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Abstract

The imperative need for the adoption of low-clinker cements, driven primarily by the need to
reduce CO2 emissions from cement production, is accompanied by enormous durability
challenges. Foremost among these challenges is corrosion of reinforcement, which is widely
recognized as the most common form of deterioration of reinforced concrete structures. While
chloride ingress remains the most common cause of corrosion, environmental carbon dioxide
(CO) ingress, which leads to a process known as carbonation, is also a significant contributor.
The alkaline environment created by cement is neutralized by this carbonation process.
However, the carbonation of low-clinker cements, which release less CO> due to their raw
material composition, has special characteristics. These cements have a lower ability to bind
COy, allowing it to penetrate deeper into the concrete and lower the pH, reducing the protection
of the steel reinforcement and initiating the corrosion process.

However, accelerated carbonation of concrete does not necessarily lead to a faster corrosion of
reinforcement. This phenomenon depends on factors such as moisture and oxygen availability
in the environment of the reinforcement. Blended cements, including those with reduced
clinker content, exhibit slower moisture transport, which likely slows the rate of reinforcement
corrosion. However, with carbonation, the transport rate increases significantly, making the
reinforcement susceptible to accelerated corrosion and consequently shortening the service life

of the structures.

This study attempts to explore some of the possible strategies to contain moisture penetration
into carbonated concrete, thereby reducing the corrosion rate in low clinker cements that have
inherently higher carbonation rates. The effect of these strategies on gas transport will also be

investigated to determine the impact on oxygen availability in the vicinity of the reinforcement.

The research compares various blended cements categorised by their clinker content with
ordinary Portland cement (OPC). Two of these cements are conventional cements with fly ash
(PPC) and slag (PSC), while the others use combinations of fly ash and slag (composite
cement) and a of limestone and calcined clay (LC®). Various transport properties such as air
permeability, sorption characteristics, water permeability, and permeable porosity are studied
using standardized tests on mortars before and after carbonation, with and without the
application of waterproofing agents. These waterproofing agents, categorized as crystalline and

hydrophobic, are extensively studied by incorporation into the mortar mix and surface



application on the specimens. The results provide insights into the mechanisms controlling the
transport processes within the microstructure. It is found that the microstructure is affected by
both the carbonation process and the presence of waterproofing compounds. However, it was
observed that gas transport behaves differently than moisture transport.

In agreement with previous literature, it is observed that blended cements, especially those with
a lower clinker content, carbonate faster, which is associated with increased moisture and gas
transport. The application of waterproofing chemicals was found to affect transport properties
to varying degrees, depending on factors such as the type of compound, application method,
and cement type. While most of these compounds do not attenuate the rate of carbonation in
the specimens, they significantly affect the transport properties. Hydrophobic chemicals lead
to a more significant reduction in transport rates compared to crystalline compounds, especially

in carbonated specimens.

In summary, this study highlights the potential of these waterproofing compounds as a
relatively simple method of reducing moisture transport in carbonated concretes composed of
low-clinker cements. This reduction in moisture transport can effectively match or exceed the
rates observed in concretes made with OPC and promises comparable or longer service life for
structures built with these sustainable, low-clinker cements. Upon the application of certain
types of waterproofing compounds, moisture transport in blended cement mortars can be
reduced to the similar on course levels as OPC mortars. These techniques promise to increase
the service life of reinforced concrete structure built using blended cements.



R

HH-fader e & UM @1 A el S §- €U ¥ e IdeT ¥ CO,
IS B HH B B AAIH I URd § | & -1 YR R gAifaar ot g1 39
A H T TG § e B0 BT &RUT, O 319 0 | yaferd dhebie RIS bt
RTge &1 I 31 TT AT S1A1 8| Ta(d FaRISS GIUS TR0 BT Fad 3TH HRUI
1 83 §, TafaR 0 e SESHRIES (CO,) TIUS, S HIEHRH & FU | St oI arai!
UfehaT &1 3R @ o1t B, +ff U Heayul avteHeal g | e gry ffifa emta arareror g9
BRI UlehaT gRT FUTa 81 ST 5 | 8Ty, HH-faddms dTHe & - J, 5t 30
He AT Pt T b HRUT HH CO, BISd o, faQ faviwamn g, 37 Hidet # co, &l siem
DI &I HH B &, ORI g8 FHepic H 3P TERTs db TdR HR UTdl § 3R pH HH B
31 8, o8 W YEaidrul &1 YRET HH 81 Ol § 3R W&o Ufehar YR g1 Sl g |
BTaliieh, Hblc P ARd PN F LEIHIU BT doit ¥ &Rl Tt 8T g1 Tg "o
eEIHRU1 & ATATaRUl H TH 3R 3o & ST o HReb! IR R w8 | fufda
e, fomd &A fade: It a8, didt it ufvag uelikid #=d €, S dyaa:
JECIHRUT &R B & B! 4THT B <l ¢ | BT, BIEHRH & 1Y, GRAe & ! 9¢
St €, o gedianRur aftd SiT & Tifd Hag-T=iiel 81 offdT § 3R uRumaey Iamrsi
&1 4T Sia BleT gl Sl g |

