2.4: SEI of Interfacial Transition Zone b/w Hydrated Cement Paste and Sand Grain
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The two major causes of ITZ microstructure are the ‘particle-packing effect’ and
‘one-sided growth effect’ [49]. The particle packing effect arises from the fact that
particles cannot pack together as well near a flat edge as in free space. Since the typical
aggregate is many times larger than the typical cement particle, even for the fine
aggregate, locally the aggregate edge appears flat to the surrounding cement particles.
This inefficient packing causes less cement and higher porosity to be present initially near
the aggregate surface and so even after hydration this condition persists. On the average
there is a reactive growth coming into capillary pore space from all directions since the
cement particles are originally located randomly and isotropically. But near an aggregate
surface reactive growth is coming from the cement paste side only and not from the
aggregate side, this explains the one-sided growth effect.

Mineral admixtures like silica fume and fly ash also affect the ITZ properties. Two
main variables of importance for mineral admixtures are particle size and reactivity with
the CH phase. The particle size of mineral admixture controls the width of packing effect
at aggregate edge, with admixtures having smaller particle size allowing better packing.
The reactivity controls amount of CH consumed and converted to CSH [50].

The effective transport properties of concrete can increase greatly as more
aggregate is added past a critical amount [51]. The only possible micro-structural
explanation of this behavior besides extensive micro cracking is the effect of transport of
fluids or ions through interfacial zone. However, if the interfacial zones do not percolate,
then their effect on transport will only be negligible, as any transport path through

concrete would have to go through the bulk cement paste.
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Bentz, Garboczi, Snyder, Stutzman and Winslow [52-55] studied interfacial zone
percolation in concrete using the ‘hard-core / soft shell’ model [56] and mercury intrusion
data. The inner region of the ITZ was found to be of more importance since its transport
properties were higher than the outer region because of the larger pore size and porosity.
The ITZ was found fully percolated for aggregate volume fractions above 50%. Most
concretes have aggregate volume fractions well above 50%, so they concluded that ITZ in
usual Portland cement concrete are percolated and will have an effect on its transport

properties.

2.3  Mechanism of Moisture Transport in Cementitious Materials

Moisture transport involves a complex interaction between different transport
processes. It can be basically classified as:
e Moisture transport at the boundaries of the system.
e Moisture transport within the domain of the system.
The physics of boundary layer moisture transport is in itself quite involved. A simplified
condition considers the transport in the form of a constant flux boundary condition [57].
Moisture transport within the domain of a cementitious material at microscopic and

macroscopic level is discussed in the following sections.
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2.3.1 Moisture Transport at Microscopic Level

The number of physical processes involved in the transport of water or water
vapor in cementitious materials varies according to the moisture content of the material.
In a typical pore of a cementitious material, moisture predominantly exists in the form of
an adsorbed phase on the walls of the pore and a condensed phase in the capillary pore.
The adsorption of moisture on the pore walls results from the interaction between the gas
and a solid surface. The process continues until a thermodynamic equilibrium is reached.

The thickness of the adsorbed water film increases with relative humidity, varying
from about 1 A° to about 13 A® at 100 % relative humidity. Adsorbed water is fixed to the
pore surfaces by van der Wall’s forces, with the intensity depending on distance to the
surface, the first layer being most firmly bound [58].

Condensation of moisture in a capillary pore occurs when the effective pore radius

is lower than the threshold pore radius as obtained from Kelvin-Laplace equation:

~20c0sf_ KT rE 2.7)
R, M
p
where ¢ =surface tension (N/m) R = gas constant (J/mole-K)
v = density (kg/m’) T = temperature (°K)
Ry = pore radius (um) RH = relative humidity

M = molecular mass
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In cement based materials the Kelvin-Laplace equation implies that condensation
occurs in all pores smaller than 1 um as soon as the relative humidity reaches 99.99 %.
Since a cement paste has a larger number of pores smaller than 1 um, the capillary
condensation plays a major role in such materials [58].

