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Abstract

Chloride-induced corrosion is the predominant cause of loss of service life in reinforced concrete
structures subjected to marine conditions. To protect reinforcing steel from the corrosive effects of
external chloride ions present in these environments, a proper combination of concrete quality and cover
depth is needed. Short-term electrical conductivity methods are rapid alternatives to the time-consuming
diffusion tests for the characterisation and quality control of concrete mixtures. To estimate the long-
term behaviour of a concrete mixture in marine conditions, however, and propose a proper combination

of adequate cover depth and concrete quality, a service life prediction model is needed.

In this study, a service life prediction model was developed to predict the rate of chloride ingress in
marine environments using conductivity measurements to estimate diffusivity parameters. A
comparison between the chloride conductivity test and the Wenner resistivity test was also performed
to evaluate the relative impact that pore solution conductivity and unsaturated conditions may have on
the proper quantification of chloride penetration resistance of concrete. Diffusivity and conductivity
measurements were carried out on various concrete mixtures made with different cementitious binder
combinations including fly ash and slag, at different w/b ratios, and cured under wet conditions or

plastic wrapping.

The conductivity results of this study showed that the use of the conductivity measurements to assess
the ionic transport resistance without regard to the pore solution chemistry can lead to
misinterpretations. This effect was especially noticeable in fly ash concretes. These findings address
the effect of pore solution on the Wenner resistivity results for practical applications, which has not
been explicitly and extensively addressed in the literature. Similarly, the studies on the effect of
unsaturation on the Wenner resistivity mostly concern with the effect of surface drying on the Wenner
resistivity. In this study, the effect of rewetting on the Wenner resistivity was evaluated on concrete
specimens that underwent air drying as part of the curing regime as is common in practical curing
regimes before the testing age of 28 days. Despite the use of prolonged specimen rewetting, the moisture
gradients in concrete affected the evaluation of the curing efficacy on the cover concrete by the Wenner
method. The chloride conductivity test showed more robustness against both these important issues.
This study illustrates the constraints of the Wenner resistivity method for compliance testing—an
indispensable part of the performance-based quality control process for durability. Notwithstanding
this, the Wenner method was found to be very useful in the characterisation of the time-dependence of
the instantaneous chloride penetrability of concrete under saturated conditions. A promising application
of this finding is in characterising the time-dependence of the chloride diffusivity for service life

modelling of reinforced concrete exposed to marine conditions.

On the relationship between the apparent chloride diffusivity and chloride conductivity index (CCl), it

was found that the time dependent variation of microstructural penetrability could explain the time



dependent reduction in apparent diffusivity. By accounting the time-dependence of CCI, a general
binder-independent correlation was obtained between the apparent diffusivity and CCI. This finding
suggests that the differences in the apparent diffusion coefficients in different SCM-blended concretes
could be mainly attributed to the continued microstructural development of concrete with time. This is
a significant departure from the existing understanding that the chloride resistance of SCMs is to be
ascribed to a large extent to their superior binding ability. Instead, the results and analysis of this study
strongly suggest that the main differentiating factor is the long-term ageing-dependent reduction in
microstructural penetrability. This is a significant improvement of the current understanding of chloride

diffusion behaviour in concrete and one of the crucial novel contributions of this study.

Using the laboratory-exposure results of the present study and the field-exposure results of previous
studies, a simple user-friendly service life prediction model is developed. A multi-factor model
framework based on the error function solution to Fick’s 2™ law is used to derive the apparent diffusion
coefficient as a function of the test method, curing conditions, and the exposure environment. The
general binder-independent correlation between the apparent diffusion coefficient and the time-
averaged CCI is used to describe the apparent diffusion coefficient based on early-age CCI and the
ageing coefficient of CCI. This approach minimises the need for diffusion testing to characterise the
material’s resistance to chloride diffusion and its development under moist marine conditions. The
guantification of the effect of exposure conditions on the apparent diffusion coefficient was done in
terms of a simple empirical factor that could be used to quanitify the severity of exposure conditions
pervasive at relevant marine sites. Environmental characterisation parameters were derived for selected
South African marine sites using field data from previous studies. The proposed model represents a
simplified approach to service life prediction that integtrates design and quality control aspects aimed

at providing more effective tools to enable construction of durable reinforced concrete structures.



Acknowledgements

I would like to express my sincere gratitude to my PhD advisors, Prof Hans Beushausen and Prof Mark
Alexander, for their guidance, support, and encouragement during this work. It was a deeply enriching

experience, for which | thank them.

| appreciate the support of the following people from the Department of Civil Engineering, whose help

on the experimental/administrative side was vital to this work:

Mr Nooredien Hassen, Mr Charles May, Mr Christopher Ceaser, Mr Elvino Witbooi, Mr Leonard
Adams, the late Mr Tahir Mukadam, Ms Ayesha Dalwai, Ms Rowen Geswindt, and Ms Gill Verster.

I thank Dr Mike Otieno for helpful discussions on chloride analysis and Dr Emmanuel Leo for sharing
the XRF results for some of the binder materials used in this study.

I also thank the valuable support of the following organisations:

= Afrisam South Africa (Pty) Ltd — for providing aggregates.

= Ash Resources (Pty) Ltd — for providing fly ash.

= Cement and Concrete SA — for providing access to some valuable literature.
= Pretoria Portland Cement Ltd — for providing Portland cement.

= Sika South Africa (Pty) Ltd — for providing coating materials.

Finally, I would like to extend my deepest gratitude to my father Dr Narendra Mal Surana, my mother
Dr Rajkumari Surana, and my brother Nikhil Surana. Without their enduring support, this thesis would

not have been completed.



Table of Contents

D= Tod - T LA o] o RS SPSR i
A 01 - Uod S PRSPPRSR ii
ACKNOWIEBAGEMENTS ...t iv
LSE OF FIGUIES ...ttt b e Xiii
I 0 1o [T Xviii
List of Abbreviations and SYMDOIS ... XX
CHAPTER 1 INTRODUCTION ....occiiiiiieieise sttt nnens 1
IO = - Tod 1o | (011 o O RPSRR 1
1.2 Research problem and motivation for the study ........c.cccccviiiiiiccic e, 3
G T B TNl (o =1 o TSRS 4
1.4 Overall research Methodology .........cccvveiiiiiiiie e 4
1.5  Research SignifiCanCe.......cccciiiiiiiii i 5
1.6 Scope and HMITAtIONS.......ccviiiiiieicce e s be e s re e re e e 5
O B 1T o T g Ty LA o] o RS PSRR 6
CHAPTER 2 LITERATURE REVIEW .......coiiiiiiiie it 8
A R © V=T 1= OSSPSR 8
Part A: Reinforced concrete in marine environments: an OVErVIEW...........cccocvevereviverieseeeenens 9
P2 1 14T 11T 1 To] o PSSR 9
2.3 IMIAIINE EXPOSUIE ...ttt sttt ettt ettt bbbt b et st e bbb e se st b 9

2.3.1  Characteristics of the eXposure eNVIFONMENT..........ccoriiriririneneseee s 9

2.3.2  Transport processes in maring CONAItIONS .........ccccvvveiiereiiiineise e 10

2.3.3  Degradation mechanisms — AN OVEIVIEW ..........coeriiireiieiie et 12

2.3.4  Exposure zones — current classifiCationsS..........coeveiiriiieie s 14

2.3.5  South African coastline — climatic conNditions...........cccceoeiiiinieiiiiiee e 15
2.4 Chloride-induced corrosion: the main deterioration mechanism.............cc.ccoocevevrieennne 15

241 COrroSion INFTIALION ......cciiiiiie ittt 15

P O o (o o[-0 (g T=T] T ] o IS 17



2.5 CONCIUSIONS (PAIT A). ..ottt sttt st te e stesteeneeseeareenaeas 18

Part B: Selected factors affecting chloride penetration resistance of concrete...............c........ 19
2.6 INTFOAUCTION. ...t 19
Y X o =T T L= TP PRTPRPR 19
2.7 1 AQOrEgate tYPE ..o s 19
2.7.2  AQOregate CONTENT ......eiiiieieie it 20
2.7.3  AQOregate grading .......ccooeiiirieiiiieese e 22
P28 B = 111 To [ RPN 23
2.8.1  POrtland CEMENL.....cciiiiieieiee ettt sttt see st snenreenes 23
2.8.2  Supplementary cementitious materials (SCM) .......ccoveviereierienieni e 24
2.9 WD TALIO .c.etete e ettt 25
720 T O 1oV RO PSPRPS 26
2.11  EXPOSUE CONAITIONS......ueiiiiieciieicsie ettt ettt ettt s re e be s e sbesba e e srestaesre s 27
2.11.1  ChIoride CONCENTALION ... ..couverveieeiiee ettt eneens 27
2,012 TEMPEIALUIE ..eevvieiiee ittt sttt sttt st s e st e st e et e et e e be e e beeanbeeenbbeenbaeenbbeeas 28
2.11.3  EXPOSUIE ZONE ...uiiiiiiiiiiie ittt sttt sttt sttt et et e e be e et e e nbe e e nbn e e sbaeenbne e 29
2.12  CoNCIUSIONS (PArt B)...ccveiiiiiecieeic ettt sttt st sb e ba e sreatae e 31
Part C: Chloride modelling and service life prediCtion ..........c.cccccoveveiiiiiiniiiciccece e 33
P2 T [ 11 0o [FTod o o RSSO 33
2.14 Chloride INngress Modelling .........cccvoiiiiiieic i e 34
2.15 Fick’s 2™ Law: Error FUNCtion SOIULIONS...........c.cccuevieieieeieieicicececee et 34
P00 T R o ] o o] SO SPRRPR 34
2.15.2  Apparent parameters: Da @nd Cs......ooovevveieeiiiieiie e 36
2.15.3 Time-dependence Of D @nd Cs........cccoiiriiiiriieiiiieie e e 38
2.16 Chloride Profile: Practical Considerations ............ccoceeieirrieenienieneneeee e 46
2.16.1 Unit of chloride content: by mass of concrete or by mass of binder?..............c..c....... 46
2.16.2 Curve-fitting considerations: to extrapolate or to rescale? ..........cccoevvveriininereenn. 47
2.17 Corrosion-INitiation MOGEIS ........cccveiiiiiieeie e 48
2 T I (- 1 T 48

Vi



2.17.2  fib Model Code 2010 (modified DUrACIete) ..........ceoererieierere e 51
2.17.3 CHINCONC .ttt ettt b bbbt b bbbt b bbbt nn e b nnas 52
2.17.4  UCT chloride MOEL.........oveiiieiirrcisieersee e 54
2.17.5 Resistivity-based MOGelS..........cccoiiii i s 55
P70 T O] ol [V o] g (o= O PSSRSO 56
Part D: Formation Factor Approach — theory and teSting ...........ccccevevieeiieiiviecie s 57
2.19 Formation factor CONCEPL.......ceiuiii ettt sreara e 57
2.19.1  INEFOAUCTION ..ottt 57
PN I o ] o 1] S PSSPR 57
2.19.3 Description of pore-structure fRAtUIES.........cccvevveiiveriieiiee e 58
2.19.4 Pore solution conductivity: composition and influencing factors ...........ccccccvvvvienn. 59

2.19.5 Determination of formation factor through electrical conductivity: different methodological
APPIOACKES ...ttt bbbttt 60
2.20  CoNCIUSIONS (PAIt D)....ccuviviiiiiiiiiiiie et 63
CHAPTER 3 METHODOLOGY ..ottt sttt sne e 64
Bl OVEIVIBW....eitiieeeeete ettt bbb bbbt bt bbbttt n e 64
3.2 Experimental Variables ...........coooiiiiiii e 64
3.2.1  Supplementary cementitious materials: type and replacement levels............cccccoeene. 64
322 Water-DINAEr ratio .....c.ooe i 65
3.2.3  CUMING FEOIME. ...ttt et eb et bbbt bbbttt b ettt sb ettt sb et nnes 65
3.2.4  TesSts and teSt PAramMELErS. .....cc.iiiiiiiiriectr ettt ce st sre e e e st e ste e aeeeeenaens 66
Part | = IMALEITAIS ...ttt 67
3.3 Concrete materials and mMiX ProportionS.........cccceveeeeieiesieeie s sre e 67
KT 20 A = 11 0 o (=] g o] o] 1< LTS U RS PRURPR 67
3.3.2  AQQregate PrOPEITIES ....c.oceeieie ettt sttt ettt e e sbe e b 70
3.3.3  Mix proportioning, casting, and basic characterisation .............ccccoovveeeienccnencnnne. 71
34 CUMNG METNOUS. ...ttt eneenae s 74
341 WL CUING FEOIME ...eiiiiiiitieiiee ettt bttt be bbbt et se bbb ens 74
3.4.2  PlastiC-Wrap CUMNG FEGIME.....eiueriiuirieriiterieeete ettt sttt se et sre st e e sbesee e ere e 74
3.4.3  Wet-dry CUNNG FEOIME ..ottt st sb e st s ebe e 74

vii



L L 1= 1 o SR PSRPIRR 76

3.5  Chloride DUIK diffUSION tEST ........ccveiiiieieeieee e 76
3.5.1  Exposure specimens and eXPOSUIe FEJIME ........evuverreiererieiearerreeeresreesreseeesresreeere e 76
3.5.2  Sample preparation for chloride conNtent teStiNg........ccccvreiiireiiiineis e 77
3.5.3  Chloride content determination through potentiometric titration ............ccccccovevveenee 77
3.5.4  Chloride profile analysis: curve fitting........ccccocevvviiiiiniiici e 79
3.6 EIECHICAI TESTS.....eiuiiiiiiciiieci s 80
3.6.1  ChIoride CONUCTIVITY ..cuvcveieieiicsiese st 80
3.6.2  SUITACE FESISTIVILY ...vveiieeiie et e et este e ae e ee e 81
N A 111 14T Y USSP 83
CHAPTER 4  RESULTS ...ttt ne e 85
A1 INEFOTUCTION. ....eutiiti ettt bbbt bbb 85

4.2 Chloride conductivity and surface resistivity results: effect of mix composition and curing

...................................................................................................................................... 85
421 EFffECt OF DINAEE ..ooiieieiece s 85
4.2.2  EffeCt OF W/D FALIO ..o 92
4.2.3  EFFECL OF CUMNG covveeicie et reene s 98
4.2.4  Effect of extended environmental CUMiNG ..........ccccovevieiieiiiie s 104
4.2.5  Ageing coefficient of penetrability and its estimation.............cccccvevviiniiiinenennnn, 106
4.3 BUIK diffusion FESUILS.......cviiiiie e 112
4.3.1  Chloride profile results: general considerations and observations ............cc.ccccceeveen. 112
4.3.2  Effect of binder and W/D ratio..........ccooeriiiiiiiieee e 115
4.3.3  EFfECt OF CUMNG .ovovieieicc et 119
4.3.4  Prolonged ChlOride EXPOSUIE .......c.eciiriirieriesiese ettt se e see b eneas 121
4.4  Correlation between penetrability (CCI) and diffusivity (Da) ....cccooveevereiienieiniienns 122
4.5  Correlations of SC With CCl and Da.......cceoveieiiiiiiiicneeeeese s 125
4.6 CONCIUSTIONS. ..ottt ettt nn e an s 127
CHAPTERS5 SERVICE LIFE PREDICTION MODEL.........cccooiiiiiiiiiieecee, 128
T8 A |01 oo [1Tox o] o PSS 128

viii



5.2 Model framework for service life prediction (time-to-corrosion-initiation)............... 128
5.3  Environment parameter (ke): Influence of marine environment on Da.......cccovvvvnenee. 130

5.3.1  Modification for salinity differences between the NaCl solution (lab) and seawater (field)

5.3.2 Modification for differences in the environmental conditions between the lab and the field

5.4  Ageing coefficient (m): time dependence of Da ....ccoccvvvvviviiiiiicicceee e 135

5.4.1 Influence of marine exposure zones and macro environments on the ageing coefficient135

5.4.2  Estimation of ageing COEffICIENt..........ccoviiiii i 136
5.5  Test method and curing parameters (Ki and Ke)......cocoveveiiieviiiiiicicceese e 139
5.5.1  Relationship between Da and CCl.......ccoiieiiiiiieeieece e 139
5.5.2  Effect of lab and field CUING.......cccoooviiiiii e 145
5.6  Surface chloride CONCENLIALION .........ccveieiiiiiiirce s 146
5.7 Service life PrediCtion..........cooiiiiiiiieee s 148
oI A R o o] o To 1St I 4o o -] TR 148

5.7.2  Salient features of the proposed model and a comparison with the previous model . 149

5.7.3  Service life eStIMALES......ccciiiieiie e 151
5.8  CoNCIUAING FEMAIKS.......c.ciiiiiitiiiiite e 153
CHAPTER 6  CONCLUSIONS ... ..ottt st 154
6.1 INTrOAUCTION. ...ttt 154
6.2  General diSCuSSION aNd OUICOME. .........cveiriiriiiieriiite et 154
6.3 Experimental findings and CONCIUSIONS ............ccviiiiiiiiieicieeee s 155

6.3.1  Evaluation of rapid conductivity methods: chloride conductivity and Wenner resistivity155

6.3.2  Relationship between apparent diffusion coefficient and CCl ..........cccccevvvcvrvinnen. 157
6.4  Service life prediction MOGEl..........cooiiiiiiii 158
6.4.1  Model development: @ SUMMAIY ........ccccoreiiierieienenieisie et 158
6.4.2  Practical application of the proposed model............ccovereiiiiniiineie e, 161
6.4.3  Key features of the proposed model: a general diSCUSSION...........cccoeeieeieiiiincncnnns 161
6.5 Recommendations for further research...........cccovoiriiicicicc 163
LIST OF REFERENCES.........o ottt 165



APPENDICES

APPENDIX A.CHLORIDE BINDING — A CRITICAL REVIEW..........cccooveviniinn. 185
AL INEFOTUCTION .ot 185
A2 IMEBCNENISIMS ...ttt bbb e 185
A21  Chemical DINAING .....cooiiiiii e 186
)N 0\ V£ To L o 12 To Lo SRS 187
A.3 Chloride binding in diffusion MOGElS...........ccccoi i 188
A4 BiNAING ISOtNEIMIS......iiiieiiiece et be st sre e e re e e neas 192
At R o 1 ] £ ] T 110 14 1=T 1 LSS OSS PSSR 192
A42  ‘BINAING CAPACIEY .eoveiieeiiieieeiisee st stee ettt sttt sr e n e n e aneesreenneenneesnennne s 192
A.4.3  Comparison of different sorption iSOtherms...........cccccevieiievi i 193
A44  Desorption ISOthEIMS. .. ..ccviii e te e e ae e 196
A.5 Determination of bound and free ChlOrides ... 196
A5.1  Pore solution expression MEthod...........cocireiiiriniinee e 197
A5.2  Sorption equilibrium Method.........cooiiiiiii s 198
A5.3 Leaching method for ‘water-soluble’ chlorides..........ccovvveiiieriiiiiiiiiieiiereereeee 198
A5.4  Steady-state diffusion cell MEthod ...........ccoeiiiiiiii s 199
AB55  Other MEINOGS ... s 199
A.6 Factors affecting chloride binding.........cccccoviieiiiiiii e 202
P AN TS R o] o (@] I To g Tor =T 0 (i LT ] ) SO UOSPRR 202
A.B.2  SOUICE OF CRIOTITES. ....c.eeveiiiecce e 202
A.6.3  Portland CEemMENt PRASES ......ccveiieiiiiie et 205
A.6.4  SCMsand level of SUDSLITULION .......ccviiiiiiiiieiee e 205
ALBD WD TALIO vttt 207
ALB.B  AGGIEOALE ...ttt 207
ALB.7T  TEMPEIALUIE ..ottt b bbbt r b nn b e eneas 207
AB.8  CarDONGION ..ot bbb 207
AB.9  EIECHIC IR .. s 208



YA A O] 1 Tod [F 1] o] TP 209

APPENDIX B.DIFFUSION AND MIGRATION: AN OVERVIEW OF THEORY AND
TESTING 210

BLL INTrOGUCTION. ...ttt ettt 210
B.2 Chloride diffusion and migration.............ccceoeieiiiiinin e 210
B.2.1  lonic Diffusion in SOIULIONS...........coeoiriiiinieinse e 210
B.2.2  lonic conduction / migration in SOIULIONS ...........ceoueiiriiiiies e 211
B.2.3  Nernst-EinStein relation...........ccoeiiiiiiiiiiierees e 213
B.2.4  Concentration dependence of ionic diffusion and conduction ............c.ccccecererreennen. 214
B.2.5  Diffusion in POroUS MEIA.........ceriuiriiriiiriiieiiseiese e 216
B.3 Tests for Resistance to Chloride PEnetration ............cccovvevieineiinenienseseee e 219
B.3.1  Steady-state diffusion Methods ..........cccooviiiiiieii e 219
B.3.2  Non-steady-state diffusion Methods...........cccocveviiiiiic i 219
B.3.3  Steady-state migration Methods .........cccoccveiiiiieiicie e 221
B.3.4  Non-steady-state migration Methods...........ccccvveviiiiiie i 222
B.3.5  Resistivity/conductivity Methods ...........cccoeiiiiiniiiiic e 224
B.4 Chloride CONUCTIVITY TEST......c.eiiiiiiiiterieieeeieeeee st 227
B4l SalIENt FEALUIES ...ttt 227
B.4.2  PreconditioNing .......ccocooeiiiiiiniiiecite e 230
B.4.3  VaCUUM SAEUFALION. ......euiiiiiiiiitiiteeicrie e e 231
B.4.4  Variability and REVISIONS .......cccueiiiiiii ittt ae e 232
B.5 CONCIUSIONS. ...ttt 236
APPENDIX C.XRD RESULTS ...ttt 237

MEASUREMENTS ..ottt 240
APPENDIX E.COMPRESSIVE STRENGTH RESULTS......cccooiiiiieieneesiee e 243
APPENDIX F.CHLORIDE CONDUCTIVITY RESULTS .....c.coiiiiirieiieniesieeieeniens 244
FLLWWEE CUMEA ... bbbttt b bbbt 244
FL2 PIASTIC CUMBA ...t bbbttt ettt 247