g LT BIACS dobIc H TH &b YR Pi b o (o1T JHTFAT U &bl el T
&1 JIRI BT § 3R Y YHR WIHIaS U ¥ 3= HIEHIE R & 1Y HH fFaa e
T UERUI &R DI HH BT ¢ | YT BT b SHIUT SfiIor B Juaiseal IR yuTa fHeffed
FRA & fo1T 71 aRag= W g Xoifadl & THTd &1 o ST & S|

Ty # faftra ffda e & o aruror tidds diHe (opc) I &1 T8 §, o fh 3%
fociopR el o faiva 1 377 9 &) Wi weE U (PPC) SR T (PSC) aTdt URURS
Wiie 8, Tafe 37 TelTs T 3R T (FAifra Widfe) & fareror ok o1 TR 3R Soidags
et (LC?) & OIS &1 SN HRd ¢ | STeRiel Toiel & 3fmaed & Wy 3R f9 1 ez
¥ Ugd 3R Tl H HIeR W AFGIGd WU & ITINT HRb aig IR, TR
faRiwdrefl, TR SR URT fog S faftrd ufvags on &1 srer far S Bl




fopecii 3R eRSIWIfa® & ¥U H aiffgrd S drexyfth Toic! &1 ek fsor §f wnfia
PR IR T TR g W TG TP g9 UHM TR 37T fHar g |

o e o Tr Wgdfd H, I8 ¢ T § fos S e, faxiv wu 9 &3 fadd: arht
T, doll ¥ HTEE BId §, ol 91 g3 4T 3R 1 uRkag I IS 8Id1 5 | I8 Ui T g fob
AICRYHT IATIA! BT STANT URag TN &1 Sfa-3er fS$ a& guifad &xar g, o f&
QS & JHR, AT Al 3R WiHe & TR S SR R 1R Ha1 ]| graife g4
T HAHI QIS TAI T BIEMRA B &R B HH 6l DR 8, A d TRde o1 DI
TE@yUl &Y ¥ YHIIAd #d & | TRSIBifad IEH, fay ®0 § $EHes ! #,
foreecita diffiet &t o o ufas &l H 3ifiie Hgayqul HHi ard ¢

JAT T, T8 R HH-fFddR HHT I - HIEHCS dhobic § AU URIg Bl HH B DI
3UeTHd TR [T & &9 H 37 qIeY b1 AT B! &HdT IR UHIR STl § | TH gRag—
o g BT YRR T 99 dsbic J ¢8I 718 &Xf I THTET &0 I Td T I 6 a1 S HIH
B T & 3R g7 Rd1ss, HA-fadax Wiie ¥ Fftfa WRamrsii & fae ga-ia an det Jar
Sfta T aTeT Bl & |

Vi



Table of Content

CITITICALE ...ttt bbbt bbb e bbb e i
ACKNOWIBAGMENT ...ttt i
AADSTFACT ...t bbbt i
LTRSS Vv
Table OF CONENTE ...ttt vii
TS o) T TN =TSSR Xi
LISE OF TADIES ..ot xviii
Chapter 1: INTrOQUCTION .....c.veieiiiiicieeeee ettt 1
1.1 BACKQround & CONEXT.......ccuiiiiiieiieiiesiesiee ettt 1
1.2 THESIS OBJECTIVES.......oviiiiitieieee bbbt 3
1.3 THESIS OrgaANIZAIION ......ccueiiiiiieieieeee ettt e bbbt 4
Chapter 2: LITErature REVIBW .........cuiiiiiieiiie ittt 5
2.1 OPC — Primary hydration mechanism, Products ............ccccereririnienieneneseseseseeeeeees 5
2.2 Blended Cement — Secondary hydration mechanism, products ............cccoeevvrvrieniininnnnn. 6
2.3 Carbonation — Reaction Mechanism, Products.............ccoceveiriieiiinieeescseescseeees 8
2.4 Factors Affecting Carbonation ...........c.ccveiiiiiiieie e 9
2.5 Need for protective measures against carbonation ..............ccccceeveveeieicc s s 10
2.6 Waterproofing Techniques and Chemicals............cccocveviiiiiiiie i 11
2.7 Brief Literature on Waterproofing Techniques and Chemicals.............cccccceevvveiiennnnne, 14
2.7.1 Introduction and mechanism to waterproofing techniques...........cccccoeoveviiiiiciiecnnee, 14
2.8 RESEAICH GAP ...ttt bbbt bbbttt bbbt 17
Chapter 3: Material & MEethOUS ..........coiiiiiiii e 19
KT8 A 10T [0 Tod o] I TSSO TP UR PSPPI 19
3.2 RAW MALEITAIS ..ottt bbbt 19
2.1 CBMENT .. s 19

