Contents

Preface........

Biographies

Chapter 1

Chapter 2

Chapter 3

............................................................................................................... 1X
............................................................................................................... X1
Cementitious Construction Materials Sustainability:
AN INtEOAUCHON & morirr e i e oS s b s el 1
Ll Introduction':: cesmsmessammmeramnm st ra it 1
1.2 Cement-Generated Environmental Problems ..............cc.cccccc.e... 2
1.3 Energy Problems in Cement Industries .............ccoeueveeceniennnne. 2
1.4 Concrete Performance in Aggressive Environments ................. )
155 Crack Problems:in Concrete ..o 4
1.6  Sustainability of Smart Concrete..........ccoecvevueeieceereereeceeennne. S
1.7 Effect of Addition Self-Healing Agents on
Concrete PrOperties) . usommmssamimsmsmms i wsatsssom S
1.8  Life Cycle Analysis of Self-Healing Concrete .............cccc.c....... 6
1O SUMIMBEY. i..oucvitnsusosoenisninisssstonsanssossoiasams sneibssmasmsamnsssmsassaossiassns 6
Self-Healing Technology: Fundamental and Design Strategies......... 11
A N (11 e Ll (o110 11
2.2 Sustainability of Self-Healing Concrete............ccvvvvvvereenneene. 12
2.3 Mechanisms of Self-Healing in Cementitious Materials......... 14
24  Desigh STatEgIes s s puses 14
24.1 [Release of Healing Agent.......c..onmmmanmamnms 15
2:4.2 Reversible:CrosSELiinks ... iimmssmmsisssisssrumnsassns sasnnass 16
2.4.3  Miscellaneous Technologies...........ccoeeereieienirennannn. 17
D T 11111111 F: ) e 17
Self-Healing Cementitious Materials ..........cc.ccooveeevieniienincnieneeenns 21
3l Inttoductionic: cemneimmr s e s 21
3.2 Self-Healing Processes it ConCrete . ussi sssmvosinsmmssassvansons 21
3.3 Expansive Agents and Mineral Admixtures ............cccccceveeenee 24
3.4 HOUOW FIDEIS ..c..oouiiiiiiiiiiciieieee e 24
3.5 Bacteriaas Self-Healifig AGEnt .o ssseumummrasiisavsns 27
3:6. Microencapsulation s smssnnummrrmnmmmarm i 27
3.7  Shape Memory Materials as Self-Healer.............ccccccceeeeenn. 29
B8 (CRalill cmmmrmar s it eSS s s g iayass 30
3.9 Engineered Cementitious COmPOSIte . cusuussusissismissssssassesssss 31
3.10 Nanomaterials-Based Self-Healing Concrete................cc....... 33
3.11 Self-Healing in Fiber-Reinforced Concrete..............c.ccoceeeeee. 33
30 1111111 )/ O N U e 34