Xi



APPENDIX G.SURFACE RESISTIVITY RESULTS (150 MM CUBE)...........cccce.... 250

APPENDIXH.TYPICAL CALIBRATION RESULTS FOR CHLORIDE CONTENT
TESTING 251

H.1 Mortar samples for calibration: Plain Portland cement............cccccooviiiiiiincicicen 251
H.2 Mortar samples for calibration: Fly ash (30%0) .........ccccueriiiiiiiinine e 252
H.3 Mortar samples for calibration: Blastfurnace slag (50%).........cccccceveviveieiieiiecneseecnee, 253
APPENDIX I.CHLORIDE PROFILE RESULTS ......ccciiiiiiiree e 254
1.1 EXposure duration: 180 GAYS........cceieeeeruerieeieiieseeiresteseestesraesaesreeseesresseessessasssesressaensens 254
1.2 EXPOSUre duration: 365 GAYS........cceieeeerieiieeieie s esresieseestestee e sreeseesresneesresraeneesresraennens 307
1.3 EXposure duration: 760 GAYS.........ccieeeerieieeieiieieeiresteseestesteesaesreessestesseessessasseesressessens 315

Xii



List of Figures

Figure 1.1 An overview of the methodological approach adopted ...........cccccevveveienieii i, 5

Figure 2.1 A typical seawall depicting transport of aggressive species into concrete under marine
exposure (reproduced from (BS 6349-1, 2013)) ....ccciiiririireiieieisise s 10

Figure 2.2 Transport processes in different zones of a typical cover concrete (reproduced from
(Alexander, Beushausen & Otien0, 2013)) .....cceiveiiiririierieiesreeeee st 11

Figure 2.3 Illlustration of (a) microcell corrosion — the anodic and cathodic half-cells are closely spaced
and (b) macrocell corrosion — a localized anodic half-cell with an extensive cathodic half-cell
(reproduced from (Poursage & Hansson, 2009)) ......coviveieiieienesienesie e seesieee st ees 16

Figure 2.4 Corrosion-induced damage model that is generally used for service life prediction
(reproduced from (Violetta, 2002))........ccuiiirerieieieisisiese e 17

Figure 2.5. Corrosion rates of steel in the presence of chloride ions (reproduced from (Lambert, Page
LAY T LT 1o 1 ) USROS 17

Figure 2.6 Chloride profiles for concrete with different paste contents (reproduced from (Buenfeld &
(@ (U0 e ) ) RSOSSN 21

Figure 2.7. The variation of different concrete properties at different w/b ratios on decreasing the

aggregate content as the water content increases (reproduced from (Wassermann, Katz & Bentur, 2009))

Figure 2.8 Diffusion coefficient as a function of wi/c for Portland cement concretes (reproduced from
(Bamforth, Price & EMErson, 1997)) . ..ottt ettt sttt ste et et s aeen e b sreens 26

Figure 2.9 Variation of apparent diffusion coefficient of cement paste with chloride concentration
(reproduced from (Marchand & Samson, 2009)).........ciuririreriieieiee e 27

Figure 2.10 Presence of atmospheric chlorides with distance from the sea using wet candle method
(reproduced from (Meira et al., 2010)) .....ooueiririeieieieere e 31

Figure 2.11 Modified Tutti’s model for corrosion damage during the life of a structure (reproduced from

(HECKIOOTL, 2002)) ...tttk b bbbtttk b e bbbt e bbbttt e n e 33

Figure 2.12 A typical measured chloride profile in which an error function solution is fitted — the first
few data points are ignored in data fitting and the fitted curve is extrapolated to get a hypothetical

surface content — Cs [figure reproduced from (Ann, Ahn & Ryou, 2009)] .......ccoervvvviininienenienenees 37

Figure 2.13. Time dependency of instantaneous (D) and apparent (D) diffusion coefficients [the crosses

signify the exposure period] (reproduced from (Nilsson, 2006)) ........ccooerereeierenieene e 39

Xiii



Figure 2.14. The variation of surface chloride content in 11 concrete bridges located in South Korean

coastline in tidal conditions over the years (reproduced from (Pack et al., 2010))........ccccovvrvrerenne. 43

Figure 2.15 Increase in Cs with time in (a) tidal, and (b) splash conditions (reproduced from (Ann, Ahn
& RYOU, 2009)) ...ttt bbbttt b bR bR bbbttt e b 43

Figure 2.16 The existing nomogram for diffusion coefficient prediction from CCI measurements
(reproduced from (Mackechnie, 2001)) ......cccveiiiiiiieieceeie et es 55

Figure 3.1 The binder materials used in this StUAY ..........cccooiviiiiiiiiiei e 69

Figure 3.2 Particle size distribution of fly ash and slag used in this study, measured by laser diffraction

Figure 3.3 Particle size distribution of aggregates used in this StUdY ..........cccccevevieeiiniiiiece e 70

Figure 3.4 Schematic illustration of the curing regimes adopted in this study. *Wet-dry regime was only

adopted for bulk diffuSion TESTING. .......cviviiiiiece e st 75

Figure 3.5: The pulveriser used for grinding the concrete samples to powder. The salient features are
(a) the pneumatic clamping arrangement mounted on a spring-loaded vibrating bench (in the left image),

and (b) the sample holder with the pulverizing pellet/disc (enlarged image on the right).................... 78
Figure 3.6: Automatic potentiometric titrator used in this StUAY ...........coovverireneicis e 79
Figure 3.7 A schematic of the chloride conductivity test apparatus (adopted from DI-Manual, 2018) 81
Figure 3.8: Surface resistivity test with a 4-point probe on a 150-mm CUbe ..........ccccovvviriniieneniens 83

Figure 4.1 Variation with fly ash level (% mass): (a) 28-days CCl and (b) 28-day SC (1/SR). Note: The
CCl result for PC-0.6 was a statistical outlier (ASTM E178, 2008) and therefore comparisons are made
here with an estimated value based on the CCI-w/b relationship for PC concretes. For the original data

POINE, TEFEI 10 SECLION 4.2.2. .. c.ee ettt sttt et esaeere e besreebesteeneenreanes 86
Figure 4.2 Variation with slag level (% mass): (a) 28-days CCl and (b) 28-day SC (1/SR) ................ 86

Figure 4.3 Effect of binder on CCI and SC through ‘relative conductivity’. It is calculated by dividing

the result with the corresponding result for PC concrete of the same w/b ratio. ...........ccccoeviiiveiennenn, 87

Figure 4.4 (a) Compressive strength results and (b) Relative compressive strength to illustrate the effect
of binder type on the 28-day concrete compressive strength: the ratio (%) of the 28-day compressive

strength of concrete to that of the PC concrete of the same W/b ratio............ccoocovvieiciiceeiencieee 88

Figure 4.5 Relationship between 28-day porosity (based on vacuum saturation with 4.4 M NaCl solution
after 7 days of oven drying at 50°C) and SCM level (%, mass) in the binder: FA (a) and BS (b)....... 88

Figure 4.6 Comparison of the measured CCI of FA concretes with the hypothetical CCI considering FA

as an inert filler. The equivalent PC CCl is the calculated CCI of PC concretes at w/b=w/c (column (3),

Xiv



Table 4.1), whereas the actual PC CCI are those measured at the given w/b ratios (shown on the x’

Figure 4.7 NIST predictions of pore solution (PS) conductivity for fly ash concretes (NIST, 2019),
which are not consistent with the experimental evidence reported in the literature. ............cc.ccoeeveneee. 92

Figure 4.8 Variation of (a) 28-day CCl and (b) 28-day SC (1/SR), with W/b ratio ............cc.cceerernenne 93

Figure 4.9 Relationship between CCI and porosity (CCI). The porosity referred to here is based on
vacuum saturation with a 4.4 M NaCl solution of oven-dried concrete, as per (SANS 3001-CO3-3,

Figure 4.11 5, (binder-dependent intercept parameter for the porosity-w/b ratio relationship) as a
function of SCM%. Note the difference between the predictions of a linear and a hypothetical curve for

FA beyond the range of experimental data USEd. ...........ccceieiiiiiiii e 95

Figure 4.12 Comparison of the predicted values of 28-day wet cured CCI with the literature. The legend
includes the Portland cement type, water content, and aggregate details. Data sources: SS: present study;
AB: (Bakera, 2018); EL: (Leo, 2022); HS: (Sohawon, 2018); MO: (Otieno, 2018), (Otieno, 2014). The
predicted values were estimated using Table 4.2. Note: Repeatability SD = 10% (SANS 3001-C0O3-3,
PO TR TSSOSO 97

Figure 4.13 Effect of curing method on 28-day CCI. Wet: continuously wet; Plastic: 7 days under
PIASEIC, 21 AAYS 1N @IT ...ttt bt b bbbttt b e nen e 99

Figure 4.14 Influence of curing method on (a) 28-day porosity (measured using CCI protocol on near-
surface 30-mm discs) and (b) 28-day compressive strength (100-mm cubes).........cccecvvevevvrviiierinnne 100

Figure 4.15 Influence of curing method on (a) CCI and (b) SC. The confidence intervals are calculated
using the 1s repeatability value of the test method, i.e., for CCI: SD = 10%, n = 4 (SANS 3001-CO3-3,
2015) and for SC: SD = 6%, n = 3 (AASHTO T 358, 2015).....cccceeiriririeiririeiee s 101

Figure 4.16 Schematic illustration of the expected variation of different parameters influencing surface

conductivity measurements with depth in the near-surface region under wet and plastic curing regimes

Figure 4.17 Schematic variation of measured surface resistivity with the movement of the water-front

upon immersion of unsaturated concrete in water (Gowers & Millard, 1999). ..........ccccooivviieinnnes 103

Figure 4.18 Effect of immersion duration on (a) calculated depth of water penetration, and (b) surface
resistivity of 7-day plastic cured 150-mm concrete cubes. Water depth was calculated based on mass

gain with immersion duration and CONCIEte POTOSILY. .......covreerirreeieie et 104

XV



Figure 4.19 Comparison of surface conductivities of plastic cured concretes after 7 days of water

immersion with continuously wet cured concrete of the SAmMe age..........covevereiiinininseeee 104

Figure 4.20 Variation of CCI with age under two different curing and storage regimes. Results of only
one w/b ratio (0.6) are presented for the sake of brevity as these are sufficiently representative of the
GENETAL TTENT. ...ttt bbb et e e et b et b e nn e 105

Figure 4.21 Evolution of CCI with time (log scale) (Note: different ordinate scales; PC-0.6 values were

normalised with the 28-day eStimated VAlUE) ...........cccveviieiiieiiiese et 107

Figure 4.22 Evolution of surface conductivity (SC - 1/SR) with time (log scale) (Note: different ordinate

o7 111 PSS 108
Figure 4.23 Comparison between the ageing coefficients for CCI (occi) and SC (0isc).vveverveervervennan 110
Figure 4.24 Relationship of asc with w/b ratio (left) and SCM level (right) .......ccccevveviiiiieiieienns 111

Figure 4.25 Relationship between the SC ageing coefficient and the replacement ratio (i.e., FA%/30 or
BS/B0%0) ....utveteiieteitete ettt ettt E et Rt E e R R R R R R et Rt R et e R et e re e nens 111

Figure 4.26 Illustrative chloride profiles for PC (left) and FA (30%) (right) concretes. Each
graph includes the chloride profiles of 3 individual specimens (labelled: 1, 2, 3), the points excluded
from the regression analysis (represented by unfilled markers), and the average curve for all 3 specimens
(labelled: Avg. fit).112

Figure 4.27 An illustration of the close correspondence between the mean Cs (left) and D (right) values
of the individual chloride profiles of the specimens and the overall values obtained by regression
analysis on the entire sample. Although the values shown here are from 28-day wet cured specimens,

similar results were achieved from plastic cured specimens as Well. ..........ccccccooeoiiiiiinininenenenn, 114

Figure 4.28 Estimation of the total chloride depth: (left) Illustration of the CI depth calculation method
using the internal CI content as the reference CI concentration and (right) Comparison of the estimated
Cl depth (normalised with the corresponding PC Cl depth) using different references: internal Cl content

versus a uniform CI threshold content = 0.05%, on selected concrete MiXtUres. .......ovveeveeeeeeveeeeneens 114

Figure 4.29 Variation of Cl bulk diffusion parameters according to FA (left) and BS levels (right) after
a chloride exposure of 180 days: (i) depth of chloride penetration, (ii) apparent diffusion coefficient
(DJ) [caution: log scale], (iii) surface chloride concentration (Cs) [Cautionary note: the scales on the
SCM% axis for fly ash and slag are different] ... e 116

Figure 4.30 Variation of bulk diffusion parameters with w/b ratio: (i) depth of chloride penetration, (ii)
Dia, NG (1) Cs vttt b bbbkt b bbbt b et bbbt 117

Figure 4.31 Relative D, and relative Cl depth with respect to plain cement concretes at corresponding
1T T - €L SR 118

XVi



Figure 4.32 Illustration of the possible cause of high variability in the diffusion results................... 119

Figure 4.33 Effect of curing on chloride diffusion parameters [Note: 95% ClI based on average variance,

Figure 4.36 Relationship between the 180-day D, and 28-day CCI. Part (i) presents all the data together,
whereas parts (ii)-(vi) present data specific to a binder group. The error bars represent 95% confidence
intervals [Da (N =3), CCI (N T )] ittt sttt sae e sre e 123

Figure 4.37 (a) Correlation between the 180-day D, and the time-integrated equivalent CCI and (b)

validation with 365-day and 760-day eXPOSUIe data...........cccceierieerieieiieieseesiesre et sre e eeis 125
Figure 4.38 Correlations between SC and CCl.........cccvoiiiiiiciiiece et 126
Figure 4.39 Correlations between D @nd SC ........coiiiiiiiiieiccese et sne s 126

Figure 5.1 k. for individual mixes for the Cape Town site (Granger Bay). 25-year D, values were
obtained by extrapolation of time functions determined in a 3.5-year long exposure study
(Heiyantuduwa-Beushausen, 2022). .........cocoieiiiiiiiiisie et 133

Figure 5.2 ke for individual mixes for the Durban site (Durban Port). 25-year D, values were obtained
by extrapolation of time functions determined in a 3.5-year long exposure study (Heiyantuduwa-
Beushausen, 2022). The average values shown represent averaging over all the studied concrete

DTVEXEUTES. e veeeee e e s e ettt et e e e e e et e eeeeee et eeeeeesesaaa e eeeeeeeeesesannseseeeeeeesesnsseseeeeesesanasntaneeeeessnansnnseeeeeensnnns 133

Figure 5.3 Comparison of the calculated Ke, caic (Krn X k7) (Lindvall, 2003; Life-365 v2.2.3, 2020) and
the measured Ke, meas (Dasiela/Da,iab) after exposure durations of 2.5 years and 25 years (extrapolated using
the derived time functions) for Cape Town and Durban sites based on data from (Heiyantuduwa-
Beushausen, 2022). Note: Error bars represent SD values and the bars represent the mean values,
averaged over different concrete mixtures (PC, FA, BS; W/b — 0.4, 0.6). ....cocccevveveiiiiieieceeie e 134

Figure 5.4 Illustration of the influence of exposure conditions on the ageing coefficient, m,, based on
(Heiyantuduwa-Beushausen, 2022). The Cape Town site (a) is located on the extreme south-west coast
exposed to the Atlantic Ocean and the Durban site (b) is located on the east coast exposed to the Indian
Ocean. Binder groups included are PC, FA (30%), and BS (50%) with w/b ratios: 0.4 and 0.6........ 136

Figure 5.5 Comparison of calculated ma (0.7a) and Measured Ma.........ccocvevrerrereieeienienieneseneeee 138

Figure 5.6 A hypothetical illustration of possible differences between ageing in lab and field diffusion

experiments (excluding the effects of T, RH, and salinity 0N Di)........ccooeviiiiiiieieie e 140

XVii



Figure 5.7 Correlations between 180-day Da (Da180) and 28-day CCI (CClzg). Note: (i) w/b was in the
range (0.3-0.7) for PC and (0.4-0.6) for the rest. (ii) R? were adjusted to account for setting the intercept
(014 o PP PP R 142

Figure 5.8 Evaluation of test correlation constant for Da,180-CCl2sg pair as a function of SCM proportions

Figure 5.9 (a) Correlation between the 180-day D, and the time-integrated equivalent CCI and (b)
validation with 365-day and 760-day eXPOSUIe data............cecvveieieeiesieeieie e 144

Figure 5.10 Ratio of lab potential CCI and field potential CCI to assess the effect of curing on CCl on

different CONCrete COMPOSITIONS ........iiiiiie ettt s re e te e sreanes 146

Figure 5.11 Determination of the w/b ratio factor for Csu: from experimental data of the present study

............................................................................................................................................................ 147
Figure 5.12 Scheme for modelling Da in Mackechnie’s model [f(): represents correlation] .............. 150
Figure 5.13 Scheme for modelling D, in the proposed model [f(): represents correlation]................ 150

Figure 5.14 Sensitivity of estimated cover depth to selected parameter changes (Note: analysis
performed with the following selected default conditions (unless otherwise mentioned in the figure):
Exposure site: Granger Bay, exposure zone: splash zone, SL= 50y, W/b: 0.4).........ccccvvvvrinenerrennnn. 151

Figure 5.15 A design chart for selected conditions: the estimated minimum design cover depth based
on the 28-day CCI, for different DINer tYPesS. ... 152

List of Tables

Table 2.1 Exposure classifications in different standards (adapted from (Alexander & Nganga, 2016))

Table 2.2 Phase composition (%) of Portland cement over time.........ccocevvvveee v ciese s 24

Table 2.3 Chloride ingress in exposure zones: trends in literature [*Sub.: submerged, Tid.: tidal, Spl.:
Splash, Spr: Spray, Atm: atMOSPNETIC] .......c.eiviiiiiiiiri s 30

Table 2.4. Development of surface chloride content for different exposure zones (Life-365 v2.2.3, 2020)

Table 3.1 Oxide composition of binder materials through XRF and crystalline phases through

QUANTITALIVE XIRD ...iiiiiiceie ettt et e e st e e s e e beese e e e s te e st e nreeteenbenre e e e nre e 68
Table 3.2 Physical properties of the binder materials............ccccoviveiiiiiiic i 69
Table 3.3 Physical properties of the aggregates used in this StUdY .........cccocvieeieiiiiiene i 71

Xviii



Table 3.4 Concrete mixture details — mixture proportions, slump, and standard compressive strength

Table 3.5. Concrete mixes used for Wet-ary regime ..........ccooveieiiiininine e 75

Table 4.1 Comparison of the hypothetical porosity assuming no contribution from FA hydration with
the MEASUIEA POFOSILY ......eiveeeiiesi ettt b b n e 89

Table 4.2 Prediction model for estimating 28-day wet cured CCI (MS/CM).......cccecvvvviiveieiiirerieeenn, 96

Table 4.3 Results of the Student’s t-test for significance of the differences between mean CCI of wet

cured and PlastiC CUMEU CONCIELES........cviveiieiieie sttt ettt s re et be e et e s te et esbesra e besaeeneenre e 99

Table 4.4 Equivalent PC-Wet wi/b ratios based on 28-day CCI. A comparison under the same curing

method reveals the effect of binder, and a comparison between curing methods illustrates the effect of

(o0 g TaTo o g I Mo TNV o I 40 SRS 100
Table 4.5 Time functions fOr CCland SR ........ccviiiiiiie i s 109
Table 4.6 SC/CCI ageing coefficient estimation based on polynomial interpolation......................... 112

Table 5.1 Environmental parameter (ke) for modifying lab D, for selected South African sites (based on

data from (Heiyantuduwa-Beushausen, 2022))..........ccoeiererrerieieienisisesie e 135
Table 5.2 Ageing coefficients from different SOUICES.........cocvvviiiieieiiiie e 137
Table 5.3 CCl ageing coefficient (o): estimation for fly ash and slag .........c.cceevveveieicviieniceece e 138

Table 5.4 Ageing coefficient selected for apparent diffusion coefficient (D) to be used up to 25 years

(Da will be assumed to remain constant after 25 YEAIS) .........cccooevririiiirene e 138
Table 5.5 Test correlation factor between Da 180 AN CClag..vecviiiiiiiiiiiiiiiciee e 143
Table 5.6 Cswi-0.4 values adopted for the model (Mackechnie, 2001). ........cccccovviininnennieneciee 147
Table 6.1 Summary of the proposed MOEL ..........c.cocviieiiiiiec s 161

XiX



List of Abbreviations and Symbols

Abbreviations

BS
CClI
FA
FF
PC
RC
SC
SCM
SR
w/b
Cl

Symbols

Cs

Da

ki
ke

Ke

Ground Granulated Blastfurnace Slag
Chloride Conductivity Index

Fly Ash

Formation Factor

Portland Cement

Reinforced Concrete

Surface Conductivity

Supplementary Cementitious Material
Surface Resistivity

Water-to-Binder ratio

Confidence Interval (n — number of observations)

Surface chloride concentration

Apparent diffusion coefficient

Ageing coefficient of apparent diffusion coefficient

Ageing coefficient of instantaneous conductivity/penetrability
Age / time

Exposure duration

Temperature

Depth (position variable)

Test method parameter

Curing parameter

Environmental parameter

XX



Chapter 1 INTRODUCTION

1.1 Background

Corrosion of reinforcing steel in reinforced concrete (RC) structures is a critical concern for the service
life of civil and urban infrastructure (Mackechnie & Alexander, 1997; Koch et al., 2002). It stands out
from other deterioration processes affecting RC structures for at least two reasons. One is the
geographical scale on which this problem affects RC structures globally. The second is the deceptive
nature of rebar corrosion to go undetected, often until it is too late for an inexpensive intervention. In
marine regions, chloride ions from seawater are the predominant cause of reinforcing steel corrosion.
Structures exposed to seawater directly or through air-borne chlorides are susceptible to
chloride-induced corrosion of reinforcing steel. By forming localised pits in reinforcing steel, this type

of corrosion can lead to rapid deterioration.