vii



B2 2 FIY ASN o 19

3.2.3 Ground Granulated Blast Furnace Slag (GGBS) .........ccccovvviiiieii e, 20
3.2.4 Limestone Calcined Clay (LC?) ........ccoveevivireeeeseceieeeieesesessee st en st sss s 20
3.2.5 Indian Standard SANG ..........cceoviiiiieire e 20
3.3 Characterization of RawW MaterialS ...........cccoueeiiiiiiiiiie e, 21
3.3.1 PNYSICAl PrOPEITIES ...t 21
3.3.2 Chemical COMPOSITION ......ccveviiiiiiiieeiieieee et 24
3.3.3 Mineralogical COMPOSITION. .........cuiiiiiiiieieie e 26
3.4 Protective Techniques & Waterproofing Methods............ccccviviiiiiininiiiniciecee, 30
3.4.1 Integral Waterproofing Admixture — IWA ..., 31
3.4.2 Cementitious Surface Coating — SC.......cccveieiieiiiiecee e 32
3.4.3 Hydrophobic Impregnation — HI............ccooiiieiece e 33
3.5 Blend Design, Specimens, Experimental Parameters and Variables..............c..ccccen..... 34
3.6 SAMPIE Preparation........c.cceciueieeiieiieiie ettt sttt be b e sreesae e e ereenne e 36
3.7 Experimental TeSt MEethOdS. ..........coviiiiiiiie e 37
3.7.1 SOIPLIVITY TESE...ctieiiiie ittt ettt esae e nresre e reenne e 37
3.7.2 BOIING WaLEE TESL.....veiiuieiicie ettt sttt sba et re e 39
3.7.3 Oxygen Permeability TeST........ccoiiiiiieieee e 40
3.7.4 Water permeability TESE.......ccccooiiiiiiieieee e 44
3.8 Accelerated Carbonation PrOCESS ..........cciireierierierienie sttt 44
3.9 Experimental MethodOIOgY .........ccooeiiiiiiiiiieieie e 45
Chapter 4: Influence of various SCMs on transport properties in low clinker cement............ 46
o A 10T [0 Tod o] ISP PRSPPI 46
4.2 Influence of SCMs on sorption characteristics in blended cements..............ccocvvvenennen. 47
4.3 Influence of SCMs on permeable porosity in blended cements............cccceevvevieiiieennnens 50
4.3 Influence of SCMs on air permeability in blended cements ............cccceeveiiiiii e, 56
4.4 Influence on water permeation iN LCC ........cccoiiiiiiiiieie e 56

viii



D I O NGRS . ..ttt oo e ettt e e e e e e e e e e e e e e e e e —————aaa e e e e e ———— 57

Chapter 5: Sensitivity of transport properties in low clinker cements to carbonation process 58

5.1 INEFOAUCTION ...t bbbt bbb 58
5.2 Effect of carbonation on sorption characteristics in blended cement...............ccccovenee. 60
5.3 Effect of carbonation on permeable POroSItY .........cccoeiiriiininieieesese e, 65
5.4 Effect of carbonation on air permeability ..o, 66
5.5 Depth Of CarbONALION .......ccoiiiiiiiie e 70
5.6 Interpretation and SUMMAIY ........cccoiiiiiiire et 73

Chapter 6: Influence of application of waterproofing chemicals on transport properties of low

CHINKET CEBMEBNTS ...ttt et bbbttt b b be b e b e ne e s e 75
6.1 INEFOUUCTION ...ttt bbbt e et e sttt e st e b e nne et e nens 75
6.2 Influence of Integral admixtures on sorption characteristics............cccevevvvereiiieseennenne. 78
6.3 Influence of integral admiXtUres 0N POFOSITY ........c.cccvevueiieieerie e 85
6.4 Influence of integral admixtures on air permeability ..........c.cccooveiiiiiiiiicc 87
6.5 Influence of integral admixtures on water permeation............ccccccvvveveiieeseeseccie s 89
6.6 Influence of surface coating on sorption CharacteristiCs ............ccoocvvvrerenenenienieneeen, 96
6.7 Influence of surface COAtiNg 0N POFOSILY ......ccveiviriiriiriiiiieee s 100
6.8 Influence of surface coating on air permeability ...........ccocoiiiiiiiiniie, 101
6.9 Influence of hydrophobic impregnation on sorption characteristics .............ccccveuennen. 104
6.10 Influence of hydrophobic impregnation 0N POroSItY .........cccccereierineninisieeeees 110
6.11 Influence of hydrophobic impregnation on air permeability.............cc.ccoovniiininnn, 111
6.12 Interpretation and SUMMAIY .........coiuiiiieiie e e e e e saaesrae s 115