From Kelvin-Laplace equation, it is also apparent that in small capillaries the
liquid may be in equilibrium at relative humidity much less than 100 %. Figure 2.5 shows
the relationship between the relative vapor pressure and the water filled capillary pore
radius, which would be in equilibrium with it [59]. It can be seen that water filled
capillary radius of 2 nm would be in equilibrium with a relative vapor pressure, or relative
humidity, of 0.58. If relative humidity were increased to 0.78 then the capillaries with
radius up to 4 nm would gradually fill. Conversely, if R.H were reduced to say 0.6, all
capillaries with radius greater than 2 nm would be empty. This mechanism provided an

explanation for the de-sorption isotherms [Figure 2.6].

2.3.2 Moisture Transport at Macroscopic Level

When a cementitious product saturated by liquid water is subjected to an
environment having lower relative humidity, an initial thermodynamic imbalance occurs
between the exterior vapor concentration and that within the specimen. The specimen
exchanges water vapor with the exterior, to restore equilibrium. For water to remain in
(isothermal) equilibrium within the specimen the water pressure also decreases and this

causes it to evaporate [60].
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The moisture transport is characterized by three phases [35] as shown in figure
2.7. In the first phase moisture transport is limited by evaporation at the boundaries of the
element and the rate of moisture movement in this region is almost constant. This
continues as long as solid surface is sufficiently wet to simulate free water, by moisture
flow to the surface from the domain. When the rate of moisture transport from the domain
to the surface decreases due to depletion of free water, the rate of moisture flow decreases
linearly as indicated by BC. The surface starts to dry out, as the moisture supply from the
domain can no longer keep pace with evaporation from the surface. This phase ends as the
moisture content at the surface comes in equilibrium with the ambient relative humidity.
The phase III of moisture transport is characterized by a rate of moisture transport
asymptotically tending to zero. In this phase moisture transport is characterized by sub-
surface evaporation in which the plane of vaporization recedes further into the body. This
phase ends when the entire element reaches hygral equilibrium with the environment.
Nilsson [61] has shown that phase I is virtually absent in cementitious materials, except
for very immature concrete with high water-cement ratio and cured under water.
Boundary conditions are expressed quite accurately by assuming that the concrete surface

is immediately in moisture equilibrium with the ambient air.
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Figure 2.7: Three Phases of Moisture Transport at Macroscopic Level

34



35

2.4 Moisture Diffusivity & Surface Transfer Coefficient

Moisture diffusivity is the key physical parameter required for the computation of
moisture transport in cementitious materials using the non-linear diffusion equation. It is a
term defined at macroscopic level in which the several modes of moisture transport are
lumped together. The computational models for moisture diffusion in cementitious
materials require an empirical diffusivity law for computations of time history of moisture
content over the spatial domain of the element [25].

Surface moisture transfer coefficient hy, expressed in units of cm/day, represents
the speed of surface evaporation by its control over the moisture gradient or moisture flow
at the drying surfaces. In diffusion process it enters into mathematical formulation
through the boundary conditions. This coefficient may be a surface as well as material
property, which may have its own functional form and be independent of other material
parameters. In general it may depend on many factors like environmental humidity,
temperature and wind speed at the convective surface [62].

Bazant and Najjar [63] have determined that diffusivity decreases sharply, about
20 times, when the moisture content decreases from 90 % to 60 %, whereas it is found to
be approximately constant below 60 % pore humidity.

Lowe, Hughes and Walker [64] observed that samples which had been cured for
200 days exhibited the same drying curves as the samples cured for 28 days, concluding
that continuing hydration of the cement paste during drying does not cause a change in

diffusion coefficient.
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Bazant et al. [65] determined the overall effects of cracks on diffusivity of
concrete. These cracks serve as conduits for water vapor and enhance the moisture
transmission. They found that crack width of 0.1 mm spaced at 70 mm shows a diffusivity
increase of about 2.25 times.

Wittmann et al. [66] have shown that diffusivity of concrete decreases as the
water-cement ratio decreases. Initially, at 100 % relative humidity, diffusivity of concrete
varies from 0.5 cm”/day to about 0.3 cm?/day as the water-cement ratio changes from 0.6
to 0.4. Below 60 % relative humidity the difference is lower. Persson [67] also carried out
studies on the effect of water cement ratio on diffusivity of concrete at various ages. He
observed that at early ages diffusivity increases as the water-cement ratio increases but for
mature concrete it is substantially low.