Often, the first and the only defence against this type of deterioration is the concrete in the cover region
of steel. Good quality cover concrete can provide resistance against the rapid penetration of aggressive
species essential for the initiation and propagation of corrosion. Hence, a large portion of research and
design effort to ensure durability in these conditions is focused on controlling the appropriate

characteristics of the cover concrete.

The main differences in common design approaches lie in what are deemed to be the ‘appropriate
characteristics’ to focus on regarding durability and how these are ‘controlled’ through specification.
Most current codes and specifications focus on prescribing limits on mix composition parameters,
curing, strength grade?, and cover depth. Amongst the prescribed characteristics, only the compressive
strength grade is subject to testing as part of the strength requirement of the structural design. Several
criticisms of this prescriptive approach are worth discussing (Anoop et al., 2001; Lobo, Lemay & Obla,
2006; Alexander & Thomas, 2015), however, the principal concerns are:

(i A lack of verification of the as-built quality of cover concrete through test methods that can
evaluate the concrete against the relevant deterioration mechanism(s).

(i) An inability of these prescriptions to allow for a design process that sufficiently
differentiates between the design requirements of a structure, particularly, the service life,

and the severity of exposure.

Lacking a proper rational basis, this type of design approach may fail to adequately ensure durability,
while at the same time being overly restrictive. An alternative is provided by the so-called

‘performance’ approach. The performance approach focuses on the end performance rather than the

IStrength grade of concrete is evaluated by testing standard specimens, which are wet/moist cured for 28 days in
laboratory-controlled environment.



methods or means of achieving it. The emphasis is placed on characterising the as-built cover concrete
through test parameters representing resistance to the relevant deterioration mechanism (Alexander,
Ballim & Stanish, 2008; Andrade et al., 2013; Baroghel-Bouny, Thiéry & Wang, 2014). The test values
to achieve for the given cover depth and prevalent exposure conditions are determined by modelling
the material behaviour under the relevant deterioration mechanism(s), through ‘service life models’.
These test parameters should, on the one hand, reliably characterise the resistance of concrete against
the relevant physico-chemical mechanisms of deterioration and on the other hand, be able to identify
the effect of common construction practices such as compaction, curing, etc. to assist in quality control
(Ballim & Alexander, 2018). Often the timeframes to fulfil the two requirements are at odds with each
other. For instance, chloride penetration in marine conditions primarily occurs through the mechanism
of non-steady state diffusion, which may take several months to provide useful information, while the

quality control procedures are required to be finished within a few weeks.

The onset of chloride-induced corrosion, like many other deterioration mechanisms, mainly depends on
the transport characteristics of concrete. As a result, several durability indicator tests have been
developed worldwide to provide a rapid assessment of the transport resistance of concrete to address
the dual concerns with the prescriptive approach described above. Generally, electrical methods are
used. Notable test methods include but are not limited to, the rapid chloride permeability test (RCPT)
(ASTM C1202, 2012), the rapid chloride migration test (RCMT) (NT BUILD 492, 1999), the Wenner
resistivity test (AASHTO T 358, 2015). The electrical test methods mainly differ in the electrochemical
principles used, test design, and specimen preparation requirements. Each method has its advantages
and disadvantages. It is important that the chosen test method provides a good balance of accuracy,

precision, and practical ease.

Service life models using some of these test methods as the key material parameter have also been
developed (Tang & Nilsson, 1996; Polder & De Rooij, 2005; Andrade et al., 2013). Different
approaches are adopted for service life modelling, which are broadly classified into: physical (or
mechanistic) and empirical (Nilsson, 2006). The physical approaches attempt to model by describing
the idealised phenomenon from its individual component parts through physical constitutive
laws/equations. On the other hand, the empirical approaches attempt to model the complex phenomenon
as a whole through direct empirical observations. In other words, the former is a bottom-up approach
and the latter is a top-down approach (Gerlee & Lundh, 2016). The physical approaches are essential to
understanding the phenomenon accurately, which would enable accurate predictions. However,
chloride penetration is a complex phenomenon, which makes its physical models correspondingly
complex. At present, the level of accuracy provided by these models may not justify the attendant
complexity (scientific and computational) and cost for practical application. In most cases, empirical or
semi-empirical models offer a more practical alternative, which can be built relatively quickly and can

be handled by design engineers. Regardless of which approach is preferred, service life models require



site-specific field data as input to make realistic predictions due to the complex and multi-variate nature

of the process of chloride transport in concrete.

In the South African context, the chloride conductivity test was developed as a reliable measure of the
transport resistance of concrete to chloride ion diffusion (Streicher & Alexander, 1995). The test was
designed carefully to address the shortcomings of contemporary methods (Streicher & Alexander,
1994), which resulted in a more accurate, simpler and quicker test method suitable for concrete mixture
qualification, quality control, and compliance testing. A service life prediction model was developed
for selected South African marine conditions linking long-term chloride penetration performance to the
short-term ‘chloride conductivity index’ (Mackechnie, 1996, 2001). This enabled the use of the chloride
conductivity index as a performance assessment parameter by allowing the specification of acceptance
criteria using the service life model (for the target service life in the given exposure conditions)
(Alexander, Santhanam & Ballim, 2011). Since these initial developments, the test method has been
improved (Otieno & Alexander, 2015). In addition, more field data on chloride penetration rates from
different South African marine environments have been systematically collected in another study

(Heiyantuduwa-Beushausen, 2022).
1.2 Research problem and motivation for the study

The existing service life model (Mackechnie, 1996, 2001) requires three different material parameters,
namely, the 28-day CClI, the 98-day modified CCIl, and the ‘m’ value, to predict the long-term chloride
ingress. Moreover, the approach is based on direct correlations between the CCI parameters (CCl and
modified CCI) and the field-based D.. This model lacks a straightforward modelling approach and
requires diffusion-related data to expand the scope of the model to other materials. These characteristics
limit its comprehensibility to practitioners and its flexibility to extend to other materials and exposure
conditions. There is therefore a need to move towards a more simplified, straightforward and practical
modelling approach that is better suited to development in the scope of materials and exposure
conditions. This is especially relevant given the strong impetus to develop more locally relevant
sustainable materials (Scrivener, John & Gartner, 2018). These newer materials will have to be quickly
assimilated into the scope of the existing service life model so that design decisions can be rationally

based on a view to long-term durability.

In addition, finding ways to simplify testing could be similarly beneficial for quality control and for
generating input data for service life prediction. It is well recognised that the assessment of chloride
resistance of concrete through diffusion testing is quite tedious and time-consuming. Even the more
rapid tests such as chloride conductivity often require careful specimen extraction, preparation, and
conditioning procedures. As an alternative, the surface resistivity (or conductivity) method has been
adopted by many as a non-destructive alternative (Andrade et al., 2013; Presuel-Moreno, Wu & Liu,
2013; Sengul, 2014; Mendes et al., 2018; Balestra et al., 2020; Chidiac & Shafikhani, 2020). A clear



understanding of the advantages and shortcomings of this method is still lacking despite the expanding
literature on the subject (Morris, Moreno & Sagliés, 1996; Sengul & Gjerv, 2009; Spragg et al., 2013).
This is often due to an underappreciation of the complex interaction of material, environmental, and
test design-related factors influencing conductivity measurements and the conductivity-diffusivity
relationship. Hence, the effectiveness of the surface resistivity method in quality control and service

life prediction of marine structures requires further investigation.
1.3 Research aim

The overarching aim of this thesis is to study the use of electrical conductivity methods in the prediction
of chloride ion penetration resistance of concrete exposed to marine environments. This aim is divided

into the following specific objectives:

1. To develop an updated service life model incorporating the chloride conductivity index as the
guality assessment parameter to predict the corrosion-free service life for RC structures exposed

to South African marine environments.

2. To assess the opportunities and pitfalls of the surface resistivity/conductivity method as a
non-destructive supplement to the chloride conductivity method.

The main objectives are divided further into the following sub-objectives:

i. To generate a database of the conductivity and diffusivity measures for common
concrete constituents, mix proportioning, and curing methods.

ii. To investigate the relationship between the apparent diffusivity and the conductivity
parameters.

iii. Toillustrate the influence of pore solution conductivity on the conductivity of concrete
and how it may affect the interpretation of transport characteristics by conductivity

measurements.
1.4 Overall research methodology

An experimental study was undertaken to collect chloride transport and conductivity data for common
concrete mixtures and curing methods. The binders included various binary blends of fly ash and slag
with Portland cement. The experimental work was conducted in laboratory-controlled conditions. In
conjunction with the collected data from this work, field data and findings for marine exposure in South
African environments were collected from previous studies (Mackechnie, 1996; Heiyantuduwa-
Beushausen, 2022) to develop a service life prediction model. The model framework adopted is based
on the multi-factor concept followed by the DuraCrete model (fib bulletin 34, 2006). The overall

methodological approach adopted in this study is summarized in Figure 1.1.
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Figure 1.1 An overview of the methodological approach adopted

1.5 Research Significance

The findings of this study provide important new insights into the factors controlling the chloride ion
resistance of concrete. This has important implications on the understanding of the chloride transport
in concrete and on the optimisation of concrete materials for enhanced chloride resistance. Based on
these findings, a generalised empirical approach to address the long-term time-dependent evolution of
concrete penetrability in marine environments is presented. This modelling approach can accommodate
different binder systems using conductivity measurements and can be extended to different exposure
environments without the need for extensive field data. It provides a simpler and more efficient way to
generate service life estimates and integrates them with short-term concrete quality requirements, which
will improve the process of durability design and quality control. Important insights are also presented
on the use of the Wenner resistivity method, which can lead to a more careful interpretation of its results

and provide possibilities for its proper integration into the material characterisation process.
1.6 Scope and limitations

The scope of this study is limited to the following:



1. The limit state of unacceptable failure due to deterioration from chlorides is assumed to be the
achievement of the critical chloride threshold value at the level of steel or in other words,
corrosion initiation. The portion of service life under corrosion propagation is ignored in this
study.

2. Concrete is considered crack-free as data are collected on lab specimens. The effect of cracking

found normally in RC structures is ignored in the analysis and modelling.

3. The scope of materials and exposure conditions is restricted to those prevalent in South Africa.

The specific materials and exposure environment included are covered in Chapter 3.

4. A deterministic approach to modelling is adopted as the information needed to enable a proper
probabilistic treatment in this case requires data collection that is not possible in the time frame

of a single PhD study.

5. The data collection for time-dependent parameters was restricted to 2 years due to the time
restrictions of the study. Studying long-term durability in natural conditions requires a much
longer time scale and therefore the findings and conclusions of this study should be interpreted

in view of the restricted timeline.
1.7 Thesis organisation

This thesis is organized into the following chapters:

Chapter 2: Literature review

Chloride-induced corrosion is a complex subject and an understanding of the various aspects governing
it is highly desirable to properly address the issues identified in this study. Chapter 2 presents a critical
review of various aspects pertaining to chloride-induced corrosion initiation and highlights the
knowledge gaps in this field. The chapter is divided into four parts, each addressing a different aspect
of the subject from general considerations (Part A) and terminology to influencing factors (Part B),
modelling practices (Part C), and the formation factor approach (Part D). Facets such as chloride

binding, diffusion theory and testing are included in Appendices A and B.

Chapter 3: Methodology

The rationale behind the selection of chosen research parameters for the experimental program is

presented in Chapter 3. It also describes the materials and methods used in detail.

Chapter 4: Results

A comparison of the chloride conductivity and surface resistivity results is presented within the context
of the formation factor approach in this chapter. How various aspects such as binder type, w/b ratio,

and curing affect the chloride resistance of concrete is highlighted. The correlations between different



transport parameters such as diffusion coefficient and different conductivity parameters are also

investigated in this chapter.

Chapter 5: Service life prediction

This chapter presents the development of a service life prediction model based on the lab-based
experimental results acquired in this study and the field-based results from the literature.

Chapter 6: Conclusions and recommendations

Conclusions drawn from this study are presented in this final chapter. Recommendations for future

research are also included.



Chapter 2 LITERATURE REVIEW

2.1 Overview

A critical review of various aspects of the subject of chloride-induced corrosion is presented in this
chapter. The emphasis is placed on addressing the transport of chloride ions through concrete. Relevant
concepts of steel corrosion are briefly covered, but a more detailed discussion is considered out of the
scope of this study. The chapter is divided into the following four parts:

= Part A presents an overview of the various aspects of marine exposure environment and its
effects on reinforced concrete. The focus is subsequently placed on the main deterioration

mechanism relevant to this study, i.e., the chloride-induced corrosion.

= Part B provides a critical examination of selected relevant factors influencing chloride ion

transport in concrete.

= Part C covers selected concepts of modelling chloride transport and a critique of some of the

influential service life models.

= Part D presents the principles of the formation factor approach and examines the

methodological aspects of its evaluation.



Part A: Reinforced concrete in marine environments: an overview

2.2 Introduction

Corrosion of steel in reinforced concrete structures can severely impair the service life of the structure
and increase the life cycle costs through additional repair costs. Corrosion of reinforcing steel is one of
the most challenging durability problems in RC structures worldwide, especially in marine
environments. Steel corrosion is a part of the many processes that may lead to degradation in marine
environments. Marine environments present uniquely harsh exposure conditions combining a multitude
of physical and chemical degradation mechanisms. This section presents an overview of the various
aspects of marine environments pertaining to RC structures, including, environmental actions, transport
processes, degradation mechanisms, and exposure classification used in current durability
specifications. Furthermore, issues related to corrosion initiation are briefly discussed. Through this

overview, the aim is to lay out the necessary basic concepts and terminology for the rest of the thesis.
2.3 Marine exposure

2.3.1 Characteristics of the exposure environment

The aggressiveness of marine environments to reinforced concrete is primarily the result of the
aggressive composition of seawater. Seawater contains aggressive ionic species in the form of dissolved
salts, mainly, Na*, Mg*, CI;, SO.* ions, with Na* and CI- ions in the highest concentrations. Their
respective and total quantities vary widely according to the specific geographical and climatic region;
however, 35 g/kg (3.5%) is generally considered as an average salinity value for most seawater. Out of
3.5%, approximately 2.8% (0.5 M) is due to NaCl. Total salinity at any location is influenced by the
following factors: (i) freshwater discharge from the rivers/streams and precipitation, which reduces the
salt concentration, (ii) evaporative loss of water, which increases the salt concentration, (iii) circulation
of water, (iv) nature of effluents and solid wastes discharged into the sea, among other things. The pH

of seawater generally lies slightly on the basic side, between 7.5 and 8.4 (Otieno & Thomas, 2016).

Another essential characteristic of marine environments that has a major influence on the transport of
aggressive species into concrete is seawater movement due to tides and winds. Tides cause surges and
decline of sea level as a result of the differential gravitational pull of mainly, the moon, because of its
proximity to the earth, but also the sun. Sea level rises and falls twice a day giving rise to “high tides”
and “low tides” with an average period of 12 h 25.2 min between two high and two low tides, following

the movement of the moon with respect to the earth (Mackie, 2016).

Winds, on the other hand, induce waves on the surface of water by friction. Waves carry enormous
amounts of energy and when they come in contact with a structure in the sea or the coast, transfer that
energy as impact. When these waves break against a barrier or at the seashore, they generate marine

aerosol which can be carried inland by the wind. The portion which is not in direct contact with seawater



but is exposed to these airborne chlorides in the form of marine aerosol is known as the atmospheric or
air-borne zone. The portion completely submerged in seawater is known as the submerged zone. The
portion of the structure in the tidal range is subjected to semi-diurnal wet and dry cycles with the rise
and the fall of tides and is also subjected to the abrasive action of wave splashes. This portion of the
structure is known as the tidal/splash/spray zone (see Figure 2.1).
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Figure 2.1 A typical seawall depicting transport of aggressive species into concrete under marine
exposure (reproduced from (BS 6349-1, 2013))

2.3.2 Transport processes in marine conditions

Generally, the aggressive species gets transported into the concrete through a combination of transport
processes. However, often the transport is modelled based only on the most dominant transport process

involved for ease of study. For example, the first few millimetres of the cover concrete are often
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subjected to wetting and drying, which results in a convective transport of fluid and ionic species in that
zone. However, the inner zone of concrete is treated as saturated, and the transport is considered to
happen only by diffusion (see Figure 2.2).

Convection
Zone

Wetting andAbr
drying

Diaffusion
Zone

Rebar

100% RH

Depth of convection zone is
a function of exposure and
concrete properties

Figure 2.2 Transport processes in different zones of a typical cover concrete (reproduced from
(Alexander, Beushausen & Otieno, 2013))

The different hygral conditions of the marine zones result in different transport processes by which
aggressive species enter and move into concrete in different zones. Figure 2.1 depicts the relevant
transport processes in different marine exposure zones for a typical seawall. In the submerged zone, the
concrete is fully immersed in water and is not allowed to dry. Hence, the relevant transport processes
for this region are permeation and diffusion. Seawater permeates into the surface of concrete and the
ionic species, such as chlorides, sulphates etc, diffuse into the concrete which is considered to be in a
saturated condition (Santhanam & Otieno, 2016; Alexander, Bentur & Mindess, 2017).

In case of the tidal zone, as there are wetting and drying cycles, the transport is a combination of
diffusion, capillary suction (sorption) and permeation. However, the duration of drying increases with
the height from the low tide level for each cycle of tides and so the portion towards the high tide is
expected to have an increased contribution from sorption. The region just above this “upper tidal” region
is exposed to wave splashes and the resulting spray, and hence will also have increased sorption due to
relatively dry (and hence partially saturated) conditions (BS 6349-1, 2013). Tidal and splash zones are

also subjected to wave impacts and other abrasive actions of seawater, as explained in the next section.

The atmospheric zone, on the other hand, remains in unsaturated conditions for most of the time, the
exception being the occasional or seasonal rains. The unsaturated state of the concrete in this region
allows high rates of gaseous and water vapour diffusion. The salt is deposited on the surface by the
wind in the form of aerosol, which is absorbed into the dry surface. The chloride buildup rate is inversely
proportional to the distance from the sea and depends on climatic and geographical factors. The sorption

of rainwater can increase the moisture content temporarily accelerating the diffusion of chlorides deeper
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into the concrete. On the other hand, heavy rains can also have an effect of washing away some of the

surface salts, slowing down the diffusion process at the surface (Santhanam & Otieno, 2016).
2.3.3 Degradation mechanisms — An overview

Aggressive species penetrate the concrete by various transport processes depending on the marine
exposure zone. These species disrupt the concrete’s chemical and physical integrity often through a

combination of chemical and physical mechanisms as discussed below.

2.3.3.1 Chemical degradation

The chemical degradation mechanisms relevant to marine conditions are sulphate attack, alkali-
aggregate reaction (AAR), chloride-induced corrosion, and carbonation-induced corrosion. However,
sulphate attack from seawater is mitigated by the presence of chlorides as they compete for aluminates
and tend to reduce the expansion of ettringite (Santhanam, Cohen & Olek, 2006). Long-term evidence
from Scandinavian field exposed specimens suggests that sulphates in seawater merely cause sulphur
enrichment and minor scaling of the surface (Jakobsen, De Weerdt & Geiker, 2016). AAR is a separate
consideration when reactive aggregates are used. Hence, the following discussion is restricted to the

dominant mechanisms of degradation.

1. Chloride-induced corrosion

Chlorides are the most abundant ionic species found in seawater. Chlorides penetrate concrete through
a combination of transport processes depending on the micro and macro environment of concrete.
Chlorides are known to react with cement paste to form complex compounds such as Friedel’s salt and
Kuzel’s salt; however, these products are neither expansive nor chemically aggressive to concrete

(Glasser, Marchand & Samson, 2008). These reactions are part of the phenomenon of chloride binding.

Chloride binding is defined as the phenomenon in which a part of the chloride ions in the concrete pore
solution is captured by solid concrete constituents and rendered immobile. The immobilised chloride
ions are known as bound chloride ions. The binding phenomenon reduces the concentration of chloride
ions available in the pore solution capable of diffusing further into concrete (known as the free chloride
ions) and effectively reduces the rate of chloride transport. More detailed discussion is presented in

Appendix A.

Chlorides affect concrete structures indirectly by attacking the passivity of their steel reinforcement.
Chlorides, in sufficient quantity—known as “critical chloride threshold content”—can disrupt the
passive oxide layer of y-Fe,Os that protects the steel from corrosion, initiating the active corrosion
process. Chlorides take part in the corrosion process as a catalyst, leading to rapid, localised pitting
corrosion, also known as macro-cell corrosion (Neville, 1995). This type of deterioration in marine RC
structures is so widespread and severe that it has been the subject of extensive research for at least five

decades now.
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2. Carbonation-induced corrosion

Carbonation involves the consumption of calcium hydroxide and other calcium-bearing phases of
concrete by atmospheric or dissolved carbon dioxide in the presence of moisture to form calcium
carbonate. This process leads to a reduction in the alkalinity of concrete, which is essential for the
protection of steel from corrosion. Hence, the carbonation of concrete leads to steel corrosion.

Carbonation depends on two processes — diffusion of carbon dioxide into concrete and its reaction with
lime in the presence of water. Diffusion of carbon dioxide is heavily impeded in the presence of
moisture, as much as 10,000 times slower compared to dry conditions. On the other hand, the formation

of carbonic acid to react with lime requires the presence of water (Neville, 1995).

In marine environments, carbonation mostly occurs in the atmospheric zone where optimum moisture
levels (~60-80%) may exist. For instance, carbonation depths of less than 10 mm were recorded on the
exterior faces of 25-75 years old concrete structures at the coast in the South African cape peninsula,
where the conditions are moist or too humid for carbonation to progress (Mackechnie, 1996).
Carbonation adversely affects the ability of concrete to bind chlorides, which reduces the chloride

resistance of concrete and accentuates the threat of chloride-induced corrosion.

Other zones can also get affected by carbonation due to carbon dioxide dissolved in seawater, resulting
in the formation of aragonite (calcium carbonate mineral) on the surface. Aragonite layer can have the
beneficial effect of reducing the penetrability of concrete surface (Mehta, 1991).