Chapter 7: Sensitivity of transport properties in low clinker cements treated with

waterproofing chemicals upon carbonation ProCess. ........ccovviieiieiiieiie e 117
% R o ¥ od £ o o [PPSR 117
7.2 Influence of Integral admixtures on sorption characteristics...........ccocvvvevveviieiiieennnen, 119
7.3 Influence of integral admiXtUres 0N POFOSITY .......cc.ecveiiereeiieseee e ree e 144
7.4 Influence of integral admixtures on air permeability ..........cccccevviieiien i, 145

iX



7.5 Influence of integral admixtures on carbonation depth..........ccccccevviiiievi i, 147

7.6 Influence of surface coating on sorption characteristics ...........ccccovceviveveiiciieinciennn, 150
7.7 Influence of surface coating 0N POFOSILY .........cccvevueiiieiieie e 162
7.8 Influence of surface coating on air permeability ..........c.cccooieviiiiiie i, 162
7.9 Influence of surface coating on carbonation depth...........cccceveiiiininiiiiceee, 162
7.10 Influence of hydrophobic impregnation on sorption characteristics ..............cccccve.... 166
7.11 Influence of hydrophobic impregnation 0N POroSItY .........cccccereiereieninisieeeeees 180
7.12 Influence of hydrophobic impregnation on air permeability.............cccccoovoiiiininnn, 180
7.13 Influence of hydrophobic impregnation on carbonation depth ............cc.coovvviiiinnn, 180
7. 14 SUMIMAIY ..ottt b e bttt e b e e e e se b e b e nne s 183
Chapter 8: DiSCusSION Of RESUILS ........ccveiiiiiiiie e 185
8.1 Carbonation of blended CEMENTS ..........ccoeiiiiriieire e 185
8.2 Relationship between transport properties before carbonation ..............cccocoeveivinnn, 188
8.3 Efficacity of waterproofing teChnIQUES ...........ccceeii i 191
8.4 Relationship between transport properties after carbonation ...............ccccoevveininenen, 194
8.5 SUMIMIAIY ...ttt et s e e st e e e nbb e e e erbe e e nbeeeebeeeennes 198
Chapter 9: Summary and CONCIUSIONS...........cccueiiiieiieie e 200
0.1 SUMIMANY ..ttt bttt bbbt et e b e e bt e b e e neennenne s 200
9.2 CONCIUSIONS ...ttt bbbt nes 200
9.3 SUDJeCts TOr TUINEr STUAY .......ocviiiiiiiieieeee s 202
ANINEXUTES ...ttt E e et h e et e Rt et e nme e et e R e e e nn e e nme e an e e nne e e nne e 203
RETEIBNCES ...t bbbt b bbbt 216
LiSt OF PUDICAIIONS ... 227
CUITICUIAM WL ...ttt bbbttt b e bbb nes 229



List of Figures

Figure 1-1 Research cycle of carbonation and corrosion issue in timel’.............cc.ccoevvivennen, 2
Figure 2-1: Scheme of factors affecting the carbonation process®...........ccccevvvvvveesvevenennnns 9
Figure 2-2: Probable durability indicators for different deterioration processes Carbonation-
INAUCEA COMTOSION.Z ..ottt ettt n e 10
Figure 2-3: Types of Waterproofing Methods.5 ..............cc.ooeiiieiceieeece e 12
Figure 2-4: Schematic representation of the different types of surface treatment of
CONCIBLE.2Z0B2 ettt et s et s ettt na et e s 12
Figure 2-5: Taxonomy / classification of techniques for protection against ingress. Adapted
and organised based on various literature,20:29-31:4257.59.606264-67 . 13

Figure 2-6 General Mechanisms for hydrolysis and polymerization of silane in cement-based

MALETTAIS. ..ottt bbbt bbb e b e bbb e nes 15
Figure 2-7 Reaction on concrete surface treated with a typical silane group. ...................... 16
Figure 2-8 Hydrophobic effect created by silane treatment............ccoceveiiiiniininiiceee, 16
Figure 2-9 Water absorption in surface impregnated and untreated concrete at different time

OF Water @DSOMPEION.E0.........iieeececece ettt 17
Figure 3-1 Particle size distribution of raw materialS............c.ccccovriiiiniiiiiic 23
Figure 3-2: X-ray diffractograms of raw materials with major peaks identified. ................... 29

Figure 3-3 Schematics of the experimental setup for the sorptivity test according to ASTM
LGN S1 ST 0 SRS 38

Figure 3-4 Schematic of the oxygen permeability setup, along with compressible collar (All

AIMENSIONS iN MM 0708 ettt 42
Figure 3-5 Systematic representation of the research methodology...........ccccoeiviviiieinenenne. 45
Figure 4-1 Comparison of individual TPs for control specimens at 0.4 vs 0.5 w/b ratio. ....... 49