Penev and Kawamura [37] studied the diffusivity of soil cement mixtures and lean
concrete. They found that diffusion coefficients of lean concrete and soil cement mixtures
are much higher than those in usual concrete, attributed to the difference in their pore size
distributions. It was found that lean concretes have higher coefficients than soil cement
mixtures.

Akita et al. [68] found that at a constant water-cement ratio, diffusivity at relative
humidity of 100 % tends to be large when the unit water mass is small or the volumetric
aggregate ratio is large. Also the influence of surface factor on water content or decrease
in mass is small, except in the initial stage of drying and is derived from the diffusion
coefficient of water vapor in air under suitable assumptions.

Iding and Bresler [69] assumed a surface transfer coefficient dependent on the

diffusivity of the material. An expression hy = 1.67 D was used for the analysis of
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shrinkage in concrete. However, in general a constant mean value of hy is assumed in
moisture diffusion analysis by several researchers.

Sakata [36] found that diffusion coefficient is dependent on moisture content in
concrete. It was found almost constant, 0.05 cm?/day, in the range of low moisture
content, below 80 %, while at high moisture content or in the early period of drying, it
increased. Surface factor was found to have a close relationship with water-cement ratio
of concrete. Moisture diffusion was found to be high in the neighborhood of the drying
surface, but extremely small in the concrete interior.

Rahman [25] conducted drying tests under controlled environmental conditions to
determine the diffusivity and convective transfer coefficient for repair materials. He found
diffusion coefficient for repair materials to be high at initial stages, the values however
showed a rapid decrease as the moisture content reduced from 99-90 %. Diffusivity
almost became zero below moisture content of 50 percent. The mean diffusivity of
superior performing repair materials was found to be in the range of 0.05-0.06 cm?*/day,
whereas, the mean diffusivity of the repair materials that cracked in a patch repair
environment was of the order of 0.2 cm*day. It was also noted that diffusivity of repair
materials increased with the increase in temperature. He stated that a mean value
diffusivity criterion could be established as less than or equal to 0.05 cm?/day for the

repair materials.
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2.5 Effect of Temperature & Wind on Moisture Transport

Quenard and Sallee [58] found that at high relative humidity moisture diffusivity
decreases when the temperature increases, they attributed this to variation of moisture
properties at high temperature. At low relative humidity the effect of temperature up to 60
degree centigrade was observed to be negligible.

A recent publication by Jooss and Reinhardt [24] has appeared in which the
authors have discussed the influence of temperature on permeability and moisture
diffusivity of concrete. They performed several tests on high performance concrete,
copolymer sate concrete and self-compacting concrete & found that diffusivity increases
by 10-21 % from 20 to 50 °C and by 8-21 % from 50 to 80 °C. However, in this research,
diffusivity 1s measured using DIN 52615 which results in a constant value. It is now well
known that the modeling of stresses and damage associated with the restrained shrinkage
of concrete cannot be established using constant values for the coefficient of diffusivity
[19, 25, 70, 71]. The simulation of this problem can only be achieved by treating moisture
diffusivity as a function of moisture concentration, which renders the boundary value
problem non-linear. One feasible approach for this is to calibrate an assumed form for the
coefficient of diffusivity in terms of unknown parameters of known functions of moisture
concentration level, water-cement ratio and temperature, using data from experiments and
numerical results from a finite element driven program [25].

Nilsson [61] indicated that the diffusion coefficient decreases slightly with the
aggregate to cement ratio and with the modulus of fineness. He also investigated the

effect of wind on the drying process. Specimen kept in a wind tunnel at a wind speed of 5
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m/sec and under normal conditions showed a very little difference in weight loss,
shrinkage and creep. He concluded that rate of moisture evaporation at the surface,
essentially depends on moisture content and not much influenced by wind. However, it is
expected that the moisture evaporation should increase with the increase in wind speed to
which the specimen is exposed, because it will result in forced convection at the
boundary. This effect may be captured in numerical computations using a higher value of

convective transfer coefficient (hy).