vi

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Contents
Self-Healing Measurement Methods...........c.coooeieiiioiiiiicieiiie 41
41 CONCIete DUtADIMEY cnosmmmmamimssasmsssisvsmmsssiasmssamsmsiyinys 41
4.2  Self-Healing Techniques....s..cs.cssessssermsssnsissssssssessspssanssisiosenss 42
4.3  Self-Healing Measurement Methods............c.cccccceoiiiinn. 45
4.4  Efficacy of Autonomous Healing Techniques ...............c......... 46
4.5  Structure Tests for Evaluating Self-Healing Efficiency........... 46
451 Macrostucture TestS ... . easssaumissssrsivmmassssiian 47
4.5.2  Microstructure TestS ........cccoceveriviiiieeeiiieeecieee e 48
4.5.3  Nanostructure TeStS .......ccoeevveivieeieeeeeeeeeeeeeeeeeenne 48
4.6  Comparison of Assessment Tests .........cc.cecveeverenerencncnneenen. 49
T LI UV 111 11F: 5 e T ey 50
Polymers-Based Self-Healing Cementitious Materials...................... 55
O 111 o L Lo (0 ) 55
5.2 Mix Design and Specimens’ Preparation ..............cccccoccueennene 57
9.3  Eiesh PIOPetties «..vsessmsmmnmsalivnmmimmessymseomonissess 60
54, Stiehgth PEOPETNES sussmamsessmmmssmcesisasssssassssssstassasessimsss 61
3.5 Self-Healing Perfommanee s s iacssecssivissme sississsssssssasssiss i 68
5.6  Developing an ANN to Estimate Degree of Damage
and Healitg EffiCIONCY ...cxammmomasmmsmmmisesessnssssssusrorss B 74
5.6.1  Firefly Optimization Algorithm (FOA) .........cccccceu.... 76
5.6.2  Generation of Training and Testing Data Sets............ 77
5163 RESUILS......cccoremnemmeancormonseiresmssmssussassmsatssasas oo 79
5.7  SUDMMNALY.....oomssvemssessssesssssvssvonssovssisssnisssnssuasssssssnsessassussanesaassossn 82
Bacteria-Based Self-Healing Concrete...........coccuevueeninieineneencnnnnne. 87
6.1  INROAUCHION. .cvvvisesmevssvnspeii s ssssammsmsmmmsavmamsteyass psus sususnsonnses 87
6.2 Selt-Healing APProachismsesumssnmasssisssssssssesmossos s 88
6.3 Effect of BaCteria m mmsmuswssmmsusommammmmmsmsisngiams 90
6.4 SUMIMAIY....cciiiiiieeriiiiieeeenterte et stesteesteesbeesasestesssessbassseresanan 93
Nanomaterials-Based Self-Healing Cementitious Materials.............. 97
Tl IATOAUCHION cornroerneimnenesmisimsionssinssinsessmsspsssane visnsssmsiasensois ins rinsses 97
7.2 Significance of Nanomaterials as Self-Healing.............c......... 97
7.3 Production of Nanomaterials...........ccccceeeeviiriniesieniinienceen 97
74 Nanomaterials-Based CONCLEtES: .. ...uwusssssssasvamssnssossessmavines 99
7.5  Production of NanoCONCIete ...........cccevevererieneerieniieieeeeneaeee 99
7.6  Nanomaterials-Based Self-Healing Concrete................c....... 100
7.7 NANOSTHCA ..o 101
T8 NANOAIUTUNA 55 sonmmssusssussseswusnssasussssssssss bssiss s s aaamasssns 102
7.9 Carbol NanODe s s 102
7.10  PolycarboXylates............ccceevierieiiiiniieieice e 103
711 Titanium OXAde.....oc.ooiiriiriiiiiiieicicee e 104



Contents

712
713
7.14
715
7.16

Jo' 11 (o) & 1o) 11 | [ ey
INANOCIAY :vwsmmuns sosmmmamsmsm oo 0 T RaseaEs
IN ATV OTTOM wsiiis s sumassssiind omeissinmanmsannss vs ssonssasammmmasamsan smmmansaamns

Chapter 8 Factors Affecting Concrete Self-Healing Performance....................

8.1
8.2
8.3
8.4
B

Impact of Crystalline Admixtures on Self-Healing................
Polymers as Self-Healing Material...........c.ccccccoeeiiinuenvcnneannene
Fibers as Self-Healing Material..........c..ccveceerencnseononsresecsoasarss
Self-Healing Performance ..........ccccocoviiiiiiinieiineceeeenene
L1110 E1 sy T —

Chapter 9  Encapsulation Technology-Based Self-Healing Cementitious

MatCTAlS e S o SR T Pl e B Mo s T
91l Intoduchon «wmsmumammmmmsasnmissssm s i s
9.2  Bio-Based Healing Agents: Approaches

and MechaniSms ..ot
9.3 Incorporation of Encapsulated Healing Agents.....................
9.4  Evaluation of Bio-Based Self-Healing Systems....................
015, ISUMDIADY s s s B e RS essmin s SRR SRS

Chapter 10 Applications, Future Directions, and Opportunities of Self-
Healing Conerete s i mavassssmmsss svsessisesamssiasmms s

10.1
10.2

10.3

10.4

10.5

10.6

IATOAUCHOR v s o s imviameie  cosastis Sha i s et st T
Sustainability of Smart Materials-Based Self-Healing
Cancrete and NanotechNOIOFY - s ammssssssssssssssss
Merits and Demerits of Nanomaterials for Self-Healing

B 1 I e
Economy of Nanomaterials-Based Self-Healing

a1 o) () £ ——
Environmental Suitability and Safety Features

of Nanomaterials-Based Concretes ............ccceoeveeverueeceeenene
SUDIALY . vessvvsssssrsmsimsssssumucsmvasssssnnosssstonsonsissssbsusmmnosmsnssssnsss

vii

104
105
106
106
107

113

113
116
118
120
121

123

123
124
126

128
130

133
133

134

134

135

136
137

16 L), 139