2.3.3.2 Physical degradation

Several physical mechanisms also exist that disrupt concrete in marine environments, such as salt
weathering, freeze-thaw, and abrasion. Seawater, from the submerged and tidal zones or the other side
exposed to ground water, gets transported to the higher, drier zones through capillary suction, also
known as wicking (see Figure 2.1). This seawater takes its dissolved salts along with it. Due to
evaporation, the dissolved salt gets gradually deposited on the surface or beneath the surface depending
on the rate of evaporation and capillary suction. The crystallization pressure of depositing salts in the
evaporative zone, mainly sulphates, is believed to induce cracking in the concrete in addition to the
chemical effects of these salts, exacerbating concrete degradation (Haynes & Bassuoni, 2011).
However, contrary views also exist. (Liu, Deng & De Schutter, 2014) argue that concrete primarily
deteriorates due to chemical attack from sulphates and wicking should be considered only as a transport

process.

In cold climates, repeated freezing and thawing of pore water in concrete can also fatigue the concrete,
inducing cracking. Floating ice, wave impact, and suspended organic and inorganic substances damage
the concrete surface by physical abrasion, in general. This abrasion tends to remove the beneficial

aragonite and brucite layers on the surface that protect against seawater penetration (Mehta, 1991;
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Santhanam & Otieno, 2016). In addition, sea waves generated by wind carry immense energy, which is
released onto the structure in the form of impact, surface friction and cavitation. The situation is
aggravated by the presence of various sediments that the seawater carries with it, contributing further
to its abrasiveness. The randomness of wave action makes it even more difficult to model and make

predictions about.
2.3.4 Exposure zones — current classifications

Marine exposure is characterised by a combination of physical, chemical and biological action, and the
severity as well as the nature of which depend on the local environment (Otieno & Thomas, 2016). The
primary reason is the differences in the temperature and relative humidity (RH) conditions in different

climatic regions.

High temperature tends to accelerate the transport and the chemical reactions. Humidity on the one hand
is a necessary participant of degradation mechanisms and on the other hand, its lack may accelerate the
transport of aggressive species by creating dry fronts for sorption to happen, worsen the physical
deterioration of concrete through salt crystallization and make the concrete accessible to oxygen
necessary for steel corrosion. Concretes in the cold marine environments, on the contrary, face damage
by freeze-thaw, which is absent in the temperate and tropical environments. It is also important to
mention that along with the consideration of the local climatic conditions, it is also essential to take into
account the micro-environmental factors such as daily and seasonal exposure to sunlight, wind, etc. in
design (Alexander, Bentur & Mindess, 2017). Notwithstanding that, most standards in the world
characterise marine exposure conditions only based on the location from sea, see Table 2.1 (Alexander
& Nganga, 2016). Most standards categorise the marine exposure zones into atmospheric, submerged,
and tidal/splash/spray zones in the order of increasing severity (IS 456, 2000; AS 3600, 2009; BS EN
206, 2013).

The Indian standard (IS 456, 2000) even separates the spray zone and the tidal zone as “very severe”
and “extreme”, respectively. The Australian standard differentiates between the coastal structures in the
atmospheric zone lying up to 1 km from the coastline and those at 1-50 km from it. On the other hand,
the ACI (North American) standard (ACI 318, 2014) provides no demarcation between these categories
and puts all the marine exposure zones in a “severe” category. South African standards, however, lack
marine exposure classification and thus guidance is drawn from EN 206 and some modifications have
been suggested by (Alexander & Beushausen, 2009) to include the highly abrasive conditions of the

South African coasts.

It is only reasonable to expect that national standards cater to the specific marine climatic zone the
country comes under, directly or indirectly. It is imperative that data specific to South African

conditions be considered for developing the local specifications.
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Table 2.1 Exposure classifications in different standards (adapted from (Alexander & Nganga, 2016))

Standard

Marine exposure classification

Description

ACI 318, 2014
(American Standard)

CO0: Negligible

Concrete dry and protected from
moisture

C1: Moderate

Concrete exposed to moisture, no
external source of chlorides

C2: Severe

Concrete exposed to moisture, and
an external source of chlorides

AS 3600, 2009
(Australian Standard)

B-1: Near coastal

1-50 km from coastline

B-2: Coastal

Up to 1 km from coastline
excluding tidal and splash zones

B-2: Seawater

Permanently submerged

C: Seawater

Tidal and splash zones

EN 206, 2013
(European Standard)

XS-1: Exposed to airborne salt but
not in direct contact with
seawater

Surfaces near or on the coast

XS-2: Permanently submerged

Parts of marine structures

XS-3: Tidal, splash and spray zone

Parts of marine structures

IS 456, 2000
(Indian Standard)

I11: Severe

Concrete completely immersed in
seawater / Concrete exposed to the
coastal environment

IV: Very severe

Concrete exposed to seawater
spray

V: Extreme

Surface of members in tidal zone

2.3.5 South African coastline — climatic conditions

South Africa has a coastline of roughly 3000 km (South African Government, 2018). Climatic
conditions vary widely between the west and east coasts. While the west coast experiences cold arid to
temperate conditions moving towards the southern tip with water temperatures of 9 to 15°C; the east
coast has a warmer, subtropical climate with a temperature of 18 to 27°C (Mackie, 2016). The average
tidal range is 1.2 m (Mackechnie, 1996). Some South African coasts also have to bear strong winds,

especially the south-eastern summer winds.
2.4 Chloride-induced corrosion: the main deterioration mechanism

2.4.1 Corrosion initiation

Corrosion of reinforcing steel in concrete is categorised as microcell and macrocell corrosion based on
the extent of separation of anodes and cathodes over the surface of steel, as shown in Figure 2.3. The
rate of corrosion in both cases depends on the rate of anodic and cathodic reactions and concrete

conductivity (or resistivity).

Microcell corrosion occurs when the passive layer of steel is destroyed over a large area and the
surrounding concrete has high resistivity so that the formation of minute corrosion cells is favoured,

resulting in a generalised corrosion of the steel surface. This is common in the case of carbonation-
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induced corrosion, where a reduction in the pore solution pH due to carbonation leads to a generalised
depassivation of steel. In addition, the formation of calcium carbonate increases the resistivity of
concrete favouring the passage of low corrosion currents over small extents, forming several microcells
in close proximity. On the other hand, macrocell corrosion occurs where steel gets depassivated locally
acting as an anode and the rest of the portion acts as the cathode, resulting in localized pitting. This is

common in the case of chloride-induced corrosion.

‘/30:+H:0+2e’—>20H’ Fe — Fe® +2e”

1,0.+H.0+2¢ —20H

(@) (b)

Figure 2.3 lllustration of (a) microcell corrosion — the anodic and cathodic half-cells are closely
spaced and (b) macrocell corrosion — a localized anodic half-cell with an extensive cathodic half-cell
(reproduced from (Poursaee & Hansson, 2009))

Chlorides in sufficient concentration (known as chloride threshold) are required to disrupt the passive
layer and initiate the corrosion process. Once the chloride threshold is reached and the corrosion is
initiated, its propagation largely depends on the factors that affect the cathodic reaction, such as the
availability of oxygen and moisture, and concrete resistivity. This is because chlorides act only as
catalysts and do not get consumed in the process. The products of corrosion—various oxides of iron—
generate expansive forces due to a net increase in the volume of products compared to the reacting iron.

This leads to cracking in cover concrete thereby further accelerating the deterioration process.

Figure 2.4 shows the general corrosion-induced deterioration model used for characterising the life
cycle of a structure. As corrosion propagation is a complex process, corrosion initiation is generally
taken as the limit state marking the end of design service life for convenience. Moreover, corrosion
propagates rapidly and hence propagation period is relatively short. Thus, the time to corrosion
initiation, which is generally taken as the time to attainment of chloride threshold value at the surface

of the steel, becomes of prime importance for service life prediction in such models.
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End of service life

Damage

Cl, CO, ingress O, diffusion, resistivity

\
Initiation period = Propagationperiod
Time

Figure 2.4 Corrosion-induced damage model that is generally used for service life prediction
(reproduced from (Violetta, 2002))

2.4.2 Chloride threshold

The chloride threshold value is defined as the concentration of chlorides required at the level of steel to
cause its depassivation and initiate active corrosion (Figure 2.5). The chloride threshold is used to define
the corrosion-initiation-based limit state for the service life of a structure and thus could easily be
deemed as the most crucial parameter for service life estimation.
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Figure 2.5. Corrosion rates of steel in the presence of chloride ions (reproduced from (Lambert, Page
& Vassie, 1991))

Chloride threshold (Cw) values depend on various factors connected to the materials and the exposure
conditions involved, broadly categorised as (Angst et al., 2009):

Steel: type (composition), surface
Concrete mix: binder, w/b ratio, degree of hydration, pH

1
2
3. Steel-concrete interface
4

Exposure conditions: internal moisture content, access to oxygen, chloride source, temperature

Chloride ions lower the corrosion potential, and the hydroxyl ions provide the inhibitive or buffer
capacity against it (Glass & Buenfeld, 1997). Angst et al. (2009) conducted a quantitative analysis of
the broad literature on the topic and some of the findings relevant to this study are noted here.
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Binder type influences Ci by influencing the pH, capacity for binding, and resistivity. High Portland
cement contents provide high pH buffer capacity. The effect of fly ash and slag is not clear due to
contradictory findings in the literature. An increase in the w/b ratio lowers the Ci.

The relative humidity of 90-95% is ideal for corrosion initiation. Too high or too low humidity levels
require higher chloride concentration for initiation. In practical terms, this means that submerged and
air-borne zones require higher chloride concentrations for initiating corrosion than splash/spray zones.
The spread in the Cy, was however found to be so wide across literature [0.04 to 8.34 % (total chlorides
by weight of cement)] that selecting a reliable value for the purpose of service life prediction is not
possible. In the same vein, attempts to differentiate between different mix compositions may also be

futile at this stage.

Commonly, a conservative value of 0.4% of total chloride content by mass of binder is used for
calculating the time to corrosion initiation. Given the statistical uncertainty, the practice of using a
common, but conservative value could be acceptable until better ways are available. However, it must
always be remembered that the calculated time to corrosion initiation can only be considered notional
and comparison between different exposure zones in relation to corrosion initiation solely on the basis

of threshold value attainment must be viewed with caution.
2.5 Conclusions (Part A)

1. Marine environments are characteristically harsh and lead to the deterioration of reinforced
concrete. Deterioration mechanisms differ based on micro- and macro-climatic conditions and
material properties; however, chloride-induced corrosion remains the common and dominant
mode of deterioration governing the service life of concrete.

2. Regional climatic conditions influence the nature and aggressiveness of the marine
environment and should be integrated with the qualitative aggressiveness classification of
marine exposure zones. There is a need to move towards quantitative characterisation of the
environment for service life prediction.

3. The transport of chloride ions occurs through various transport processes; however, diffusion
is the dominant mechanism by which transport occurs in the interior of concrete across exposure
zones. The chloride ion ingress in concrete is, as a result, commonly evaluated and modelled
after ionic diffusion.

4. Given the wide dispersion of chloride threshold values across literature, numerous influencing
factors, and the mismatch between the actual and test methods, it appears pragmatic to adopt a
conservative value of 0.4% (by wt. of binder) regardless of mix proportion or exposure

conditions, until more reliable data become available.
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Part B: Selected factors affecting chloride penetration resistance of concrete

2.6 Introduction

Many factors affect concrete’s resistance to chloride penetration. Some of the important factors are
discussed in this part. These factors are mainly categorised as related to concrete mix proportioning,

curing, and exposure conditions.
2.7 Aggregate

2.7.1 Aggregate type

Different aggregate types are used in concrete depending on geographical location and availability. In
the context of concrete, aggregates are commonly classified in terms of the petrological type in
standards, i.e., the mineralogical composition (Alexander & Mindess, 2005). It is important to
understand the properties of different aggregate types for their effect on the transport resistance of
concrete. This concern can be differentiated into two parts: the penetrability of the aggregates

themselves and the effect of aggregate type on the penetrability of the surrounding paste.

The permeability of aggregates, inferred from the permeability of the parent rock, may not be zero as is
generally assumed and may have the potential to significantly affect the permeability of concrete,
aggregates being concrete’s major constituent (Hobbs, 1999). If such is the case, it would be a mistake
to consider aggregates as perfect diluents. Price et al. (2003), using water absorption values of
aggregates as an indication of their penetrability, found chloride diffusivities of various concretes
increasing with aggregate absorption. A limit on the aggregate absorption of 1% for severe marine
conditions is therefore recommended by the authors. The aggregates commonly used in South Africa
have water absorption values under 0.5% (Alexander & Mindess, 2005). Greywacke, quartzite, and
tillite, some of the common aggregate types in South Africa, were found to have no effect on the
penetrability indexes of concrete as well as chloride ingress (Githachuri, 2010; Githachuri, Alexander
& Moyo, 2012).

The influence of aggregate type on the surrounding paste, particularly the ITZ, has been studied and
discussed to a limited extent mostly in relation to calcareous aggregates. Calcareous aggregates such as
limestone can undergo a non-deleterious reaction with the cement paste to form calcium carbo-
aluminate or other compounds, which may change the composition and potentially the properties of
ITZ (Ollivier, Maso & Bourdette, 1995). However, Scrivener (1999) found minimal influence of
aggregate type on the microstructure of 1TZ between siliceous and limestone aggregates. Surface
roughness, on the other hand, was found to have a more significant influence on the ITZ porosity with
rougher aggregates densifying the ITZ (Scrivener, 1999). Consequent improvements in the mechanical
properties of concrete were also noted. Similarly, improvements in bulk resistivity were reported by

replacing smooth-textured gravel with rough-textured crushed limestone aggregates (Sengul, 2014).
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2.7.2 Aggregate content

The aggregate content is usually determined by considerations regarding workability and mechanical
properties. However, minimum cement content and maximum w/b ratio are also commonly specified
in marine conditions with an aim to control the resistance of concrete to chloride penetration. The
intention of these specifications may have been to control the quality of the cement paste in concrete
when workability could only be achieved by adding water and ensuring minimum cement content was
essential to control the w/b ratio, to ensure an adequate bond between concrete and steel, and to provide
resistance against corrosion initiation by chlorides or carbonation (Wassermann, Katz & Bentur, 2009).
The inevitable consequence of this is a limit on the minimum paste content, which in turn puts a limit
on the maximum aggregate content. The experimental evidence is examined in the following paragraphs

to evaluate the value of this type of specification.

Increasing the aggregate content is expected to reduce the overall proportion of cement paste—the phase
mainly responsible for the transport of aggressive species. However, it might be argued that it would
also lead to a higher proportion of ITZ due to the increased surface area of the aggregate phase in contact
with the reduced amount of paste. The inter-aggregate spacing reduces with increasing aggregate
content. At the same time, ITZ thickness remains about the same with increasing aggregate content
(Gao et al., 2014). This could bring the ITZs, conceptualized as shells around aggregates, together to
overlap beyond a certain aggregate content. The interconnection of the porous ITZ could result in the
“percolation” of the pore space, in other words, creating preferential paths for transport through
concrete, which would sharply increase the penetrability. In line with this, the mercury intrusion into
mortar was observed to increase steeply when the sand content was increased beyond 45-49%, which
is believed to represent the aggregate content beyond which percolation occurs (Winslow et al., 1994).
In the case of concrete, where the aggregate content is always in the range 60-80%, which is above the
given range, the ITZ phase is always expected to overlap. Such ITZ interconnections were observed
through Wood’s Metal penetration into concrete subjected to a restraining load of 10 MPa (Scrivener
& Nemati, 1996). However, such a spike in the overall penetrability due to the “percolation” effect has
not always been observed in the transport behaviour of mortars having the sand fraction between 0 and
70% (Halamickova et al., 1995; Delagrave et al., 1997; Wong et al., 2009; Sengul, 2014).

In terms of the overall relationship between aggregate content and transport coefficients, some
contradicting experimental evidence exists. Halamickova et al. (1995) observed an increase in chloride
migration and water permeation of mortars with increasing sand contents in the range 0-55%. On the
other hand, others have found decreasing trends for diffusivity, conductivity, migration and
permeability coefficients with increasing sand fraction (Delagrave et al., 1997; Yang & Su, 2002; Wong
et al., 2009; Sengul, 2014). The increased resistance to penetration despite ITZ effects was attributed to
the counteracting effect of tortuosity. In another study on mortars, the chloride migration coefficients

increased with sand content for finer sand but decreased for coarser sand (Caré, 2003).
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Fortunately for concrete practitioners, a more consistent picture emerges for the case of concrete itself.
Buenfeld & Okundi (1998) found improvements in a wide variety of transport properties including
resistance to chloride diffusion (shown in Figure 2.6) and conduction with an increase in the aggregate

content regardless of the binder used.

Chloride content: wt% of concrete

Depth: mm

Figure 2.6 Chloride profiles for concrete with different paste contents (reproduced from (Buenfeld &
Okundi, 1998))

Similarly, Wassermann et al. (2009) also found the rapid chloride permeability of various concrete mix
designs decreasing with increasing aggregate content in the range of 65-78% along with many other
penetrability indicators as shown in Figure 2.7. Price et al. (2003) found similar trends with chloride
diffusivity although less pronounced. In all these studies, the dilution of cement paste and increase in
tortuosity upon the addition of aggregates surpassed the effect of ITZ on the net transport properties of
concrete. On the other hand, in another study on major cement types (EN), no major influence of cement

content was observed on chloride resistance (Dhir et al., 2004).

The overall effect of increasing the aggregate content, in the practical range relevant to concrete
practice, seems therefore to benefit the chloride resistance of concrete provided adequate fresh
properties can be achieved. Conversely, lower cement contents for a given w/b ratio will not adversely
affect the overall penetrability as assumed implicitly in some codes and may even improve it. However,
the effect of cement content on the chloride threshold must also be included to understand the overall

effect of cement content on the chloride-induced corrosion initiation.
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Figure 2.7. The variation of different concrete properties at different w/b ratios on decreasing the
aggregate content as the water content increases (reproduced from (Wassermann, Katz & Bentur,
2009))

2.7.3 Aggregate grading

The size grading affects the water demand of aggregates and thus is of particular importance to the
workability of concrete. Over the course of construction, there can be slight changes in the grading of
natural aggregates. The selection of aggregate considering its grading and the inherent variability are
factors that may also influence the chloride resistance of concrete and are discussed as follows in that

context.

Smaller aggregates have larger surface area for the same aggregate volume and therefore the proportion
of ITZ in concrete at a given paste content would increase with finer size grading. This argument holds
true theoretically if the 1TZ thickness does not change with aggregate size. It has been argued that the
packing of the cement particles at the interface and therefore the ITZ thickness should remain unaffected
as long as the aggregate size is an order of magnitude greater than the cement particles, which is largely
the case in practice, leaving aside the aggregate fines (Scrivener, 1999). As there is no additional
dilution in this case, the other two factors would add to increase the penetrability of the concrete as

aggregate fineness increases.

In a study on mortars, this seemed to be the case as the resistance to chloride migration decreased when
finer sand was adopted (Care, 2003). Contrary to this, air permeability decreased while the resistance
to carbonation and air diffusion were unaffected by increasing the aggregate fineness (Basheer, Basheer
& Long, 2005; Wong et al., 2009). Sengul found coarse aggregates to result in higher bulk resistivity
than fine aggregate at a given aggregate content (Sengul, 2014). In another study, no effect of changing
the sand fineness in the practical range (FM: 1.6-3.3) was observed on chloride permeability or

mechanical properties (Rangaraju, Olek & Diamond, 2010). Chloride conductivity, oxygen
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permeability, and sorptivity testing on greywacke aggregate concretes also showed minimal effect of

changes within the practical range of aggregate (Loseby, Alexander & Beushausen, 2016).

It is clear that disparate trends and arguments exist in the literature on this matter and direct
investigations on chloride diffusivities are not easy to find. However, the weight of the evidence on
diffusion-related and chloride conduction-related results tilts towards the relative insensitivity of

chloride resistance of concrete to aggregate grading.
2.8 Binder

2.8.1 Portland cement

Portland cement has changed over time in response to various economic, sustainability, and durability
concerns by, for example, switching to a more efficient dry kiln process from a wet kiln process and
selecting low alkali raw materials, among other things. The C3sS/C,S ratio increased significantly from
1930s to 1980s (Table 2.2) without changes to the alumina-bearing phases (Nixon, 1975). There was a
consequent increase in the strength grade of cement. Since then, there seems to be little change in the
cement composition in the UK region based on the data shown in Table 2.2. However, the corresponding
changes seem to have occurred in South Africa after the 1990s (see Table 2.2). However, this cannot
be confirmed due to the lack of more rigorous evidence.

Higher grade PC has shown long-term (4-5 years) improvements in the permeability properties and the
chloride diffusion coefficient over lower grade PC at the same w/c ratio (Ben-Bassat, Nixon &
Hardcastlet, 1990; Frey, Balogh & Balfizs, 1994). At the same concrete strength, however, some
increase in the concrete permeability under wet marine conditions is to be expected due to the higher
wi/b ratio involved. The differences were found to be relatively small in one study (Ben-Bassat, Nixon
& Hardcastlet, 1990). CsA content is another compositional factor that influences the chloride diffusion

coefficient. Higher C3A contents are preferable for chloride resistance (Frey, Balogh & Balfizs, 1994).