2.6 Review of Methods for Measuring Moisture Profiles / Diffusivity

In general moisture diffusivity cannot be measured. Moisture profiles are
generated experimentally, measured at various times after start of moisture redistribution,
i.e. moisture uptake or moisture loss and then analyzed/fitted using mathematical or
numerical techniques to compute the values of moisture diffusivity and convective
transfer coefficient. However DIN dry & wet cup methods [2.6.1] can be used for
measuring moisture diffusivity, but these are not considered valid since they result in a
constant value of diffusivity. Various methods available in literature for measuring
moisture profiles are as follows:

1. Slice-dry-weigh [2.6.2]

2. Electrical methods [2.6.3]

3. Gamma ray attenuation [2.6.4]
4. Neutron radiography [2.6.5]

5. Nuclear magnetic resonance, NMR [2.6.6]
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6. Computer tomography [2.6.7]
7. Microwave beam [2.6.8]

8. Thermal conductivity [2.6.9]
9. Thermal imaging [2.6.10]

10. Capillary water uptake [2.6.11]

11. Moisture loss / drying [2.6.12]

2.6.1 DIN Dry & Wet Cup Method

These tests are given by the German standard, DIN 52615. In the dry cup method,
the coefficient of moisture diffusivity and vapor resistance are determined between 0 %
and 50 % relative humidity. The actual measuring device consists of a small cup, on
which the concrete samples are attached, the desiccator and the climatic chamber. The
cups have a diameter of 100 mm, a height of approximately 10 mm and made of either
aluminium or stainless steel. The desiccator has an internal diameter of 300 mm. By
installing several floors, the desiccator can be used to full capacity.

To ensure a uniform moisture distribution, a ventilator is attached to the upper
tubes, which also assures an air velocity of 0.02-0.3 m/s. To simulate temperatures above
50 °C the desiccator is placed in a climatic chamber with temperature tolerance of +1 °C.
Test specimen is 100 mm in diameter and approximately 20-25 mm thick. Salt solutions
like silica gel, phosphorous pent-oxide, sodium dichromate, and sodium bromide are used

for constant humidity.
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Humidity is lower in the cup as compared to the desiccator and moisture diffuses
through the specimen into the cup. The arrangement consisting of the cup, specimen and
sealing is weighed at regular intervals and from these weight changes, moisture difference
and specimen thickness the coefficient of moisture diffusivity is calculated, according to
the specified procedure.

Wet cup method is similar in construction to the dry cup method but the diffusion
coefficient and water vapor resistance are determined between 50 % and 93-100 %
relative humidity. The wet cup method is opposite to dry cup method in the sense that the
moisture in the cup is higher than in the desiccator and the moisture flows from the cup
into the desiccator. All the other procedure is same as in case of the dry cup method.

Jooss & Reinhardt [24] used the dry and wet cup methods for measuring the
moisture diffusivity of high performance concrete and self-compacting concrete etc. and
found that on materials with little or no super hygroscopic range, i.e. with pore radii
smaller than 50 nm, cup method (dry + wet) alone is sufficient enough to measure the
moisture diffusivity. This is due to the fact that these materials are already water
saturated, at equilibrium with approximately 98 % relative humidity. Examples of such
materials are concrete with low water cement ratio and granite etc. Hedenblad [72, 73]
reported the moisture permeability and Kirchhoff’s flow potential values for a large
quantity of different building materials, as measured by the cup method in hygroscopic
range at isothermal conditions.

On materials with a coarse porous system e.g. some natural sand stones, bricks and

aerated autoclaved concrete, the cup method measurements should be supplemented by
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some other methods like measurements from water retention curves. Such measurements

are described and reported by Krus [74] and Kiebel et al. [75].

2.6.2 Slice-Dry-Weigh Method

In this method the specimen is rapidly sliced into discs that are weighed, dried and
weighed again. Water in the disc evaporates during drying and the water content in mass
by mass can be calculated from the weight loss. The drying procedure consists of using an
oven at 105°C. Materials that cannot resist heat are dried in an exsiccator with some
drying agent like silica gel or sulfuric acid, but the procedure becomes time consuming.