Figure 4-2 Comparison of Transport Properties (TPs) for control specimens at 0.4 and 0.5

1V« TSP PRPP 50
Figure 4-3 Correlation of TPs of control specimens based on normalised [A] value for 0.4 vs

0.5 WD TALIO. .otttk b e bt s et bbbt te e neenne e 53
Figure 4-4 Experimental results for different transport properties at 0.4 w/b ratio. ................ 54
Figure 4-5 Experimental results for different transport properties at 0.5 w/b ratio. ................ 55

Figure 5-1 Comparison of individual transport properties for control specimens NC vs C at
0.4 WD TALIO ...ttt e te e naaeaaeeanae s 61

Xi



Figure 5-2 Comparison of individual transport properties for control specimens NC vs C at

0.5 WD TALIO ...ttt bbbttt bbbt e e 65
Figure 5-3 Influence of water-cement ratio in carbonated control specimens............ccccccueu... 68
Figure 5-4 Influence of carbonation on transport properties for blended cements.................. 69

Figure 5-5 Sensitivity analysis [Cvaiues] for all transport properties of various blends
substituted with varied percentage of mineral additives SCMs at 0.4 Left {A} and 0.5

RIGNE{B} W/D FAEIOS. ...ttt 70
Figure 6-1: Comparative plots based on normalized D-value with transport properties and
Cement types - Control vs. IWA 1-5 at 0.4 W/D ratio. ........ccccvevieiieiicieseece e 80

Figure 6-2: Comparative plots based on normalized D-value with transport properties and
Cement types - Control vs. IWA 1-5at 0.5 W/D ratio. .......ccccoieiiiininiiceee e, 81
Figure 6-3: Comparative plots based on normalized D-value with individual transport
properties at 0.4 vs. 0.5 w/b ratios — Treatment IWA L.......cccooviieiiiic i 91
Figure 6-4: Comparative plots based on normalized D-value with individual transport
properties at 0.4 vs. 0.5 w/b ratios — Treatment IWA 2. 92
Figure 6-5: Comparative plots based on normalized D-value with individual transport
properties at 0.4 vs. 0.5 w/b ratios — Treatment IWA 3.......cco oo 93
Figure 6-6: Comparative plots based on normalized D-value with individual transport
properties at 0.4 vs. 0.5 w/b ratios — Treatment IWA 4.......coo oo 94
Figure 6-7: Comparative plots based on normalized D-value with individual transport
properties at 0.4 vs. 0.5 w/b ratios — Treatment IWA S ... 95
Figure 6-8: Comparative plots based on normalized D-value with transport properties and
Cement types - Control vs. SC 1-3 at 0.4 W/D ratio. ........cccocceieiiiininiiiieese e, 98
Figure 6-9: Comparative plots based on normalized D-value with transport properties and
Cement types - Control vs. SC 1-3 at 0.5 W/D ratio. ........ccccovviiiiiii i 99
Figure 6-10: Comparative plots based on normalized D-value with individual transport
properties at 0.4 vs. 0.5 w/b ratios — Treatment SC L........ccccvvevviiiiiieeie e 102
Figure 6-11: Comparative plots based on normalized D-value with individual transport
properties at 0.4 vs. 0.5 w/b ratios — Treatment SC 2.........ccoveiieiiieiic i 103
Figure 6-12: Comparative plots based on normalized D-value with individual transport
properties at 0.4 vs. 0.5 w/b ratios — Treatment SC 3........ccoooveiviiiirieeie e 104
Figure 6-13: Comparative plots based on normalized D-value with transport properties and
Cement types - Control vs. HI 1-4 at 0.4 W/D ratio. ........ccoceieriiiieiieienie e 107