The properties of PC, such as rate of hydration, and alkali content, can influence the properties of SCM-
blended binders. The effect is likely to manifest mainly in the early ages, which can change the short-
term values for diffusion coefficient and durability indicators. In contrast, the long-term chloride-related
properties are likely to be dictated by the SCM. The influence of the binder content is discussed in detail
in Section 2.7.2.
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Table 2.2 Phase composition (%) of Portland cement over time

Region Decade CsS C.S CsA C.AF Reference
1930s 39 32 10 7 (Nixon, 1975)
1980s 53 18 10 7 (Nixon, 1975)
UK 2000s 53 21 8.5 8.5 (Dhir et al., 2004)
(CEM 1-42.5N)
2000s 54 19 7.3 8 (Dhir et al., 2004)
(CEM 1-52.5N)
1990s 35-55 20-40 5-12 5-10 (Fulton’s, 1994)
2000s 45-65 10-35 4-10 5-10 (Fulton’s, 2001)
South 2020s 55-65 10-18 6-9 9-12 (Fulton’s, 2021)
Africa 1970s 48.5 26.4 8.8 8.5 (Wolhuter &
Morris, 1973)
1990s 66.9 11.2 4.5 10 (Mackechnie,
1996)

The increase in cement strength grade makes it possible to make concretes of a given strength grade
(28 days) and workability at a higher w/c ratio (and reduce the cement content). Higher PC grades are

also obtained through finer grinding of the same clinker (Nilsson, Sandberg & Sgrensen, 1996).
2.8.2 Supplementary cementitious materials (SCM)

Partial replacement of Portland cement (clinker) with supplementary cementitious materials is one of
the most effective means of improving the chloride resistance of concrete. Various natural and artificial
SCMs are available with varying pozzolanic and hydraulic reactivity. Fly ash (FA), ground granulated
blastfurnace slag (BS), and silica fume (SF) are the most utilized SCMs in marine environments. These
SCMs differ widely in their composition, physical characteristics, and their effect on the fresh and
hardened properties of concrete (Thomas, 2013; Ramezanianpour, 2014). FA and BS react slowly and
require longer to develop a given concrete strength than PC. Silica fume on the other hand is highly
reactive due to very fine particle sizes and surpasses the strength of PC concrete within a few days. The
implication for practice is that FA and BS concretes are required to be designed with a lower w/b ratio

than PC for a given strength grade.

In a marine exposure study, FA and BS concretes of the same grade as PC were found to exhibit similar
diffusivity as PC concretes under 1 month. However, diffusivities of FA and BS reduced by orders of
magnitude with time compared to PC concretes (Thomas & Bamforth, 1999). Similar improvements
have also been observed in FA and BS concrete at the same w/b ratio as PC concretes (Bamforth, 1999).
Field exposure studies in the tidal zone for 10-25 years have shown that the resistance of concrete to
chloride diffusion improves as the levels of BS (25-65%) and FA (>50%) increase (Thomas &
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Matthews, 2004; Thomas et al., 2008). However, the diffusivities of FA and BS concretes develop
slowly and thus chlorides can penetrate more easily in the first 10 mm of the cover concrete. Therefore,
a minimum cover depth is recommended even in the case of SCMs (Thomas & Bamforth, 1999).
Scaling due to freeze-thaw or abrasion due to wave action will also influence the decision on minimum
cover depth and the concrete composition. Slag concretes and high w/b ratio concretes are more

susceptible to scaling or abrasive action (Mackechnie, 1996; Thomas et al., 2008).

The resistance to chloride ingress of SCM concretes is achieved through the refinement of pore structure
and superior chloride binding ability. SCMs lead to a refinement of pore sizes, although to varying
extent, which reduces the permeability of the pore space (Lothenbach, Scrivener & Hooton, 2011).
Silica fume in particular reduces the penetrability of the physical pore structure, which reflects in a
highly reduced diffusivity from the early ages. However, due to small further improvements and poor
chloride binding ability, the long-term chloride diffusivity of silica fume concretes does not reach the
level of FA and BS concretes. Both FA and BS are known to reduce pore sizes, given adequate curing
conditions are provided, while the total porosity may remain unaffected or even increase (Thomas,
1989; Matthes et al., 2018). In addition, FA and BS contribute significantly towards chloride binding.
Chloride binding in SCM blends is further discussed in Appendix A.

2.9 w/b ratio

The wi/b ratio, normally calculated by mass, determines the average interparticle spacing between the
binder particles (Bentz & Aitcin, 2008; Aitcin, 2016). Beyond the maximum volume that the hydration
products can fill, the rest of the space remains as capillary porosity. Both the strength and durability of
concrete depend on its porosity and thus depend on w/b ratio. The w/b ratio is not a straightforward

parameter as the nature of porosity depends on the volume of binder added at a given mass.

Nevertheless, the w/b ratio is such an important parameter for concrete durability with regard to
chloride-induced corrosion that a limit on the maximum value is commonly prescribed by national and
international codes. Minimum compressive strength for concrete is also prescribed in such cases as it is
considered an indicator of the w/b ratio, which itself is difficult to verify on-site (Nixon, 1975). Given
the diversity of SCMs used in modern concrete, each of which has a specific w/b — strength relationship,

compressive strength is no longer a sufficient indicator of the w/b ratio.

The relationship of the diffusion coefficient in chloride environments with the w/b ratio was
investigated through a review of a large number of studies on PC concretes (Figure 2.8) by Bamforth,
Price & Emerson (1997). It is clear that the diffusion coefficient increases with w/b ratio. However,
particular relationships differ widely, presumably, due to differences in other mix parameters, testing
protocols, exposure conditions and duration, etc. Notwithstanding this, service life prediction models

such as Life-365 make use of w/b-D relationships for normal Portland cement concrete. The w/b ratio
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is also important in other modes of deterioration in the marine environments such as wave action and
freeze-thaw scaling.
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Figure 2.8 Diffusion coefficient as a function of w/c for Portland cement concretes (reproduced from
(Bamforth, Price & Emerson, 1997))

2.10 Curing

Several studies have emphasized the importance of the method and duration of initial curing on the
penetrability of concrete (Senbetta & Scholer, 1984; Patel et al., 1985; Ballim, 1993; Wasserman &
Bentur, 2013; Beushausen, Hohlig & Martin, 2016). The use of SCMs, higher replacement levels, and
higher w/b ratios generally make the concrete more sensitive to curing (Thomas, 1989; Zhang et al.,
1999). However, the subject of testing curing effectiveness is complex due to the inherent differences
between lab and field conditions, which must be considered while consolidating the literature.

For instance, the relationship of temperature with time and depth can be very different between small
lab specimens and large field structures during hydration (Thomas, 2013). Also, the temperature and
humidity conditions in the lab may be very different from the prevailing field conditions. Furthermore,
the age of testing selected for studies in lab and even field conditions is frequently 28 days, which is in

line with quality control requirements, but which may not depict the long-term effect of initial curing.

Some studies have considered the issue of long-term environmental conditions, which are discussed as
follows. In hot and arid conditions, it was found that the initial curing can make a lasting impact on
strength, porosity, and absorptivity even after a year (Alsayed & Amjad, 1994). In contrast, exposure
to intermittent rain or sea mist reduced the effects of curing on concrete penetrability considerably in a

few months to a year’s time (Ewertson & Petersson, 1993; du Preez & Alexander, 2004). Similarly, the
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effect of a wet curing duration of up to 28 days on chloride profiles of concretes exposed to the Persian
Gulf tidal zone was not consistently visible and the differences diminished with exposure age
(Khanzadeh-Moradllo et al., 2015). Marine environments are characterised by high humidity, which, as
observed in the aforementioned studies, will likely equalise the effect of different initial curing methods
on concrete in the long term. However, chloride penetration in the early period may still be affected by

poor curing, leading to increased chloride penetration.
2.11 Exposure conditions
2.11.1 Chloride concentration

The chloride concentration or salinity is an important parameter that determines the severity of chloride
penetration and is therefore an important boundary condition. The intrinsic diffusivity of Cl in the pore
solution of concrete decreases with an increase in chloride ion concentration of the exposure solution
(Bockris & Reddy, 2002; Zhang & Gjorv, 2005). The effect on chloride depth into concrete will
however depend on the following competing factors: the reduction of intrinsic diffusivity of Cl ions in
pore solution, the increase in the rate of diffusion due to the increase in chloride concentration, and the
effect of non-linear chloride binding.

Jee & Pradhan (2019) found higher free chloride depths with higher chloride concentrations of
exposure solution in a lab study. Similarly in another study, higher concentration showed higher
chloride ingress in lab exposure however only a minor effect of concentration was observed in the field
conditions (Lindvall, 2007). This contradiction could not be explained. Results contradicting the
theoretical expectation of reduced diffusion coefficient at higher concentrations have also been

presented as shown in Figure 2.9.
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Figure 2.9 Variation of apparent diffusion coefficient of cement paste with chloride concentration
(reproduced from (Marchand & Samson, 2009))
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An important implication of concentration lies in the use of lab-based bulk diffusion tests (NT BUILD
443, 1995; ASTM C1556, 2016)—which involves concentrated chloride solution (2.8 M; the average
seawater concentration is around 0.5 M)—in the quantification of the diffusion parameters for service
life predictions such as Life 365 (Life-365 v2.2.3, 2020). The effect of this large difference in the
exposure conditions on diffusion parameters is not always recognised. Even migration parameters are
also subject to similar effects. In addition, the concentration of seawater changes periodically due to,
among other things, temperature variations. Clearly, the effect of concentration must be understood
guantitatively to enable realistic service life predictions, especially when using accelerated tests, which

as of now has not been adequately addressed.
2.11.2 Temperature

Diffusion, being the result of the random thermal motion of particles, is greatly influenced by
temperature. The rate of diffusion increases exponentially with temperature, which is usually modelled

using the Arrhenius equation (Eq. (2.1)).

Eq(1 1
D(T) = Doe?(TO T) 2.1)
Where,
D(T) and Do [m?s] are the diffusivities at temperatures T [K] and To, respectively.

Ea is the activation energy of chloride diffusion in concrete [KJ/mol] and R is the ideal gas constant.

The activation energy term in the Arrhenius equation is experimentally determined. Most of the studies
on the topic are concerned with measuring this parameter. The influence of temperature on chloride

diffusion in concrete also extends to chloride binding.

In controlled exposure studies, the chloride penetration, measured through total or free chlorides, was
observed to increase with an increase in temperature and so did the diffusivity. However, the change
was less than 3 times for an increase of 30°C in temperature (Dousti et al., 2013; Shao, Li & Liu, 2016).
On the other hand, the same direction of variation was observed in diffusivity in the field, but total Cs
decreased with temperature (Lindvall, 2007). Temperature also has an indirect influence on exposure
severity by affecting the rate of surface drying, which in turn affects chloride accumulation near the

concrete surface.
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2.11.3 Exposure zone

The exposure zones in marine conditions differ principally with regard to wetness in the context of
chloride-induced corrosion. The moisture content in and around the concrete largely determines the rate
of chloride build-up at the surface and chloride penetration, biological growth, and the availability of
oxygen for corrosion initiation and propagation. Amongst the different exposure zones, the tidal zone
is often considered most aggressive when factors such as abrasion damage due to wave action, freeze-
thaw damage, chloride build-up rate, etc. are all considered together. In relation to the risk of steel
corrosion, the splash/spray zone is considered the most severe zone by some researchers due to
sufficient availability of oxygen (Roy, Kok Chye & Northwood, 1993; Thomas & Matthews, 2004;
Moore et al., 2022). Systematic field investigations are however needed to investigate this issue. The
submerged zone is often neglected from the analysis stating the lack of oxygen availability. Studies
have however shown that even low oxygen availability can sustain localised corrosion that can occur
in the submerged zone due to the availability of large cathodic area located outside the submerged zone
(Walsh & Saguiés, 2016). In addition to the moisture conditions, the exposure zone may also differ with

regard to the presence of surface layers such as aragonite, brucite, and organic growth.

A limited review of field studies from around the world (Table 2.3) shows that the predominant trend
for the rate of chloride penetration in different exposure zones regardless of the climatic conditions is:
submerged > tidal > splash > atmospheric. However, variations in this order in individual cases are very
common, especially amongst the submerged, tidal and splash zones (wet or partially wet zones).
Variations were even seen between studies conducted in the same local region, example the case of
South Africa. A possible reason, in part, for such variations could be that the exposure severity of
splash/spray and air-borne zones is influenced by the distance from the sea level (Figure 2.10), wind
speed, wind direction, sunlight exposure, etc. Similarly, the frequency of wetting decreases in the tidal
zone from the low to high tide mark, which implies a variation in the exposure severity. These details
are not always mentioned and additionally, definitive knowledge of their effects is still lacking. The
loose use of the term spray zone also contributes to the vagueness. The influence of exposure zones on
the apparent diffusion coefficient (D) has been observed to be minimal after a length of exposure and
the exposure zones seem to act mostly as the boundary condition by affecting the surface concentration
(Cs) (Nanukuttan et al., 2008; Heiyantuduwa-Beushausen, 2022). [More on exposure zone in Part A,
Sections 2.3and 2.3.4]
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Table 2.3 Chloride ingress in exposure zones: trends in literature [*Sub.: submerged, Tid.: tidal, Spl.: Splash, Spr: Spray, Atm: atmospheric]

Region Climate Exposure Depth of chloride Reference
Temperate-sub-tropical
China (Wheat Island Exposure Station, Yellow Duration: 13 m Sub.>Tid.=Spl.>Atm. (Zuquan et al., 2018)
Sea)
Hot semi-arid Spl. =Sub.>Atm.
India ; . Duration: 10y Corr. rate: (Kwon et al., 2017)
(Thoothukudi, Indian Ocean) Spl.>Sub.>Atm,
Temperate . .
Portugal (Sado Estuary, Atlantic Ocean) Duration: 5y Tid.>Spr.>Atm. (Costa & Appleton, 1999)
Temperate . Low Tid.> High tid.>
Scotland (North Sea) Duration: 7y Spl.>Atm. (Nanukuttan et al., 2008)
Duration: 1.5y
. Hot tropical Sub.:16 m below MSL . (Roy, Kok Chye &
Singapore (Singapore Strait) Tidal: Mid (MTL) Sub.>Tid.>Atm. Northwood, 1993)
Atm.: 3m above MTL
Temperate: Granger bay (high wind) . .
; . Duration: 2y Tid.>Spr.
(Cape Penlnsulfe\, Atlantlc Ocean) Tid.: Below high tide (Granger bay Spr. = (Mackechnie, 1996)
Temperate: Slmons_town Spr.: 3 m above MSL Simonstown Tid.)
(Cape Peninsula, Atlantic Ocean)
South Africa Temperate: Granger bay Duration: 3.5y

(Cape Peninsula, Atlantic Ocean)

Sub-tropical: Durban Port
(Indian Ocean)

Tid.: Below high tide
Spl.: 4 m from MSL
Atm.: <5 km from coast

Spl.>Tid.>Sub. ~Atm.

(Heiyantuduwa-Beushausen,
2022)
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Figure 2.10 Presence of atmospheric chlorides with distance from the sea using wet candle method

(reproduced from (Meira et al., 2010))

2.12 Conclusions (Part B)

1.

Aggregates influence the microstructure and transport properties by way of dilution, tortuosity,
and ITZ phenomena. The aggregate type and size grading may not significantly influence the
chloride resistance of concrete. Maximizing the aggregate content without affecting the
workability may improve the chloride resistance of concrete. However, most literature on this
matter involves indirect tests like electrical migration and permeability. More research using
direct chloride ingress tests is required to verify the above findings.

Binder type has the most significant effect on the chloride resistance of concrete. SCMs such
as FA and BS refine the porosity and improve the chloride binding ability. The short-term
evaluation of FA and BS blended concretes however may not always show their long-term
benefits. Both short-term and long-term studies are thus needed to quantitatively understand
the performance of current South African binder materials in marine conditions.

An increase in the w/b ratio increases the diffusion coefficient. However, individual
relationships with different binder types need to be evaluated to develop concrete mix
proportioning charts.

The long-term effect of curing depends on the environmental conditions surrounding the
concrete. Under wet/moist conditions prevalent in the sea or near the coast, the effect of curing
on chloride ingress appears to diminish over time. Despite this, curing can be an important
consideration to prevent degradation by other mechanisms such as abrasion, freeze-thaw, etc.
More research is needed on parameters characterising the exposure environment to gain a clear
understanding of their individual and combined effects on chloride ingress. Similarly, the

severity of different exposure zones in the context of chloride ingress shows considerable
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variation in the literature. There is also a dearth of long-term studies, especially longer than
10 years, to enable clarity on the variation of Cs and D, with time in different environmental

conditions.
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Part C: Chloride modelling and service life prediction

2.13 Introduction

Reliable estimates of service life are essential to designing structures for durability in a sufficiently
differentiated and logical way. In practical terms, the purpose of service life prediction is to enable valid
comparison of different material combinations based on their long-term performance in the service
environment so that appropriate choices can be made to achieve the desired service life. Service life
prediction models are tools that allow the calculation of potential service life for given materials and
environmental conditions (Alexander & Beushausen, 2019). Service life itself can be defined in
different ways with varying levels of complexity in definition, experimental determination, and
mathematical description. Usually, they fall into two categories: i) corrosion initiation and ii) stage of

damage during corrosion propagation.
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Figure 2.11 Modified Tutti’s model for corrosion damage during the life of a structure (reproduced
from (Heckroodt, 2002))

The discussion in this section is restricted to service life related to corrosion initiation only. As corrosion
is assumed to initiate when the chloride threshold value is achieved at the level of the steel, the
predictions based on corrosion initiation can be divided into two steps: chloride ingress modelling and
selection of chloride threshold value. The principles of chloride ingress modelling based on Fick’s 2™
law are explained in this section. The chloride threshold is discussed in Section 2.4.2. An overview of
some of the influential service life prediction models is also presented outlining their principles, merits,

and limitations.
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2.14 Chloride Ingress Modelling

Chloride ingress occurs through a combination of different transport processes depending upon the
marine exposure zone. However, diffusion is considered the dominant transport process. It is commonly
assumed that the convective processes influence the development of chloride concentration in the
unsaturated near-surface concrete, which then drives the diffusion of chlorides in the nearly saturated
interior (Alexander, Bentur & Mindess, 2017). Thus, most of the effort in chloride transport modelling
is generally focused on developing diffusion-based models. Chloride diffusion in concrete has been
conventionally modelled simply by using Fick’s laws. In particular, Fick’s 2" law is used to describe
the natural diffusion, which occurs in non-steady state conditions.

There are two approaches to chloride modelling broadly categorised as empirical and physical
modelling approaches (Nilsson, 2006). The empirical approaches use empirical observations of material
performance in relevant, preferably actual field, environments to prepare a model, which can be used
to make predictions for the scope of materials and environments used to develop the model. Such
models may or may not require or use the knowledge of the underlying processes involved. Such models
are relatively simple but require continuous updating with data to accommodate changes in material
properties and extend the model to other materials and exposure conditions. On the other hand, the
physical models are based on knowledge of the underlying processes and their scientific descriptions.
These models define the environment and material properties in terms of their fundamental measurable
constituent parts. This makes the physical models extendable, in theory, to any material and
environment as long as their characteristic data are available without having to measure the performance
itself. However, this requires a sufficient understanding of the intricate processes that govern the

performance and a vast amount of input data.

In this section, the issues common to both physical and empirical approaches are discussed, but the

emphasis is given to the empirical approach for its simplicity and relevance to this study.
2.15 Fick’s 2" Law: Error Function Solutions

2.15.1 Principle

The partial differential equation of Fick’s 2" law for unidimensional diffusion as in Eg. (2.2) is

commonly solved using the error function solution (Crank, 1975), which is shown in Eq. (2.3).

aC; aCs (2.2)
ot ax\ N5 ox

Where,
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Cs is the free chloride content

Dnss is the non-steady state diffusion coefficient

C, = Cy (1 — erf[ (2.3)

X
ZMD
Where,

Cx is the concentration of the chloride ions at a depth ‘x’ from the surface (the exposure boundary).
C,is the concentration of the chloride ions at the surface (x = 0).
D is the diffusion coefficient.

t is the exposure duration.
2 rzZ _y2 _ . . A
erf(z) = \/—Efo e Y dy, ‘y’is the variable of integration®.

erfc(z) =1—erf(2)
Where, erfc is the error function complement or complementary error function.
This type of solution to Fick’s 2" law is also referred to as error function complement or ERFC solution.

This solution enables the calculation of D from chloride profile data (Cx vs X) for a given exposure
duration (t) through curve-fitting or even with one point on the profile if boundary conditions (Co) are
known. In its basic form, the solution is relatively easy to understand because of its mathematical
simplicity. The calculations can also be performed quickly using basic Spreadsheet computer programs.
However, the ERFC solution is valid only under the following assumptions (Crank, 1975; Tang &
Gulikers, 2007; Marchand & Samson, 2009), in addition to the assumptions of pure diffusion of

uncharged particles underlying Fick’s laws.

1. Unidirectional diffusion into a semi-infinite medium
2. Constant boundary conditions, i.e., constant surface concentration
3. Constant diffusivity with respect to
a. Position, i.e., the material is homogeneous, and no temperature gradient exists.
b. Time, i.e., material properties remain constant with time.
c. Concentration of chloride ions in the pore solution, i.e., only instantaneous linear
binding occurs. In the classic case, no interaction between the diffusant and the medium

is typically assumed. However, linear binding is also technically valid as the diffusion

2This is to distinguish the variable used to define the function being integrated from the limits of integration (z,
which in this case is also a variable).
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coefficient remains constant in relation to the chloride concentration at any location®

(refer to Appendix A).

Leaving the edges and corners of concrete members aside, the assumptions of unidirectionality and
semi-infinite medium can be accepted given the typically large sizes of concrete structures. The
assumptions regarding constant boundary and material conditions are not fulfilled in reality as discussed
in subsequent sections. Modifications have been proposed to account for these conditions. However,
the available analytical solutions only allow for the violation of one assumption at a time (Crank, 1975).
Therefore, while deriving model equations using the ERFC solution, the focus is generally placed on
the variation of a single parameter, either diffusivity (case 1) or surface concentration (case 2), while
keeping the other parameter constant. The simultaneous variation of both the parameters of diffusivity
and surface concentration (case 3) is a common observation in measurements and in some cases also
recognised as such in modelling. Each of these approaches has its own limitations, which will be

discussed in the following sections.
2.15.2 Apparent parameters: D, and Cs

The chloride concentration results from concrete specimens typically are arranged with respect to the
depth from the surface, in the form of chloride profiles as shown in Figure 2.12. The error function
solution is then fitted through regression analysis to obtain the surface chloride concentration and the
diffusion coefficient. It is common practice to use acid-soluble (total) chloride concentrations for
chloride profile analysis.

The diffusion coefficient and surface concentration measured in the case of chloride penetration in
concrete are quite different from the classic ERFC solution and are considered ‘apparent’ parameters,
different from their definition in the classic case. The expression for ERFC solution typically used for

chloride diffusion in concrete is shown in Eq. (2.4).