Akita et al. [68] used this method to generate moisture profiles for the analysis of
moisture transfer in concretes with varying mix proportions. Prisms of size 10x10x40 cm
were used, notched in preparation for splitting and subjected to one and six face drying.
The method was found to have certain disadvantages as it only gives average moisture
content for each slice, different specimens are used each time and a large number of
specimens are required due to the destructive nature.

The method is time consuming and slicing may be difficult for some materials,
since a saw cannot be used because of the heat generated or water added during sawing.
Thus the specimen is sliced, by splitting, but in this way it is difficult to get the crack
perfectly parallel to the surface exposed to moisture. An error in measuring the x-
coordinate of the disc is thus easily obtained. It might also be difficult to split the
specimen into discs thin enough to evaluate a very steep waterfront and practically

impossible to get number of specimens high enough if they have to be taken from an
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existing structure. This method is suitable when water and non-volatile fluids are used for
the absorption experiment. It is one of the most accurate methods because the actual

amount of water in the specimen is measured.

2.6.3 Electrical Methods

Two non-destructive electrical methods are available, one is based on measuring
the variation of electrical conductivity (resistance), and the other is based on measuring
the variation of electrical capacitance. For most materials the electrical conductivity
increases with increasing moisture content and vice versa, and capacitance increases with
the moisture content due to high dielectric constant of water [76]. Both of these methods,
especially the resistance method, are inexpensive.

The conductivity or actually the electrical resistance is measured between two
electrodes in direct contact with the material. The water content is evaluated from the
resistance measured using a calibration curve valid for the actual material. The calibration
curve is obtained with rather time consuming and extensive calibration tests. The
conductivity is influenced by factors like water content, salts, temperature and density.
According to Wormald et al. [77], the resistivity of concrete with the same water content
may vary up to 40 % with change in the salt concentration of the pore water. The use of
this method is thus limited when any of the above-mentioned factors is varying. A
conductivity measurement made on aerated autoclaved concrete with accuracy on
moisture content of +10 % is presented by Sandin [78]. One possible way of avoiding the

effect of salts is to measure the conductivity in a special sensor, e.g. a piece of wood that
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is embedded in the material to be studied. The sensor can be protected from salts in the
material. After a certain time it will adopt the same moisture state as the material. A
calibration curve for the sensor is required, however. This type of sensor can only be used
when slow changes in the moisture state are to be measured. That is because it will take a
relatively long time for the sensor to adopt the same moisture state as the material.

The capacitance method uses the tested material as dielectric. According to Krus
[74], the dielectric constant of water is 10-40 times larger than that of a dry building
material when the frequency is 1 GHz. In that way the change of the capacitance is a
measure of the water content in the material being used as the dielectric. Salts in the pore
water and the density differences less influence the capacitance method than the
conductivity method. It however requires a more complicated laboratory set up.
According to Wormald [77], the accuracy of capacitance method applied to concrete is

+0.25 % of moisture content mass, per moisture mass in the range 0-6.5 %.

2.6.4 Gamma Ray Attenuation

This is a non-destructive method. If two different gamma ray sources are used,
both the water content and density can be measured. The gamma rays (photons) interact
with the orbital electrons in the material and are absorbed or scattered. The intensity of a
narrow beam of gamma rays passing through a material can be expressed by the following

equation [79, 80]:

I=1¢ H* (2.8)
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Where
I is the gamma ray intensity after passing through the material [counts/sec]
Io is the initial gamma ray intensity [counts/sec]
1) is the mass absorption coefficient of the material [m*/kg]

p is the density of the material [kg/m"]

X is the thickness of the material sample [m]

In order to perform a measurement of the moisture profile, a gamma ray source
and a detector are needed. The source can be buried in the material with the detector on
the surface, or, more commonly, the specimen can be placed between the source and the
detector. The gamma ray equipment must be calibrated against the specific material in
question. The equipment is rather expensive. Gamma rays however should not be used if
the material structure changes in time, e.g. during the hydration process of young
concrete. The reason is that hydration reduces the moisture content by transforming free
water into chemically combined water and during this process density of concrete also
increases. According to Adamson et al. [76], the accuracy of gamma ray method applied
to concrete is +0.5 % of moisture content mass, per unit mass. Another disadvantage of
the gamma ray method is that special safety arrangements must be taken due to the
radioactivity. Examples of results and laboratory setups are shown in Wormald et al. [77],