Xii



Figure 6-14: Comparative plots based on normalized D-value with transport properties and
Cement types - Control vs. HI 1-4 at 0.5 W/D ratio. ........cccceveeviiieiicce e 108
Figure 6-15: Comparative plots based on normalized D-value with individual transport
properties at 0.4 vs. 0.5 w/b ratios — Treatment HI 1. 112
Figure 6-16: Comparative plots based on normalized D-value with individual transport
properties at 0.4 vs. 0.5 w/b ratios — Treatment HI 2...........ccoooiiieiiiie e 113
Figure 6-17: Comparative plots based on normalized D-value with individual transport
properties at 0.4 vs. 0.5 w/b ratios — Treatment HI 3..........coooo i 114
Figure 6-18: Comparative plots based on normalized D-value with individual transport
properties at 0.4 vs. 0.5 w/b ratios — Treatment Hl 4............ccocoe i 115
Figure 7.1: Comparison of integral WP admixtures for all transport properties using
normalized E-values at 0.4 W/D FALIO ........ovveiieieiieieee e e 121
Figure 7.2: Comparison of integral WP admixtures for all transport properties using
normalized E-values at 0.5 W/D Fatio .........ccooiiiiiiiiiiiic e 122
Figure 7.3: Comparison between 0.4 & 0.5 w/b ratio for all transport properties using
normalized E-values for crystalline IWAL admiXture. .........c.ccoovvieiiniiiinencsencseseeeeeen 123
Figure 7.4: Comparison between 0.4 & 0.5 w/b ratio for all transport properties using
normalized E-values for crystalline IWA2 admiXture. ..........cccoceoveveeieiie e 124
Figure 7.5: Comparison between 0.4 & 0.5 w/b ratio for all transport properties using
normalized E-values for crystalline IWAZ4 admixXture. .........c.cooovviiiiiienenc e 125
Figure 7.6: Comparison of integral WP admixtures for all transport properties using
normalized F-values at 0.4 W/D FatI0.........cccoiviiiiniieieiese e 126
Figure 7.7: Comparison of integral WP admixtures for all transport properties using
normalized F-values at 0.5 W/D Fatio........c.cooveiieiiiiiiiiee e 127
Figure 7.8: Comparison between 0.4 & 0.5 w/b ratio for all transport properties using
normalized F-values for crystalline IWAL admiXture. .........cccoovveiieeiieiiieiie e 128
Figure 7.9: Comparison between 0.4 & 0.5 w/b ratio for all transport properties using
normalized F-values for crystalline IWA2 admiXtUre. ........ccocooiieriniiieee e 129
Figure 7.10: Comparison between 0.4 & 0.5 w/b ratio for all transport properties using
normalized F-values for crystalline IWAZ4 admiXture. .........cccooveiieenieiiie i 130
Figure 7.11: Comparison between 0.4 & 0.5 wi/b ratio for all transport properties using
normalized E-values for hydrophobic IWAS3 admiXture. ..........cccoeveeiiieneneniseseeeeen 135
Figure 7.12: Comparison between 0.4 & 0.5 wi/b ratio for all transport properties using
normalized E-values for hydrophobic IWAS admiXture. ........cccooeieeienniieienieseeesee s 136

Xiii



Figure 7.13: Comparison between 0.4 & 0.5 wi/b ratio for all transport properties using
normalized F-values for hydrophobic IWAS3 admiXture...........cccccevveveiieieese e 137
Figure 7.14: Comparison between 0.4 & 0.5 wi/b ratio for all transport properties using
normalized F-values for hydrophobic IWAS admiXture............ccoovieieienenc i 138
Figure 7.15: Comparison graph of measured carbonation depth for each cement type and
different integral crystalline and hydrophobic admixtures at 0.4 W/b. ........c.cccevvevveieiiennn, 148
Figure 7-16: Comparison graph of measured carbonation depth for each cement type and
different integral crystalline and hydrophobic admixtures at 0.5 W/b. ........ccocveiviiveiiiiinnnn, 149
Figure 7-17 Comparison of surface coating for all transport properties using normalized E-
ValUES At 0.4 WD TALIO. ...oviiiiiiieieieie ettt 151
Figure 7-18 Comparison of surface coating for all transport properties using normalized E-
ValUES At 0.5 W/D FaLI0. ..ot 152
Figure 7-19 Comparison between 0.4 & 0.5 w/b ratio for all transport properties using
normalized E-values for SC1 cementitious surface Coating. ........c.ccccevevveevivevesiieceese e, 153
Figure 7-20 Comparison between 0.4 & 0.5 w/b ratio for all transport properties using
normalized E-values for SC2 cementitious surface Coating. .........c.ccoovevereneienenienieieieen 154
Figure 7-21 Comparison between 0.4 & 0.5 w/b ratio for all transport properties using
normalized E-values for SC3 cementitious surface coating. ..........ccccccevveieeveiieceese e, 155
Figure 7-22 Comparison of surface coating for all transport properties using normalized F-
ValUES At 0.4 W/D FaLIO. ....evieeec ettt nne e 157
Figure 7-23 Comparison of surface coating for all transport properties using normalized F-
Values at 0.5 W/D FALIO. ...ovviviiieicieee ettt 158
Figure 7-24 Comparison between 0.4 & 0.5 w/b ratio for all transport properties using
normalized F-values for SC1 cementitious surface Coating. .........cccceverererenenesieneeeenenen 159
Figure 7-25 Comparison between 0.4 & 0.5 w/b ratio for all transport properties using
normalized F-values for SC2 cementitious surface Coating. ...........cccccevvvevieiieeniiecvee e 160
Figure 7-26 Comparison between 0.4 & 0.5 w/b ratio for all transport properties using
normalized F-values for SC3 cementitious surface Coating. .........ccccuvererenerienesieseeieienen 161
Figure 7.27: Comparison graph of measured carbonation depth for each cement type and
different cementitious surface coatings at 0.4 W/D..........cccooviiiiiiiicic e 164
Figure 7.28: Comparison graph of measured carbonation depth for each cement type and
different cementitious surface coatings at 0.5 W/D..........c.cooiiiiiniiii e, 165
Figure 7.29: Comparison of various hydrophobic impregnation compounds for all transport
properties using normalized E-values at 0.4 W/D ratio...........ccooeieieiiinn i 167