Cy = Cs (1 — erf[ (2.4)

x
omnl)
Where,
Cx is the chloride content at a depth X’ from the surface.
Csis the chloride content extrapolated from the fitted curve to the surface (Figure 2.12).
Dais the apparent diffusion coefficient.

tex is the exposure duration

3Dyss = ( Dgi ; linear binding implies that % = constant and Dnss will remain constant with CI content.
1+—b> f
ac
f
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Figure 2.12 A typical measured chloride profile in which an error function solution is fitted — the first
few data points are ignored in data fitting and the fitted curve is extrapolated to get a hypothetical
surface content — Cs [figure reproduced from (Ann, Ahn & Ryou, 2009)]

The meaning of these apparent parameters must be understood and distinguished from the classic case
to avoid misinterpretation and misuse. A variety of differences may exist between the apparent and the
true parameters individually or simultaneously depending on the case. The discussions in several of the

following sections will attempt to describe the following points:

1. Inthe classic case, D is the same as Dss or Dnss as there is no binding. In the case of concrete,
the ERFC solution is derived from Dnss, which is dependent on chloride binding and thus
differs from Dss. [Dss and Dnss are steady state and non-steady state diffusion coefficients
(Appendix A)].

2. Since ERFC solution requires a constant D, linear binding* must be assumed. Hence, the D
obtained by the ERFC solution is not the actual Dnss, but rather an equivalent Dnss assuming

linear binding.

3. The chloride concentrations are usually measured in total chloride contents rather than free
chloride contents. Because chloride binding occurs non-linearly, these profiles are not
equivalent to free chloride profiles. The resulting D from fitting such profiles will be different

from the actual Dnss.

4. The concrete’s diffusivity evolves with time, which means that the chloride profile develops
over the entire exposure duration while the diffusivity undergoes continuous change. Fitting

the ERFC solution to a chloride profile will result in a diffusion coefficient averaged over time

“Linear binding is the linear approximation for the binding isotherm (Cp = 0..Cy).
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until the end of the exposure. This is perhaps the most important distinction between D, and

Dnss.

5. The surface concentration also increases with time. The ERFC solution in this case will assume
that the surface concentration remained constant at its final level throughout the entire exposure
period. In relation to this assumption, the achieved diffusion coefficient will be lower than its

actual value.

The above reasons show that D, and Cs are regression parameters, rather than pure material or exposure
properties, in a typical chloride profile analysis. However, definitions and treatments differ based on
physical or empirical modelling approaches, which must be carefully understood to avoid errors and

are described next.
2.15.3 Time-dependence of D and C;

The variation of diffusivity and surface chloride content with time can have large implications on the
service life predictions and are therefore addressed in various ways in the literature. The time-

dependencies of D and C; are described separately in the following sections.

2.15.3.1 Modified ERFC solutions for time-dependent D (D; and D,) with constant Cs

The microstructure of concrete in service densifies as the hydration progresses with time under
conducive environmental conditions. Consequently, the diffusion coefficient decreases with time in
marine environments. Several studies have reported this phenomenon in natural diffusion tests as well
as electrical tests on lab- and field-exposed specimens (Mangat & Molloy, 1994; Maage et al., 1996;
Mackechnie, 1996; Stanish & Thomas, 2003; Audenaert, Yuan & De Schutter, 2010; Andrade,
Castellote & D’ Andrea, 2011).

The time-dependence of diffusion coefficient has been observed to follow the exponential form as
shown in Eq. (2.5).

t i
Or, D (t) = Dyes <t 29 f) (2.5)
ag,re

Where,

D (t) is the diffusion coefficient at age ‘tag’.

Dretis the diffusion coefficient at reference age “tag,ref’.
m; is the diffusion coefficient decay coefficient

It is crucial to note that the time in this case is the age of concrete as opposed to the exposure duration
used in the ERFC solution.
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The diffusion coefficient D (t) referred to above is the instantaneous diffusion coefficient (denoted as
Dj) from Fick’s law at any particular instance. The apparent diffusion coefficient (Da), on the other
hand, represents the average diffusion coefficient in the concerned time period and is different from the
instantaneous diffusion coefficient (Maage et al., 1996; Nilsson, 2006). The chloride profile measured
after any length of exposure is a result of the evolving instantaneous diffusion coefficient throughout
the exposure period. For a constant surface concentration, the ERFC solution fitted to the chloride

profile will yield an average or apparent diffusion coefficient.

Both Dj and D, reduce with age. As Da is an average value of D; in the exposure period, D, will always
be higher than D; at the end of the exposure when the chloride profiles are obtained. With the increase
in the exposure period, the difference between the two will increase as D, will include in its average the
entire range of D; from highest to lowest. This implies that the time-dependence (simplistically, the m
value) of D; and D, should be different as shown in Figure 2.13 (Nilsson, 2006). Different subscripts
for ‘m’ (i’ for instantaneous and ‘a’ for apparent) are thus used here to indicate this distinction. These
differences have not always been recognised in the literature leading to a great deal of confusion and

incorrect mathematical expressions (Nilsson, 2006).

1.E-10 ‘
AN ——D()
—— Da(texp, 1)

— 1.E-11
£,
S 1 E12

1.E-13

0.00 0.01 0.10 1.00 10.00  100.00
Age [years]

Figure 2.13. Time dependency of instantaneous (D) and apparent (D) diffusion coefficients [the
crosses signify the exposure period] (reproduced from (Nilsson, 2006))

The mathematical treatment of the time-dependence of the two diffusion coefficients in ERFC solution
is discussed henceforth. As previously discussed, the ERFC solution of Fick’s 2™ law requires an
assumption of a constant diffusion coefficient to yield the true diffusion coefficient. While the change
of diffusion coefficient with time invalidates this assumption, it is possible to incorporate this time-
dependence into the ERFC solution to have a mathematically valid solution. Such a solution is known
as the modified ERFC solution.
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1. From instantaneous diffusion coefficient (D; (t)) to apparent diffusion coefficient (D,)

When the time-dependence of the instantaneous diffusion coefficient is available, the following
mathematical expressions can be used to derive the apparent diffusion coefficient.

Fick’s 2" law can be rewritten by substituting the non-steady state diffusion coefficient (D;) with its
time function from Eq. (2.5) as shown in Eq. (2.6) (Crank, 1975).

aC t Mig2c
a— = Dref ag 2 (26)
t tag,ref ax
Rearranging Eq. (2.6),
1 ac _ 9%*C
e \ T 0t 0x2 2.7)
Dref tag,ref
Defining T such that,
tag \
dT = Dyos dt (2.8)
agref

Fick’s second law can then be rewritten as,

ac 09%C

- 2.9
0T 0x? (29)

Integrating T with respect to time from the age at the start of exposure (ti) to the age at the end of
exposure (tr) (Stanish & Thomas, 2003; Tang & Gulikers, 2007),

T tag,f tag -m;
f dT = f Dyes dt (2.10)
0 tag,i tag,ref
Thus,
tag fl—mi _ tag il—mi
T= Dref(tag,ref)mi < . T 2 ) (2.11)
i

For a constant Cs, the modified error function solution for Eq. (2.9) will be,

40



Ve
Cx = Cs <1 - €T'f [Z—(T) > (212)

After substituting the expression for T, the modified ERFC solution will be,

x
Cs| 1—erf (2.13)

ta : 1_mi—ta ,il_mi
\ 2\/<Dr6f(tag'ref)mi< o 1—mig )>/

Cx

Comparing the basic ERFC solution (Eg. (2.3)) to the modified ERFC solution (Eg. (2.13)), the apparent
diffusion coefficient can be obtained as,

Dy -ty =T (2.14)

Where, tex is the exposure duration (= tag s — tag,i)

D,or(t m; (tags™ Mi—tagit ™
o ref (tagref) o (2.15)

“ tag, f tag,i

This D is the true average of the D; over time under constant Cs.

It should be noted that this expression is truly valid only when free chloride contents are used, and the
surface (free) chloride content is constant. This is because D, is derived by incorporating the
instantaneous D and its time function into Fick’s 2™ law, which is ideally valid when the diffusion
driving force is free chlorides. The assumption of constant boundary condition (free chloride
concentration at the surface) was necessary simplification to enable the mathematical derivation. In
submerged conditions, it is considered a reasonable assumption as the chloride concentration of the

surrounding environment remains constant.

It must be noted here that the time development of D; is assessed through short-term tests, mostly based
on migration/conduction or short duration bulk diffusion tests. It does not account for the contribution
of the increase in chloride binding capacity with time by assuming instantaneous chloride binding (Tang
& Nilsson, 2000).

This solution is used by simplified physical modelling approaches, which use independently measured
material properties: D, m;, and binding coefficients, to predict the chloride profile without using any
chloride profile measurements. This treatment is distinct from the empirical approaches where the time

function is defined not in terms of the instantaneous diffusion coefficient but rather in terms of the
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apparent diffusion coefficient obtained directly from the measured chloride profiles. This is further

discussed in the next section.

Direct use of apparent diffusion coefficient (D,)

The time-dependence of the diffusion coefficient is more commonly evaluated through the evolution of
the apparent diffusion coefficient. The apparent diffusion coefficient measured from chloride profiles

obtained at different exposure durations is used to calculate the ageing factor according to Eq. (2.16).

t \ e
Dg(t) = Dy rer to; (2.16)
re

Where,

D. (1) is the apparent diffusion coefficient.

Dareris the apparent diffusion coefficient at reference time “trer’.
ma is the ageing factor for the apparent diffusion coefficient.

t is the time: age or exposure duration

It is crucial to note that the definition of time, whether age or exposure duration, among others, is most
often left ambiguous. The drawback of using exposure duration is that extrapolating backwards to the
start of the exposure period yields an infinitely large Da, which is physically meaningless. The same
thing can be said about age as the time parameter when extrapolated to zero. However, it at least has
the advantage that the D, can be extrapolated to the start of the exposure, which is of much practical

importance.

In contrast to the previous case in which the apparent diffusion coefficient was required to be derived
from the time function of the instantaneous diffusion coefficient, no such derivation is needed in this
case. The reason is that the apparent diffusion coefficient with its time variation (D (t)) is already
available in Eq. (2.16), which can be directly substituted for D, in the ERFC solution as shown in Eqg.
(2.17). Using the time integration of Eq. (2.13) will be incorrect as the time-function used in this case

is not that of the instantaneous diffusion coefficient (Maage et al., 1996; Mackechnie, 1996).

X
Cs| 1—erf (2.17)

t ~Ma
2 (Da,ref (texe:ef) -tex)

Cx
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2.15.3.2 Surface chloride content (Cs) and its time dependence

In the preceding discussion on the time-dependence of diffusion coefficient, it was assumed that the
surface chloride content, Cs, remains constant with time. Several studies however have shown that Cs
evolves with time as well, increasing with exposure duration as shown in Figure 2.14 and Figure 2.15
(Ann, Ahn & Ryou, 2009; Pack et al., 2010; Kim et al., 2016; Shakouri & Trejo, 2017, 2018).

Cg (% binder)
[ %]

0 10 20 30 40 50
Time (years)

Figure 2.14. The variation of surface chloride content in 11 concrete bridges located in South Korean
coastline in tidal conditions over the years (reproduced from (Pack et al., 2010))
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Figure 2.15 Increase in Cs with time in (a) tidal, and (b) splash conditions (reproduced from (Ann,
Ahn & Ryou, 2009))

It is normally viewed as a consequence of repeated wetting and drying of the near-surface concrete in

exposure zones involving convective processes (Ann, Ahn & Ryou, 2009; Cai et al., 2020). When the
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surface of concrete dries, water in the near-surface region evaporates leaving the transported chlorides
behind. These additional chlorides are carried rapidly deeper into the near-surface concrete mainly when
the dry surface absorbs seawater in the wetting period. Repeated wetting and drying increases the
chloride concentration with time near the interior boundary of the wetting-drying zone, also referred to

as the convection zone.

These factors have also been used to describe the divergence of chloride profiles from the theoretical
curve in the near-surface zone as shown in Figure 2.12. The chloride contents measured in this region
are much lower than expected from the diffusion theory. Additional causes such as washout of near-
surface chlorides from rain and loss of binding ability due to carbonation have also been frequently
used to explain this phenomenon. Normally, the portion of the chloride profile showing the convection
zone behaviour is ignored and the rest of the profile is used to enable analysis using the diffusion theory.

The surface chloride content is derived by extrapolating the diffusion curve to the surface.

The possibility of convective transport provides a reasonable explanation for the divergent shape of the
chloride profiles and the time dependence of surface chloride content in the tidal, splash, spray, and air-
borne zones. It can even explain the differences in the severity of chloride penetration between different
exposure zones. However, the chloride profiles of continuously submerged concrete have also been
observed to have similar divergence behaviour near the surface and a time-dependent increase in surface
chloride content (Tang & Nilsson, 2000; Shakouri & Trejo, 2018; Cai et al., 2020).

In submerged conditions, the free chloride ion concentration of the pore solution of concrete at the
exposure boundary is, at least in theory, equal to the chloride ion concentration of the surrounding
chloride solution (seawater). The chloride binding is assumed to occur instantaneously—in relation to
diffusion—which implies the total chloride content at the surface is supposed to remain stable with time
in submerged conditions. The empirical observations are however in contradiction with these

expectations.

The time-dependence of chloride binding has been argued as a possible explanation (Tang & Nilsson,
2000). Mainly, the leaching of alkali ions and calcium hydroxide from the surface can change the
microstructure and composition of the near-surface concrete. Heavy leaching in the first few microns
can lower the capacity for chloride binding and light leaching in the inner zones can increase the binding
ability. This can result in the typical peak shape observed in the chloride profiles and increase the
chloride concentration at the peak with time (De Weerdt et al., 2016; Jakobsen, De Weerdt & Geiker,
2016; Machner, Hemstad & De Weerdt, 2018; Machner et al., 2022). Portlandite leaching can also
increase the porosity in this region. However, more research is needed in this regard to find definitive

answers, preferably distinguishing the behaviour of free and bound chlorides by direct measurement.

The time-dependence of Cs has been modelled in widely different ways in attempts to best fit the

empirical data. There is no consensus yet over a general form for the time-dependence of Cs, such as in
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the case of diffusion coefficient. Nevertheless, it is generally accepted that Cs increases non-linearly
with time with gradually diminishing rates of increase. Some of the simple models used in the literature
are listed below (Kim et al., 2016; Shakouri, 2021).

. C(t) =kt
= C(t) = kAt
= C(t) =k.t"

" C(t) =Cy+ kt"
- Cs(t) = CO + kl ln(kzt + k3)

Where, k; is a constant, n € (0,1) is the age exponent, and Co is the initial instantaneous surface chloride
content at the start of the exposure.

2.15.3.3 ERFC solution for simultaneous time-evolution of D (t) and Cs (t): the case of reality

The C; obtained from a chloride profile represents the C; at the time of measuring the chloride profile,
in other words, the end of the exposure period. The D, on the other hand, represents the effective
diffusion coefficient that will result in the chloride profile with the boundary condition set at the
measured Cs. However, in reality, the Cs is not constant but increases continuously over time. This
implies that a lower D, is required to compensate for the higher boundary condition implicit in the
chloride profile. For this reason, the measured apparent diffusion coefficient is not a true average of the
instantaneous diffusion coefficient in time; it has an additional component that changes with the
variation of C. As both the Cs and D, are calculated from the chloride profile data, the direct substitution
of their time functions into the ERFC solution gives the correct solution (see Eq. (2.18)). This is because
the values of the time functions for Cs and D, at any time ‘t” will give the respective value measured at
that exposure time. A true mathematical solution for the simultaneous variation of intrinsic diffusion
coefficient and Cs with time from material and boundary condition parameters is not possible using the
ERFC solution.

As discussed before, the simultaneous time variation of both Cs and Da changes the definition of Da
from a time-averaged D to a more complex regression parameter, rather than a material property. Only
at the start of the exposure, is D, equal to the instantaneous diffusion coefficient. This can be obtained
by extrapolating D, backwards in time to the start of the exposure. At this point, the calculated Ds is
equal to the D; and has not been affected by the time-evolution of D and Cs. This is why this point is
closest to the intrinsic diffusion coefficient, or any indicator of it measured in the lab at the reference

age, affected only by any difference in temperature.
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C,=C O] 1-erf ad (2.18)

t ~Ma
2 (Da,ref (texe:ef) -tex)

2.16 Chloride Profile: Practical Considerations

2.16.1 Unit of chloride content: by mass of concrete or by mass of binder?

Chloride contents are generally measured in terms of acid-soluble (or total) chloride content.
Conventionally, the total chloride contents are expressed in the following units: (i) %CI- — by mass of
concrete or material (example, %-kgci/KQconcrete), O (ii) %CIl- — by mass of cement or binder
(%-kgci/kgbinger). Expression of %Cl- by mass of the material facilitates the comparison of the
penetrability of different materials to chloride ions regardless of their composition. It is generally stated
that the free chloride profiles would be ideal for this purpose. However, even total chloride contents
expressed in this way will provide information on the penetrability through the overall penetration depth
(De Weerdt et al., 2023). Additionally, chloride contents by mass of concrete (or material or sample)
can be readily converted in terms of %mass-of-binder when the relevant information for unit
conversion, i.e., concrete density and binder content, are available. In the case of old field structures,
the information on the mix composition may not be available and this type of conversion may not be

possible without further assumptions or testing (Angst et al., 2009).

On the other hand, the expression of %ClI by mass of binder is used as a convenient way of describing
the chloride threshold value. The threshold values are expressed as the ratio of the deterioration action
(or potential) and the potential resistance. Expressing the chloride content in this way facilitates the
comparison in terms of the attainment of chloride threshold value in time or distance, i.e., the resistance
against corrosion initiation. However, whether total chlorides by mass of binder is the right way of
expressing the chloride threshold value is an ongoing debate. Other alternatives have been used such as
free chloride content (instead of total chloride content) and [CI]/[OHT] ratio. Neither of these
expressions is considered to be any improvement over the total chloride content by some researchers
(Glass & Buenfeld, 1997). The arguments against these expressions are as follows (Glass & Buenfeld,
1997; Angst et al., 2009; Tang, Nilsson & Basheer, 2012):

a) Thereis a lack of clarity over the involvement of bound chlorides in the initiation of corrosion
and hence, it is not clear whether removing bound chlorides is appropriate or not.

b) Processes such as leaching and carbonation can result in the release of bound chlorides.
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c) There are difficulties in the reliable measurement of free chloride content—experimental
difficulties in the test methods and accurate estimation of the porosity associated with free
chlorides.

d) The OH content (or pH) may only be a part, not all, of the resistance offered by the binder or
concrete to steel depassivation. Moreover, accurate measurement of this term can also pose

difficulties.

As already discussed, the unit %CI by mass of binder is conveniently used to assess the depth of chloride
threshold at a given exposure duration and thus enables a comparative analysis of the corrosion-free
service life. However, the conversion of %CI by mass of concrete to %CI by mass of binder rescales
the chloride contents of the profiles based on the binder content. This rescaling operation renders
attempts to infer and compare the chloride penetrability of concretes through chloride profiles or

penetration depths inappropriate, especially between concretes of different binder contents.

From the preceding discussion, it can be concluded that the appropriateness of a particular unit depends
on the purpose of the analysis. However, %concrete can be used for both purposes as is the practice in
North America. Since a major goal of this study is to compare the penetrability of different concretes
and investigate the relationships between different measures of penetrability, the unit total chlorides by

mass of concrete is preferred.
2.16.2 Curve-fitting considerations: to extrapolate or to rescale?

The first few points on the chloride profile near the surface in the so-called convection zone commonly
deviate from the theoretical Fick’s law curve. Normally, the data points leading to the peak are excluded
from curve fitting of the ERFC solution in the rest of the profile. The fitted curve is extrapolated to the

surface to determine the effective (or apparent) surface chloride content, Cs.

A different method has been suggested (fib bulletin 34, 2006; Andrade, Climent & de Vera, 2015) by
the fib Model Code 2010 for service life design. Because of the influence of fib Model Code on
international practices, this approach is analysed in some detail here. The proposed method rescales the

profile from the position of the peak as per Eq. (2.19).

C.—C = (C ( £ [ x — Ax
-C; = —C)|1—er
X l max 2 (D t

> (2.19)
Where,
Ci is the initial chloride content (internal/background chloride content).

Cmax is the chloride content at the peak.

Ax is the depth of the peak from the surface (convection zone depth).
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This operation basically ignores the existence of any material before the peak and shifts the exposure
boundary to the peak from the surface. It is argued that this procedure uses a ‘real’ Cs (Cmax) in the sense
that it is measurable, instead of the extrapolated, not measurable, and thus a ‘virtual’ Cs. The
concentration gradient represented in this manner is argued to be in better alignment with the actual
diffusion process underway in the interior of the concrete. While this may limit the variability in the

calculation of Cs in the regression analysis, some things must be borne in mind as described below.

1. Neither the extrapolated Cs nor the Cmax are inherently or completely ‘real’ as the boundary
condition in the diffusion process, as they both generally represent total chloride contents. In
the same vein, they are equally ‘real’ as they fall on the same curve provided an interior
concentration is treated as from the interior, not as a boundary condition. It is nonetheless
recognised that extrapolating backwards in the convection zone does violate the assumption of
diffusion as a transport process and may lead to misinterpretation of Cs values to carry physical
meanings that may only be an artefact of extrapolation.

2. Enough data points in the peak region are often unavailable to locate the peak (Cmax and AXx)
with any certainty. In addition, the long-term variation of Cmaxand Ax will constitute additional
data required for service life predictions, which is often not easily available.

Given the practical limitations of the fib approach, the conventional approach is preferred in this work.
2.17 Corrosion-Initiation Models

2.17.1 Life 365

Life 365 (Life-365 v2.2.3, 2020) is a freely available computer program, which offers prediction of
corrosion initiation time, time to first repair, and life cycle costs for different material selection choices.
Although based on a multi-mechanistic model (Boddy et al., 1999), Life 365 only considers diffusion
as the transport process responsible for chloride ingress to minimize the number of input variables

required from the user and to make it accessible to the practising engineers.