Nielsen [80] and Quenard et al. [81].
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2.6.5 Neutron Radiography

This is also a non-destructive method using radiation similar to gamma ray
attenuation method. In contrast to gamma rays, neutrons interact mainly with the
hydrogen nuclei. The attenuation of a neutron beam, caused by scattering and absorption
of the neutrons, will therefore be directly related to the total water content in the material.
The intensity of a neutron beam passing through a specimen is described by an expression

similar to equation 2.8, Pel [82]:

I = I e_x(ﬂmat +uwg)

: 2.9)
Where

I is the intensity of a neutron beam after passing the material [counts/sec]

I, is the initial intensity of the neutron beam [counts/sec]

K, isthe macroscopic attenuation coefficient of the specific material [m™]

u,,  1is the macroscopic attenuation coefficient of water [m]

X is the thickness of the material sample [m]

£ is the water content volume by volume of the material [m*/m’]

The coefficients u,,and u are determined independently by measuring the
neutron transmission through pore water and through the dry material. During the test,

specimen is placed between the neutron source and the detector. The neutron beam can be

produced by a combination of boron and cadmium and can be detected by a helium
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proportional detector [82]. When running a neutron radiography test safety arrangements
must be taken and specially trained personnel are necessary.

Results from measurements with neutron transmission radiography on different
materials and experimental arrangements are given in Pleinert et al. [18], Pel [82], Adan

[83], Justnes et al. [84] and Dawei et al. [85].

2.6.6 Nuclear Magnetic Resonance (NMR)

This is also a non-destructive method. The accuracy of the water content
measurement is approximately 0.5 to 0.1 % by volume according to Kiebel [86]. NMR
has a spatial resolution of better than 1 mm according to Kopinga et al. [87]. With NMR a
distinction can also be made among free, physically bound and chemically bound water.
Thus it is very well suited for measuring transient water movements in building materials.
A primary disadvantage is the high cost of the equipment.

In an NMR measurement the number of hydrogen nuclei are counted. A magnetic
movement is associated with the intrinsic spin of the material’s hydrogen nuclei. In this
experiment an external permanent magnetic field is applied, when the electromagnetic
field is applied perpendicular to the constant magnetic field, some energy is absorbed,
which is proportional to the number of hydrogen nuclei in the measurement volume.

According to Kopinga et al. [87], NMR offers better sensitivity than gamma ray
attenuation and neutron radiography. Unlike the results from gamma ray method, NMR
results are directly related to the amount of hydrogen nuclei. In de Freitas et al. [88], a

comparison between gamma ray attenuation and NMR however revealed no significant
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difference in accuracy. An advantage of NMR as compared to gamma ray attenuation and
neutron radiography is that no radioactivity is involved during the experiment. Examples
of results from NMR are given in Krus [74], Pel [82], Kiebel et al. [86], Kopinga et al.

[87] and Brocken et al. [89].

2.6.7 Computer Tomography

The principle of computer tomography is to measure the intensity loss of a narrow
beam of X-rays passing through the specimen. The absorption is a measure of the density
of the specific material in question. The magnitude of absorption is measured with a CT
value. The scale is calibrated against distilled water. By definition water has a CT value of
0. The absorption or CT value in air is —1000, which is taken as no absorption (100 %
less). The absorption of X-rays in concrete is 145-150 % greater than in water. The CT
value of concrete consequently is 1450-1500 [90]. The difference in the CT value between

air and water is an indicator for measuring the water content in the material.

2.6.8 Microwave Beam

Non-destructive measurement of the moisture profile can also be carried out with a
microwave beam. Microwave attenuation is strongly influenced by the dielectric constant
of the material [76]. The dielectric constant of water is 10-40 times higher than that of a
dry material.

During the measurement the specimen is placed between a transmitter and a
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