Xiv



Figure 7.30: Comparison of various hydrophobic impregnation compounds for all transport
properties using normalized E-values at 0.5 W/D ratio...........cccccovvveveevi i 168
Figure 7-31 Comparison between 0.4 & 0.5 w/b ratio for all transport properties using
normalized E-values for HI1-hydrophobic impregnation.............cccceoeieiine i 169
Figure 7-32 Comparison between 0.4 & 0.5 w/b ratio for all transport properties using
normalized E-values for HI2-hydrophobic impregnation. ............cccoceevviveiieve e 170
Figure 7-33 Comparison between 0.4 & 0.5 w/b ratio for all transport properties using
normalized E-values for HI3-hydrophobic impregnation.............cccceeiiienininiinceeen 171
Figure 7-34 Comparison between 0.4 & 0.5 w/b ratio for all transport properties using
normalized E-values for HI4-hydrophobic impregnation.............cccccevvieiieve e 172
Figure 7-35 Comparison of surface coating for all transport properties using normalized F-
ValUES At 0.4 W/D FALIO. 1..eeiieiiee et reene e 174
Figure 7-36 Comparison of surface coating for all transport properties using normalized F-
Values at 0.5 W/D FALIO. ...o.vviiiiiiiiieiee e bbb 175
Figure 7-37 Comparison between 0.4 & 0.5 w/b ratio for all transport properties using
normalized F-values for HI1-hydrophobic impregnation. ............ccccceovieieneneniniiniceeen 176
Figure 7-38 Comparison between 0.4 & 0.5 w/b ratio for all transport properties using
normalized F-values for HI2-hydrophobic impregnation. ............ccccceevieiieie e 177
Figure 7-39 Comparison between 0.4 & 0.5 w/b ratio for all transport properties using
normalized F-values for HI3-hydrophobic impregnation. ............cccccoveieiininenininceeen 178
Figure 7-40 Comparison between 0.4 & 0.5 w/b ratio for all transport properties using
normalized F-values for HI4-hydrophobic impregnation. ............cccccevveiieiieie e 179
Figure 7.41: Comparison graph of measured carbonation depth for each cement type and
different hydrophobic impregnation coating at 0.4 W/D...........cccooeiiiiniiiniieseeeeeee 182
Figure 7.42: Comparison graph of measured carbonation depth for each cement type and
different hydrophobic impregnation coating at 0.5 W/b............ccccoviiiiii 183
Figure 8-1 Plot showing the relationship in terms of variation of carbonation coefficient with
diffusion coefficient and reserve alkalinity using equation 8-1..........cccccoceiviiiniiiiniieiinniennn. 186
Figure 8-2 The plot demonstrates the relationship of the calculated carbonation coefficient
based on diffusion coefficient using OPT values after carbonation ................ccccceeevvevnennn. 187
Figure 8-4 The plot shows a comparison between water and gas transport rates under pressure
IN VArioUS MOITArS SPECIMIENS .....viuviutetetestestesieeteeseeteste st st e sttt be e ettt st bbbt e se e e e e 189
Figure 8-5 A comparison between the rates of water permeation under pressure and capillary
water sorption in all mortar samples at different w/b ratio. ..........cccooeiiiniiiinin e, 190

XV



Figure 8-5 A comparison between the rates of water permeation under pressure and capillary
water sorption in carbonated mortar samples at different w/b ratio. ...........c.cccoeveviiiineennnnn, 191
Figure 8-7 A comparative plot of various datasets showing reduction in water and gas
transport rates under pressure with reduced permeable pore volume post carbonation ........ 192
Figure 8-8 Shows a comparison plot between reduced initial sorption and permeable pore

volume of mortar samples treated with integral crystalline waterproofing chemical - IWA4