The rate of chloride ingress is predicted by solving the mass-balance equation of Fick’s 2" law using
the finite difference method rather than its error function solution. It thus uses an instantaneous diffusion
coefficient instead of the apparent diffusion coefficient (Ehlen & Kojundic, 2014). It also allows for 1-
D as well as 2-D modelling of chloride ingress in structural elements. Solving Fick’s 2" law partial
differential equation using numerical methods has the advantage that the diffusion coefficient can be
treated as a material property (in the given conditions: T, C) (Stanish & Thomas, 2003). However, the
diffusion coefficients and surface chloride contents are measured through acid-soluble chloride contents
following ASTM C1556. Total chlorides are assumed to be responsible for diffusion. Chloride binding

is therefore not considered explicitly.
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The diffusion coefficient is assumed to be a function of time and temperature as per Eq. (2.20) following

the Arrhenius law.

ref\ U/l 1 1

Where,

Dt is defined at the reference age trer (= 28 days as D2s).

m is the diffusion decay constant.

U is the activation energy of the diffusion process (=35 KJ/mol).
R is the gas constant (8.314 J/(K.mol)).

Trr, T are the reference temperature (293 K) and (absolute) temperature of concrete.

The model can calculate the diffusion coefficient and its evolution with time on the basis of the mix
proportioning parameters, which can be selected by the users. These ‘default’ values have been derived
from lab-based data from various sources. The instantaneous diffusion coefficients are calculated from
the bulk diffusion tests using acid-soluble chlorides (ASTM C1556, 2016) following the method by
Stanish & Thomas (2003). The relationships used in the model are based on the w/c ratio and SCM

level as shown below:

1. For Portland cement concretes, D depends only on w/c ratio as per Eq. (2.21). The m value
is 0.2.

D 2g = 10[—12.06+2.40(%)] 2.21)

2. Silica fume [0-15%] is assumed to modify the diffusivity of concrete according to Eq.

(2.22) but not its time development.

DSF == Dpce_0'1646SF (222)

3. Fly ash [up to 50%] and blastfurnace slag [up to 70%] are assumed to have no effect on the
early diffusivity of concrete but enhance its reduction with time by increasing the m value
(over 0.2 for PC) according to Eqg. (2.23).

FA

BS
F O — 2.23
50 /070) (2.23)

m = 0.2 + 0.4(%
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The reduction of diffusion coefficient in Life 365 is allowed to occur up to 25 years after which D

remains constant following the assumption of complete hydration beyond that point.

The surface chloride concentration is considered as the driving force for diffusion. Default values of
maximum surface chloride content and its development in time (chloride build-up) are provided
according to the exposure conditions in North America. Life 365 caters to both marine conditions and
deicing salt exposure. This seems to be based on field data or past experience. The surface chloride
content is assumed to increase linearly from 0 to a maximum value and remain constant afterwards

according to Table 2.4. Annual temperature trends are obtained from meteorological data.

Table 2.4. Development of surface chloride content for different exposure zones (Life-365 v2.2.3,

2020)
Rate of CI Max. C Time of chloride
Marine exposure zone buildup % coﬁcrzte) buildup
(%lyear) o (years)
Splash zone (tidal and within 1 m of . 0
S instantaneous 0.8
high tide)
Spray zone (>1 m above high tide) 0.1 1.0 10
Air-borne (<800 m from ocean) 0.04 0.6 15
Air-borne (<1.5 km from ocean) 0.02 0.6 30

Life 365 assumes a chloride threshold value of 0.05% (%, concrete) for most cases, but specific values
are provided for special materials. A constant propagation period of 6 years is assumed. Life 365 also

allows the use of directly measured values in lab or field instead of the default values.

In essence, Life 365 uses a combination of lab and field data to predict the service life. It allows users
to select a mix proportion from a wide range of material combinations, mix parameters, and protection
strategies based on the desired service life and life cycle cost thereby allowing an economic analysis of
different service scenarios/options. The model operates on a user-friendly interface and requires a small
number of input parameters making it accessible to the broad engineering community. It also provides

the opportunity to use the local data to improve the accuracy and relevance of predictions.

Although Life 365 acknowledges its simplified approach and advises caution on the interpretation of
the results, it is worth looking at some of its specific issues that need clarification other than the

limitations of the scope of materials and exposure conditions dealt with within the model:

1. Itis not clear how the input parameters are used to produce chloride profiles. There is a

lack of transparency in that respect.
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2. The model uses instantaneous diffusion coefficient and yet the decay coefficient ‘m’ is
derived from apparent diffusion coefficient data. The time dependence of the two are
different and hence will yield different ‘m’ values.

3. Itisassumed that the decay of diffusion coefficient (m) is a function of material properties
only. The effect of exposure conditions, RH and temperature in different zones and
localities, for example, on the hydration of concrete is ignored.

4. Similarly, the effect of materials on the surface chloride content is ignored even though
total chloride contents are considered rather than free chlorides.

5. Diffusion coefficients are measured using the ASTM C1556 method which uses a
significantly higher chloride concentration than present in the natural marine environment.
The effect of chloride concentration on diffusivity is not accounted for.

6. The method of calculating the instantaneous diffusion coefficient from apparent diffusion
results assumes a constant surface chloride concentration in time, which may not be a valid
assumption. To what degree this affects the instantaneous diffusion coefficient needs to be

analysed.
2.17.2 fib Model Code 2010 (modified DuraCrete)

fib Model Code (fib bulletin 34, 2006) recommends a model based on the ERFC solution as per Eq.
(2.24) in a full probabilistic design framework. The apparent diffusion coefficient is considered with its
time decay.

€ - Cy = (C _c>(1_erf[ﬂ) 224
X 0 — s,Ax 0 2 (Da.t) ( )

Where, Csaxis C at Ax depth from the surface and Ax is the depth of convection zone or the peak

chloride concentration, Cq is the initial chloride content.

The reference Da (Eq. (2.25)) is based on Drem (NT BUILD 492, 1999) measured in the lab and is
modified by an environmental factor, which corrects for the temperature difference between the lab and

the field using Arrhenius equation, and a transfer factor whose purpose is not clearly defined.

t m
Dy = Dacar. ko ke. (%’) (2.25)

Where,
to is time to start of exposure.
ke, ki are environmental factor and transfer factor, respectively.

m is 0.30 (PC), 0.60 (FA), 0.45 (BS) based on field data.
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It is argued that chloride buildup on the surface takes a short time in relation to the typical service life.
Hence, the surface chloride content is assumed constant, which depends on the material and exposure
conditions. The ERFC equation suggested, however, requires additional input parameters: the peak
chloride concentration and the depth of the convection zone.

The model is quite straightforward in its description. A limited number of parameters are required,
which makes the model readily manageable. The probabilistic treatment ensures that the large
variability associated with every step of the chloride-induced corrosion process is handled

appropriately.

However, the transformation of Drem to initial D is performed without recognising the difference
between the migration coefficient and the diffusion coefficient, i.e., no test method factor. Tang, Nilsson
& Basheer (2012) also note that the model lacks a term for the age at the start of exposure in the time

function and generally does not define time in specific terms as either age or exposure duration.
2.17.3 ClinConc

ClinConc (Tang & Nilsson, 1996) is a physical model for chloride penetration in submerged conditions.
It describes the material and environmental exposure parameters in a detailed and unambiguous manner.
The transport of free chlorides in the pore solution is described through Fick’s laws while accounting
for non-linear binding using Freundlich isotherm. Using the water content in the concrete, free chloride
profiles and bound chloride concentrations, the profiles for total chloride contents are generated.

The intrinsic diffusion coefficient of the material is measured in the lab under controlled exposure
conditions, which is modified for variation with respect to depth, time and temperature through

independent functions as per Eq. (2.26).

D(xtT) = %. f(x).g(t). eg(%_%) (2.26)
P

Where,
D (x, t) is the diffusion coefficient as a function of depth, time and temperature.

Do is the diffusion coefficient of the matured concrete (determined in the lab under controlled

conditions).
€p i the porosity.
f(x) is the function describing the variation of diffusion coefficient with depth.

g(t) is the function describing the variation of diffusion coefficient with time.
E=-3) . - P - . . .
eR\To T/ describes the variation of diffusion coefficient with temperature according to Arrhenius law.
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The intrinsic diffusion coefficient is derived from the RMC test method (NT BUILD 492, 1999), see
Eqg. (2.27). The time and depth functions are based on appropriate mathematical functions describing
the empirical data. The boundary conditions include the free chloride concentration at the surface, and
temperature, both of which are defined as periodic functions that describe variation annually. The time-
dependence of the surface chloride concentration is dealt with by adding a function for the time-

dependence of chloride binding (Tang & Nilsson, 2000).

The model requires a relatively large number of input parameters, some of which are not readily
obtained. The complexity of the model will increase and so will the computational effort as the

convective processes associated with unsaturated conditions of other exposure zones are introduced.

1+ 0.5%pem

Do=—""2a Demkrp (2.27)
+ p——h
aCf

Where,
Dsnm is the migration coefficient at the age of 6 month measured through the RCM method.
ktp is the temperature factor.

Kbusm is the unit changing factor as shown below:

Wgel6m

Kpem = —on—— 2.28
bém 1000, ( )

Where Wgeiem is the gel content in kg/m3(concrete) and egm is the water-penetrable porosity at 6 months
of age. The numerator (1+0.59-Kpsm) accounts for binding in the presence of electric field in the non-

steady state migration coefficient (Dem).

Tang presented a simplified model (Tang, 2008) more suited for engineering application based on the
ClinConc model. The simplified version uses a modified ERFC solution considering free chlorides as
the diffusing species. A number of simplifying assumptions are made to deal with non-linear binding
and what the authors describe as the time-dependence of binding. Total chloride profiles are generated
by summing the bound chlorides and the free chlorides. Despite its elaborate nature, the model still
requires calibration to avoid under-prediction of the long-term chloride ingress especially for SCM
concretes. A large number of input parameters are needed requiring adequate understanding of their

derivation and availability of data.
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2.17.4 UCT chloride model

The UCT chloride model (Mackechnie, 1996, 2001) is an empirical model for South African conditions.
Following the Durability Index approach (Alexander, Ballim & Stanish, 2008), it uses the chloride
conductivity index values measured at a relatively early age (28 days) to predict the long-term chloride
resistance of concrete in marine conditions. Distinctions are made based on concrete grade, curing,
binder type, and the severity of exposure conditions to improve specificity of predictions and practical

relevance.

The model is based on a modified ERFC solution that considers the time-dependence of D,, and keeps
the Cs constant for simplicity. The model can be divided into two distinct parts: a. correlation of CCI
with the reference D,, and b. the time decay of D, in the long-term. The former is achieved by first
finding the correlation between 28-day CCI and the modified CCI. The modified CCI is the CCI
measured after the 28-day CCI specimens were left immersed in 5 M NaCl solution until the age of 98
days. This was done to approximately simulate the maximum effect of binding using conductivity
measurements to enable a reasonable correlation with the reference Da. The reference Da was taken as
the 2-year D, measured in the field on lab-made specimens. The decay coefficient for D, and Cs were
however selected on the basis of the data collected on much older field structures and literature, in order
to be realistic in the long term.

The model is easy to understand and use (see Figure 2.16). The primary issue is that being an empirical
model it needs regular updating so as to align it with newer concrete materials and advances in concrete
technology. The exposure conditions of the model are also limited to that of Western Cape Province in
South Africa.

The exposure conditions on the Eastern seaboard are very different from the Western seaboard, example
sea temperatures, which are as of now out of the scope of the model. In addition, the correlation between
the 28-day CCI, modified CCI, and 2-year D, lacks sufficient theoretical basis and flexibility to
tentatively extend it to other materials and exposure conditions using data from the literature. Following
the development of the model, more data have been gathered, which can be used to further quantify the

environmental effects (Heiyantuduwa-Beushausen, 2022).

54



. o~
; ~mmmm PO
£ T SF
SE -
25 B
5% l
=
Q
>
L1+
o
o
e
) 2 d
(] //
‘
E 1.B-07
&
o
E
& .
[ ] an™
£ 1.E-08
T Extreme
E Very severe
mmmmee e Severe
1.E-05 T T T T T T 1
0 0.5 1.0 1.5 2.0 25 30 35

Madified chloride conduectivity (m/5/cm}|

Figure 2.16 The existing nomogram for diffusion coefficient prediction from CCI measurements
(reproduced from (Mackechnie, 2001))

2.17.5 Resistivity-based models

Resistivity measurements through the use of methods such as surface resistivity, direct resistivity, etc.
on saturated concrete have also been used extensively to predict the service life (Andrade, 2004; Liu,
Presuel-Moreno & Paredes, 2015; Balestra et al., 2020; Chidiac & Shafikhani, 2020; Kang et al., 2021).
Resistivity is related to the steady-state diffusion coefficient through the Einstein relation. A reaction
factor (or retardation factor) has been suggested to empirically relate resistivity to non-steady state
diffusivity, which essentially represents the linear rate of binding (Andrade, D’ Andrea & Rebolledo,
2014). A more elaborate approach of extracting the formation factor from the resistivity measurements
in combination with binding isotherms has also been developed (Qiao et al., 2018). Attempts have been
made to derive the decay coefficient for diffusivity through the evolution of resistivity values. The
decay coefficient for resistivity is suggested in one study to be about 80% of the decay coefficient of

the apparent diffusion coefficient (Andrade, Castellote & D’Andrea, 2011). These approaches present
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opportunities for deriving diffusion-related data, perhaps approximately, with much simpler methods

and should be investigated further for their practical advantages.
2.18 Conclusions (Part C)

1. Physical approaches of modelling aim for scientifically accurate descriptions of the transport
processes, which make them useful towards the goal of a generalised model. However, these are not yet
amenable to application in general structural design due to their complexity. Empirical approaches

provide more practical solutions to design problems and thus will be adopted in this study.

2. UCT chloride model is an empirical model, which requires updating to account for changes in
concrete constituents and test methods. A larger chloride-related database is available, which is
expected to improve the representativeness of the model.
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Part D: Formation Factor Approach — theory and testing

2.19 Formation factor concept

2.19.1 Introduction

Diffusivity is often measured through electrical conductivity measurements following the Nernst-
Einstein relation between the two properties for the ease and economy of electrical testing. The electric
field however mobilises all the ionic species present in the pore solution along with the ionic species of
interest, in this case, chloride ions (Streicher & Alexander, 1995). The consequent additional
conductivity due to other ionic species in the pore solution is not in itself a major issue if it remains
uniform in all concretes because a uniform deviation in all measurements does not affect comparisons
and can also be accounted for when needed. The problem lies in the fact that the ionic composition of
the pore solution and therefore its conductivity contribution varies across different concrete mixtures.

An effective way of overcoming this issue is through the use of the formation factor (Archie, 1941).

In this part, the concept of the formation factor is discussed through the conceptual and empirical
models used in the literature to gain an understanding of its pore structure underpinnings. A review of

pore solution conductivity and selected influencing factors is also provided.
2.19.2 Principle

The transport of chloride ions occurs through the pore solution present in the pore space within concrete.
The pore space within concrete consists of a network of interconnected pores of various sizes and
morphology. The variability in the size and shape of pores in the cement paste results in highly
“tortuous” network passages with variable and often “constricted” cross sections (Atkinson &
Nickerson, 1984). The tortuosity and constrictivity of the pore network significantly reduce the effective
diffusivity of chlorides through concrete (101°-10"* m?/s) by orders of magnitude compared to that in
the free pore liquid (10 m%s) unconstrained by the pore network (Snyder, 2001).

In electrically induced ionic transport, the contribution of pore structure to resistivity is expressed in
terms of the so-called “formation factor” FF (Archie, 1941), which is defined as the ratio of concrete
resistivity to the pore solution resistivity (Eq. (2.1)).

prp=2L_ - 2.1)
Pps O

Where p, o refer to the resistivity and conductivity of concrete, pps, ops are the resistivity and the

conductivity of pore solution, respectively, and F is the formation factor. By applying the Nernst-

Einstein relation between the ionic diffusivity and conductivity, the formation factor can also be

expressed for chloride diffusion in concrete as in Eq. (1.2) (Atkinson & Nickerson, 1984; Garboczi &

Bentz, 1992; Streicher & Alexander, 1995; Snyder, 2001).
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Ucl,ps Dcl,ps
FF =2 = 50 (1.2)
Gcl,c Dcl,c

Where occ and Dec are the conductivity and diffusivity (Fick’s 1% law) of chlorides in concrete,
respectively. Similarly, ocips and Dy ps are the conductivity and diffusivity (Fick’s 1% law) of chlorides
in the pore solution, respectively.

It has been shown that the formation factor is independent of the ionic species used and its concentration
(Snyder, 2001). Even though the object of interest is the transport of chloride ions through concrete,
this implies that the formation factor can be determined through electrical conductivity measurements
on virgin concrete specimens as well (Eq. (1.3)). The diffusivity can then be determined through Eqg.
(1.4). In this case, the pore solution conductivity becomes a crucial factor and therefore is discussed in
some detail in a subsequent section after a brief overview of simplified pore structure models that
illustrate the concept of the formation factor. Note that the inverse of the formation factor is referred to

as the ‘penetrability’ hereinafter, with a specific reference to the penetration of chloride ions.

_ ps

FF 13
2 (L3)

D
Date =~ (14)

2.19.3 Description of pore-structure features

A simplified parallel resistor model has been used to describe the idea of the formation factor in terms
of pore network characteristics (Whittington, McCarter & Forde, 1981). In this model, concrete is
assumed to consist of conductive pore conduits of uniform cross-sections spanning the length of the
specimen dispersed in a highly resistive solid material (paste solids and aggregates). The resistance of
concrete using the parallel resistor arrangement becomes nearly equal to that of the conductive pore
phase, which can be rearranged to obtain the formation factor in terms of geometric parameters as in
Eq. (1.5) (Sallehi, Ghods & Isgor, 2018).

o L A, .
_— =X — .
Ops Lp, A (1.5)

Where A and L are the cross-section and length of the concrete specimen. A, and L, are the effective
cross-section and effective traversed length of the pore conduits. Ly/L is the tortuosity of the current

paths, and its inverse is termed pore connectivity (B). Ap/A is equal to the fractional pore volume or
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porosity (o). Eg. (1.5) can be rewritten as Eq. (1.6). In this way, the inverse of the formation factor is
conceptualised as a product of the saturated porosity and the connectivity of the pore network.

1
Z=Bxg (16)

However, Archie found the formation factor to be a power law function of the saturated porosity, which
is known as Archie’s law, as shown in Eq. (1.7) (Archie, 1941).

F=Ap™ 1.7)

Where ¢ is the volume fraction of saturated porosity, and A and m are coefficients dependent on the

porous medium.

Physical meanings such as tortuosity and pore shape factor or constrictivity, respectively, are sometimes
ascribed to the coefficients A and m, based on a comparison with the simplified parallel resistor model.
Similarly, B (=1/(A.¢@*™)) from Eq. (1.6) is used as a physical property to differentiate the tortuosity of
different materials despite the fact that f and ¢ may not be mutually independent parameters (Eq. (1.7)).

Other more complex models are outlined elsewhere (Garboczi, 1990; Christensen et al., 1994).
2.19.4 Pore solution conductivity: composition and influencing factors

The initial 24 hours of cement hydration is a period of rapid change and is reflected in the rapid
evolution of the composition of the pore solution in this period. The most notable change that occurs in
this period, in the context of pore solution conductivity, is the replacement of most sulphate and calcium
ions with hydroxyl and alkali (sodium and potassium) ions as a consequence of aluminate-sulphate
reactions to form ettringite. The main constituents of the pore solution after this period are hydroxyl,
potassium, and sodium ions with other ions in minor concentrations (Taylor, 1987; Vollpracht et al.,
2016). The hydroxyl ion also has the highest ionic mobility among the ionic species found in the pore
solution and therefore is predominantly responsible for the conductivity of the pore solution with
additional contributions from potassium and sodium ions (Snyder et al., 2003). Much of the literature
on pore solution characterisation focuses on the hydroxyl ion concentration (JOH]) due to its relevance
to other matters of interest such as the alkali-silica reaction. The following discussion therefore is also
presented in terms of the hydroxyl ion concentration, which as discussed above is also reflective of the

conductivity of the pore solution.

The concentration of hydroxyl and alkali ions in the pore solution increases with continued hydration
as more alkali ions are dissolved from the clinker and free water is consumed in hydration. This is partly
counteracted by the uptake of alkalis in the CSH. The rate of increase of alkalinity diminishes rapidly
after around 10 days and the composition tends to change little beyond 28 days (Diamond, 1981; Scott

& Alexander, 2016). The composition of the pore solution and its variation over time is influenced by
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the composition of the Portland cement, partial replacement with SCMs, w/b ratio, curing, admixtures,

and in some cases aggregates.

In contrast to clinker, in which the majority (~70%) of alkalis are in the form of readily soluble alkali
sulphates, SCMs such as fly ash and blast-furnace slag generally contain alkalis in the amorphous
portion and require hydration to release them (Schaffer & Meng, 2001). Incorporation of SCMs in the
binder blend therefore dilutes the clinker component with a material that may release fewer alkalis into
the pore solution. In addition, pozzolanic reactions result in C(A)SH with a low Ca/Si ratio, which can
bind additional alkalis. Therefore, besides high alkali Class C (high calcium) fly ashes, fly ash, slag,
silica fume, and metakaolin generally lower the alkali content and the OH" concentration of the pore
solution (Diamond, 1981; Duchesne & Berube, 1994; Shehata, Thomas & Bleszynski, 1999; Schaffer
& Meng, 2001; Thomas, 2011; Scott & Alexander, 2016). The degree of reduction increases with the
replacement level (Duchesne & Berube, 1994; Shehata, Thomas & Bleszynski, 1999; Thomas, 2011;
Scott & Alexander, 2016).

The changes in OH" concentration are generally small after 28 days, however in some cases this period
may be extended (Thomas, 2011; Vollpracht et al., 2016). Comparisons of different SCMs in their
effectiveness to reduce the OH" concentration, as reported in separate studies, are presented below. The
comparisons vary to some degree possibly due to differences in the alkali contents of the materials used
and other compositional and methodological details. More importantly, the quantitative differences can
be large depending on the composition of the binder materials used.