Figure 8-9 Shows a comparison plot between reduced initial sorption and permeable pore
volume of mortar sample treated with integral hydrophobic chemical — [IWA5]................. 194
Figure 8-10 The plot shows the variation between initial sorption and gas permeability in all
control mortar samples after carbONAtioN. ..........cccooeiiiiiiiii e 195
Figure 8-11 The plot shows the increase in rate of gas permeability after carbonation for
mortar samples both treated integrally with two different waterproofing chemicals — integral
crystalline [IWA4] and integral hydrophobic admixture [IWAS]. .....ccocooeiiiviiieceece e 196
Figure 8-12 The plot shows the decrease in rate of water sorption after carbonation for mortar
samples both treated integrally with two different waterproofing chemicals — integral
crystalline [IWA4] and integral hydrophobic admixture [IWAS]. ..o 197
Figure 8-13 The plot shows the decrease in rate of water sorption after carbonation for mortar
samples treated with same chemical but with different Techniques — hydrophobic
impregnation [H14] and integral hydrophobic admixture [IWAS]. ..., 198
Annex 6-1: Experimental results bar charts for all transport properties - Control vs. IWA [1 to
5] at 0.4 w/b ratio — NON-CarbONAted. ..........cceiieiiec e 204
Annex 6-2: Experimental results bar charts for all transport properties - Control vs. IWA [1 to
5] at 0.5 w/b ratio — NON-CarbONALEM. ..........ccoviiiiiiie e 205
Annex 6-3: Experimental results bar charts for all transport properties - Control vs. SC [1 to
3] at 0.4 w/b ratio — NON-CarbONALEd. .........ceoviiiiieiie e 206
Annex 6-4: Experimental results bar charts for all transport properties - Control vs. SC [1 to
3] at 0.5 w/b ratio — NON-CarbONALEM. ..........ccoviiiieieie e 207
Annex 6-5: Experimental results bar charts for all transport properties - Control vs. HI [1 to
4] at 0.4 w/b ratio — NON-CarbONALEA. .........covviiiieiiece e 208
Annex 6-6: Experimental results bar charts for all transport properties - Control vs. HI [1 to
4] at 0.5 w/b ratio — NON-CarbONALEd. ..o 209
Annex 7-1: Experimental results bar charts for all transport properties - Control vs. IWA [1 to
5] at 0.4 W/b ratio — CarbONALEU..........ccueiiriiiiie i e 210

XVi



Annex 7-2: Experimental results bar charts for all transport properties - Control vs. IWA [1 to

5] at 0.5 W/b ratio — CarbONALEd............cceiveiiiiie e 211
Annex 7-3: Experimental results bar charts for all transport properties - Control vs. SC [1 to
3] at 0.4 W/b ratio — CarbONALEA............oiiiiiiiieee s 212
Annex 7-4: Experimental results bar charts for all transport properties - Control vs. SC [1 to
3] at 0.5 W/b ratio — CarbONALEU............ceeiveiiiiieie e 213
Annex 7-5: Experimental results bar charts for all transport properties - Control vs. HI [1 to
4] at 0.4 W/b ratio — CarbONALEA. ..........coiiiiiiiiiee e 214
Annex 7-6: Experimental results bar charts for all transport properties - Control vs. HI [1 to
4] at 0.5 W/b ratio — CarboNated............ccueireiiiieecece e 215

XVil



List of Tables

Table 2-1: Densities of the phases that take part in SCMSs reaction.®................cccooevvvevrvinnene, 7
Table 3-1 Specific gravity of raw mMaterialS...........cccooeiiiiiiiiiiiee e, 22
Table 3-2 Experimental parameters for particle size analysis ..........ccccooeiiiniiiniiiciceen, 22
Table 3-3 Summary of Particle size analysis - reSUILS ...........ccoveveiiieiieie i, 23
Table 3-4 Physical testing results of OPC-43 compared with IS guidelines. ...........cccccoeeenen. 24

Table 3-5 Result of XRF-based chemical composition of raw materials (% weight)
normalised With reSPECLIVE LOI. ......c.oiiiiiiiiiiii e 25

Table 3-6 Reactivity indices with equation and literature recommendation for GGBFS (slag)

.................................................................................................................................................. 26
Table 3-7 Result summary of lime reactivity test for different SCMS ..........ccccocriiiiiiienen, 26
Table 3-8 Phase composition and amorphous content of OPC and various pozzolans in

WEIGNT PEICENTAGE ...eevviivieiteete ettt e et e et e et e et e s e te e teese e s beebeaneesbaesteeneesreeteannenneas 28
Table 3-9 Amorphous silica and alumina (% Weight) .........c.ccoveiiiiiiieie e, 29
Table 3-10 List of various IWAs with brief descriptions and dosage ...........ccoceeereririvenennen. 32
Table 3-11 List of surface coating chemicals showing the description and mixing ratio........ 33
Table 3-12 Description of chemicals used for hydrophobic impregnation..............cccccocveaee. 34

Table 3-13 Blend Design — Details of constituents % replacement, notation, and clinker factor

.................................................................................................................................................. 34
Table 3-14 Experimental parameters and variables for the research............ccccocvvveviveiviinnnn, 35
Table 3-15 List of equations for calculation of permeable pore space in the concrete

acCording t0 ASTM C B42-13.......ooeeee ettt se e reere e 40
Table 8-1: Calculated values of reserve alkalinity for various cement blends at two w/b ratios.
................................................................................................................................................ 185

XViii