PC >25% C fly ash >50% C fly ash >25% F fly ash >10% silica fume >50% slag >20% metakaolin,
where the 50% slag blend had only a third of the OH" concentration compared to the (high alkali) PC
after 28 days (Thomas, 2011);

PC >25% slag >50% slag~30% fly ash >75% slag >7% silica fume, where the 50% slag blend had
two-thirds the OH" concentration compared to the PC after 28 days (Scott & Alexander, 2016).

The w/b ratio influences the OH" concentration by its influence on the degree of hydration and the
availability of free water in the pore space. Similarly, curing also affects the degree of hydration. Curing
can also influence the amount of free water and loss of alkalis depending on the curing method adopted
(Spragg et al., 2017). Other influences such as temperature, chemical admixtures, etc. are out of the

scope of this study and are not discussed here.

2.19.5 Determination of formation factor through electrical conductivity: different

methodological approaches

Different studies have followed different methodologies for arriving at the formation factor. However,
these methodologies can broadly be classified into two groups based on whether the pore solution

conductivity of the tested concrete is required to be explicitly determined or not. The measurement of
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concrete conductivity can be performed using alternating or direct current methods in the preferred
geometric arrangement. The choice of conductivity measurement method does not bear upon this
classification and is therefore omitted in the following discussion.

2.19.5.1 Methods requiring explicit determination of pore solution conductivities

The conductivity of the pore solution is determined either by measurements on the actual pore solution
or through model calculations. In the first method, the pore solution is squeezed typically out of a
companion paste specimen through pore expression (Barneyback & Diamond, 1981). The extracted
pore solution is either analysed for its ionic composition and conductivity calculated using an
appropriate estimation model (example (Snyder et al., 2003)) or if adequate yield is obtained, direct
measurements of conductivity are performed. The tedious and expensive nature of this method makes
it impractical for quality control purposes. The second method involves the estimation of pore solution
composition (and conductivity as described above) based on the oxide composition of the binder and
concrete mix proportions. Two prominent models used for this purpose are Taylor’s model (Taylor,
1987) and NIST calculator (NIST, 2019) based on Bentz’ model (Bentz, 2007). The former model is
too complicated for practical use and the latter, although relatively simple and easy to use, has limited
accuracy in the case of fly ash concretes (Mukhopadhyay, Liu & Jalal, 2019).

Concrete is generally kept immersed in water (or in lime water) continuously before electrical
conductivity testing. This is to ensure concrete saturation, which is known to have a considerable
influence on conductivity measurements (Weiss et al., 2013; Zaccardi & Maio, 2014). However, the
storage in water/lime water results in the leaching of alkali ions and affects the pore solution
conductivity (Spragg et al., 2017). In order to avoid leaching, sealed curing until the time of testing has
been adopted; however self-desiccation can lower the degree of saturation requiring a correction (Weiss
et al., 2016). An alternative has been presented to address the shortcomings of these methods, which
involves sealed curing to avoid leaching, followed by oven drying and vacuum saturation with lime
water (Spragg et al., 2016). This method conserves the pore solution chemistry and saturates the
concrete. An approach accounting for deviations from the standard states of saturation and temperature,
and the effect of leaching on resistivity and formation factor, has been presented by Weiss and team
(Weiss et al., 2018).

2.19.5.2 Methods using normalised pore solutions

The second type of method avoids the need to determine the individual pore solution conductivities
altogether and measures pore structure resistance to electrical conduction directly. This is achieved by
minimising the differences in the individual pore solution conductivities through external means, which

vary across test methods. Two such test methods are discussed below.

The chloride conductivity test (Streicher & Alexander, 1995; SANS 3001-CO3-3, 2015) follows the

approach of saturating thin concrete disc specimens with a highly conductive (concentrated NaCl)
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solution. It is well known that the ionic conductivity increases with an increase in concentration, but
the rate of increase in the ionic conductivity decreases with increasing concentration (Bockris & Reddy,
2002). This fact is utilised in the test design as the high concentration of the NaCl solution reduces the
influence of original pore solution species on the final conductivity. In addition, the differences
contributed by the pore solution ions induce smaller proportional errors due to the high base
conductivity of the saturating solution (Streicher & Alexander, 1995). The formation factor in this case
can be calculated simply by assuming the conductivity of the normalised pore solution to be
approximately equal to the conductivity of the saturating NaCl solution (Eg. (1.8)). Since the
conductivity of the normalised pore solution can be assumed to be constant across concrete mixtures,
the conductivity of the concrete specimen saturated with the chloride solution can also be used as a
measure of the formation factor inverse.
__ ONacl sol.

F=—-— 1.8
Occ (1.8)

Where onaci sol. IS the conductivity of the normalising NaCl solution and occ is the conductivity of the
NaCl-saturated concrete (also known as the chloride conductivity index (CCl)).

This approach in conjunction with a preconditioning protocol effectively addresses the issues hindering
the previous class of methods such as lack of saturation and errors due to alkali leaching. These are also
not constrained by any particular curing and storage regime.

The North American test methods are also moving in the same direction, however, with some salient
differences (Weiss et al., 2020; Saraswatula & Mukhopadhyay, 2023; Rios et al., 2024). The bulk
conductivity test method (ASTM C1876, 2019) follows the approach of curing the standard concrete
cylinders in a simulated (average) pore solution with the stated intention of achieving pore saturation
and pore solution equalisation. This method relies on cross-diffusion of the ionic species between
concrete pores and the surrounding solution to normalise the pore solution as the simulated pore solution
fills the empty portion of the pore space. The large specimen size, lack of oven drying, and use of
immersion alone may prevent homogenous equalisation of the pore solution across the specimen for a
practical timeline. This would be especially difficult to achieve in the case of dense concretes typically
used in marine conditions. Also, the use of an average pore solution may affect the robustness of the
method as differences in individual pore solution composition may cause large proportional errors, as

explained earlier.

Regardless of the present shortcomings of the latter method, which may improve with further research
work, the methodologies using normalised pore solution are a more practical alternative for the

measurement of formation factor.
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2.20 Conclusions (Part D)

The principle of the formation factor approach and the description of the formation factor in terms of
pore structure features were discussed in this part. Factors affecting pore solution conductivity, which
is a critical part of the formation factor analysis, were critically reviewed. Factors such as binder
properties and w/b ratio were found to be influential. Sufficient evidence exists indicating that slag and
fly ash generally decreases the pore solution conductivity. Of particular importance is the case of fly
ash in this regard, which is often believed to do the opposite based on some model predictions. In light
of present findings, such predictions should be verified carefully before using them to calculate the

formation factor or make predictions.

The methodologies for the evaluation of the formation factor were also reviewed. Of the two ways, one
using explicit measurement of pore solution conductivity and direct determination through pore solution
normalisation, the latter appears a more practical approach for routine testing. The chloride conductivity
test effectively utilises this latter approach. The recent ASTM C1876 method following this approach
may require further developments to address the potential issues regarding adequate and repeatable
specimen saturation, and insufficiently high conductivity of the simulated pore solution.
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Chapter 3 METHODOLOGY

3.1 Overview

The key objective of this study is to investigate the relationship between concrete conductivity and the
resistance of concrete to chloride diffusion. This relationship, between specific measures of concrete
conductivity and diffusivity, may depend on various factors that influence the transport properties of
the concrete. In this chapter, the methodological decisions are described and justified followed by an

account of the materials and methods used in this study.

Important factors of practical significance to the transport properties of the cover concrete are selected
as variables to study. An experimental program was developed to quantify their influence on concrete
conductivity and diffusion characteristics in standard controlled conditions of the lab. The rationale
behind this selection is discussed first. Thereafter, the selection of the test parameters is discussed. The
details of the concrete materials used in this study and the testing procedures adopted are then described

in Part | and Part Il, respectively.
3.2 Experimental variables

The variables in the chloride transport process identified in the previous chapter as the most important
in relation to the damage-free material resistance were selected for investigation in this study as
discussed below. The study of factors governing environmental action was not part of this experimental
investigation. The relevant information needed in this regard to develop the model was derived from
previous studies conducted in the natural marine conditions of South Africa (Mackechnie, 1996;

Heiyantuduwa-Beushausen, 2022).
3.2.1 Supplementary cementitious materials: type and replacement levels

The binder type is the most decisive parameter for short-term and long-term performance of concrete
in marine environments, as discussed in the previous chapter. Different SCMs have different chloride
binding properties and result in different pore structure characteristics. The use of SCMs such as fly ash
and ground granulated blast-furnace slag in marine environments is encouraged not only because of the
consequent improvement these materials bring to the properties of the concrete but also to reduce the
clinker content of the binder in a bid to lower the environmental impact (BS 6349-1-4, 2013; Scrivener,
John & Gartner, 2018).

Concrete mix selection must balance multiple design requirements. SCMs differ in their short-term and
long-term properties with type and replacement levels and therefore offer versatility in mix optimisation
to suit the specific requirements of the project. It is therefore important to investigate the influence of

the common SCMs and their replacement levels on the chloride penetration resistance of concrete.
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In this study, two types of supplementary cementitious materials were used, namely, fly ash and ground
granulated blast-furnace slag. The selection of SCMs was based on general availability and long-
standing use in South Africa (Mackechnie & Alexander, 1997). Various replacement levels up to 30%
for fly ash and up to 75% for slag were adopted. The replacement levels were restricted to the
aforementioned values to avoid excessively low early strengths from the resulting concretes. The
specific replacement levels used were:15% and 30% for fly ash; and 25%, 50%, 75% for slag. These
replacement levels were selected to cover the EN classified cements (BS EN 197-1, 2011)incorporating

fly ash or slag with an intention to improve the direct relevance of the results of this study.

It must be pointed out that the term binder is used in this study to refer to the total mass of Portland
cement and SCM. Hence, the term is used to distinguish different combinations of cement and SCMs

based on composition.
3.2.2 Water-binder ratio

The wi/b ratio is another important parameter influencing the chloride penetrability of concrete as
discussed in the previous chapter. Through its deciding effect on a wide range of concrete properties,
both fresh and hardened, it is easily the most crucial parameter in mix optimisation. In addition, the
choice of w/b ratio also largely governs the binder content for a given set of materials and hence affects
the cost and environmental impact of concrete. It was therefore considered essential to investigate a
wide range of w/b ratios in this study. This would also help to ascertain whether the limits on the w/b
ratio prescribed by the current standards are reasonable or overly restrictive. In combination with
different binder blends, this would expand the mix design options and enable mix optimisation for

diverse requirements.

In this study, the w/b ratios typically adopted were 0.4, 0.5, and 0.6. A wider range was adopted for
plain cement concrete incorporating additional w/b ratios of 0.3 and 0.7. These w/b ratios were selected
to produce a wide range of strength grades representative of the range of structural concretes used in

marine conditions.
3.2.3 Curing regime

In the absence of proper curing measures, the concrete in the near-surface region experiences a loss of
mix water to the environment. This can, on the one hand, leave it with large, open porosity due to
hindered hydration and, on the other hand, make it susceptible to shrinkage cracking. Both adversely
affect the transport properties of the cover concrete, which makes curing an important durability
consideration. Hence, it is important to investigate the influence of different curing methods on the
penetrability of concrete to chlorides in marine conditions. Of particular importance to service life

prediction is the long-term effects of initial curing on concrete penetrability under marine environments.
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In this study, two initial curing methods were adopted, namely, wet curing and plastic-wrap curing.
These two methods were intended to provide a comparison between a standard lab curing method and
a practical curing method. The selection of 28-day wet curing is based on the definition of potential
durability indexes in the South African durability index approach, which is in line with quality control
and design practices followed for compressive strength testing by the construction industry (SANS
3001-C0O3-1, 2015; DI-Manual, 2018). For the field curing method, plastic curing till the age of 7 days
was selected as it is a common practice in South Africa due to the scarcity of water. In addition to the
early-age curing regimes, investigations involving prolonged wet curing were also carried out to study

the time-development of concrete penetrability in simulated submerged conditions.
3.2.4 Tests and test parameters

3.2.4.1 Non-steady state chloride diffusion: Csand D4

The transport of chloride ions in concrete is typically modelled after non-steady state diffusion in
saturated conditions to simplify the complex problem of chloride transport by focusing only on the
dominant transport mechanism acting under natural marine conditions. In controlled studies, this is
studied directly through simulation experiments. To investigate the potential resistance of concrete
materials to chloride diffusion, standard bulk diffusion tests (NT BUILD 443, 1995; ASTM C1556,
2016) were adopted in this study, which serve as simulation experiments under submerged conditions.
The typical exposure duration used in this study was 180 days. This was a practical compromise
between achieving sufficient depth of penetration to ensure reliable chloride profile analysis and the
total time required for an experiment. In selected cases, specimens were also exposed for longer

durations of up to 760 days to study the time-dependence of diffusion parameters.

The saturated conditions of the bulk diffusion test enable the investigation of the relationship between
chloride diffusivity and conductivity in ideal conditions. However, field conditions deviate from ideal
conditions due to the following environmental influences: wet-dry cycles, temperature cycles,
continuous leaching, chloride concentration differences, wave & other mechanical actions, organic
growth, inorganic surface layers. It is essential to account for these influences in the service life model
to provide reliable predictions for in-service conditions. In this study, the environmental influences are
incorporated using parameters developed or adopted from previous South African field exposure data
(Mackechnie, 2001; Heiyantuduwa-Beushausen, 2022). In terms of testing economics, the bulk
diffusion test requires substantial time, labour, and equipment investment, which limits its relevance in

routine testing.

3.2.4.2 Conduction: Chloride Conductivity and Resistivity

Electrical conductivity tests are used as a more practical alternative to chloride diffusion testing,
especially for quality control. Various test methods exist globally and are adopted according to local
preferences. The chloride conductivity test (SANS 3001-C03-3, 2015) is commonly used in the South
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African region and was adopted in this study. The chloride conductivity test has the advantage of
robustness against the factors affecting conductivity measurements such as differences in moisture
content and pore solution compositions between different concrete mixtures and requires relatively
short testing duration (Streicher & Alexander, 1995). However, the specimens are required to be
extracted from the structure or parent specimen by coring and slicing. In addition, the conditioning
process takes over a week’s time. While these methodological aspects improve the robustness of the
test, they may be unfavourable to the project timeline. Thus, surface resistivity test was also included

in this study with the following intentions:

1. A comparison of chloride conductivity results with surface resistivity results would give insight
into the mechanistic underpinnings of the two test methods and their comparative advantages and
limitations.

2. Surface resistivity being a non-destructive method may serve as a non-destructive counterpart to

the chloride conductivity test for on-site use for quality control and compliance testing.

The bulk (uniaxial) resistivity test was also used in a selective way to analyse the effect of unsaturation
on surface resistivity and to measure the cell constant correction factor for the specimen type used in
the surface resistivity test in this study (Appendix D).

The tests were conducted typically at the age of 28 days to align with the quality control conventions.
However, tests were also conducted at later ages to study the time-dependence of the respective

conductivity measurements.
3.2.4.3 Other tests

28-day compressive strength of 100-mm concrete cubes was evaluated as a means to characterise the
compressive strength grade of concrete mixtures used in this study. Other basic characterisation tests
common to typical concrete studies were performed, namely, oxide composition, as deemed relevant to

this study, the results of which will be discussed in relevant sections to follow.

Part | - Materials

3.3 Concrete materials and mix proportions
3.3.1 Binder properties

CEM 1 52.5 N (Portland cement - PC) cement was used as the “control” binder. A siliceous Fly Ash
(designation VV (SANS 50197-1, 2013)) and Ground Granulated Blast-furnace Slag were used to
partially replace Portland cement. The fly ash (FA) was used at replacement levels of 15 and 30%,
whereas the slag (BS) was used at replacement levels of 25, 50, and 75%. PC, FA, and BS were sourced
from PPC Ltd., Ash Resources (Lafarge Ltd.), and AfriSam Ltd., respectively. These are major

suppliers of these materials in the South African region.
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The chemical and physical properties of these binder materials are shown in Table 3.1, Table 3.2, and
Figure 3.1. The oxide compositions were determined using wavelength dispersive XRF on fused disc
specimens. The mass loss on ignition was measured by heating the specimens at 800°C for 4 hours. The
XRD measurements were carried out using a powder diffractometer. The crystalline and amorphous
phases were identified using the Bruker Topas 4.1 software and quantification was done by the Rietveld
method. The detailed diffractograms for fly ash and slag are provided in Appendix C.

Table 3.1 Oxide composition of binder materials through XRF and crystalline phases through

guantitative XRD
Oxide (% mass) PC! FA BS
SiO2 20.0 52.7 35.9
Ca0O 65.0 4.4 37.7
Al;O;3 4.1 325 13.7
Fe;0s 35 3.1 0.6
MnO - 0.0 1.3
MgO 0.9 1.0 7.8
TiO; - 1.6 0.6
Na20 0.1 0.5 0.1
K20 0.7 0.7 1.1
P20s - 0.5 0.0
SOs 25 0.2 1.0
Cr03 - 0.0 0.0
NiO - 0.0 0.0
LOI 3.1 11 -0.4?
Sum 99.8 98.4 99.5
Bogue Compounds: PC Crystalline phases: FA
(% mass) (%mass)
CsS 75.3 Mullite 35.0
C.S 0.4 Quartz 11.4
CsA 4.9 Calcite 1.8
C.AF 10.7 Hatrurite 14
Maghemite 14
Brownmillerite 0.3

'From supplier (PPC Ltd.)
2An increase in mass occurs when sulphides in slag get oxidized during ignition (Thomas, 2013)

The oxide compositions shown here correspond well with the local literature (Fulton’s, 2021). FA and
BS are lighter materials compared to PC as reflected by their lower relative densities with the
implication of producing more paste volume at a given binder mass than PC. This requires consideration

in mix proportioning when using these materials.
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The proportion of amorphous content is one of the main indicators of the potential reactivity of an SCM
alongside composition and fineness. FA used in this study contained a little less than 50% amorphous
content, which is on the lower end of the spectrum in the international context (Ramezanianpour, 2014).
On the other hand, the BS used in this study was composed almost entirely of amorphous content.
Figure 3.2 presents the particle size distributions of FA and BS, which shows that FA used in this study

was finer than BS and contained a somewhat higher proportion of particles in the size range of 1-20 um.

Table 3.2 Physical properties of the binder materials

Property PC FA BS
Relative density* 3.14 2.36 2.9
Amaorphous content” (%mass) - 49 >08

*Typical values obtained from the respective manufacturers
"Determined through X-ray diffraction analysis

Figure 3.1 The binder materials used in this study
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Figure 3.2 Particle size distribution of fly ash and slag used in this study, measured by laser
diffraction
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3.3.2  Aggregate properties

The Greywacke stone crushed aggregates of maximum size 19 mm are commonly used in concrete
construction in the Western Cape region and were also used as the coarse aggregate in this study. For
fine aggregate, a blend of natural Phillipi dune sand and crushed Greywacke sand was adopted to
optimise mixture properties. The particle size distribution of all the aggregates used in this study were
measured using the standard sieve analysis (SANS 201, 2008)and is presented in Figure 3.3.

-------- Dune sand ===« Crusher sand

Greywacke coarse aggregate
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40 + .-" Pie
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N
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Figure 3.3 Particle size distribution of aggregates used in this study

The coarse aggregate particles were narrowly distributed between 10 and 20 mm. The dune sand was
also narrowly distributed mainly in the size range of 0.1 — 1 mm. The crusher sand had a wider gradation
with a significant proportion (20%) of fines (passing 425 um) on the one hand and about half the
particles bigger than 2 mm. Blending these two fine aggregates takes advantage of the different size
fractions present in the two sands to achieve a well graded fine aggregate for the concrete. In addition,
the round particles of the dune sand improve consistency, and the fines present in the crusher sand
impart cohesiveness to the mix. On the basis of concrete mix trials, the proportion of dune sand to
crushed sand of 60 : 40 was found to result in adequate workability and was therefore adopted for all
the mix designs. The relative density and water absoprtion of the aggregates were measured using the
pycnometer method (SANS 5844, 2014) are shown in Table 3.3, along with other details.

The fine aggregate was dried in a ventilated oven at 105°C overnight and then cooled to room
temperature before use in the manufacture of concrete. The coarse aggregate was already in a dry state.
The aggregates were used in a dry state and a (minor) correction for the water absorption of aggregate

was applied through changes in the quantities of mix water and the fine aggregate. It should be noted
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that normally this correction is neglected in South African practice for low absorption aggregates such

as those used in this study.

Table 3.3 Physical properties of the aggregates used in this study

Property Dunesand  Crusher sand cogggggfggate
Relative density 2.65 2.72 2.72
Water absorption (%) 0.4 0.3 0
Particle shape Round Angular Angular
Fineness modulus 18 3.7 -

3.3.3 Mix proportioning, casting, and basic characterisation

The CCSA method was used to arrive at the first estimate for the concrete mix design (Fulton’s, 2021).
These estimated proportions were then optimized for binder economy, ease of proportioning, and
workability through trial and error. The desired consistency of the mix was obtained with the help of

superplasticizers.

The replacement of cement with SCMs was done by keeping the paste volume constant between mixes
with the same water-binder ratio, which resulted in differences in the total binder contents and water
contents between control (PC — CEM 1 52.5N) and treatment mixes (SCM). This so-called “paste-
equalisation method” was used instead of keeping the binder and the water contents constant across all
the same wi/b class of mixes considering that it is the total paste volume through which the transport
occurs rather than the binder or the water content. Keeping the binder mass constant across the same
class of mixes would result in different total paste volumes—SCMs leading to higher paste contents
owing to lower particle relative density compared to Portland cement (see Table 3.2). This would result
in a concomitant change in the aggregate content. Since the effects of paste and aggregate are very
different in relation to transport properties, variation in their relative proportions between different
concrete mixtures would complicate the analysis. To establish control over these influencing
parameters, it was preferred to normalise the paste volume and keep the aggregate content the same (at

a given w/b ratio) instead of binder content.

The resulting total binder masses in the SCM concretes were lower than the control (PC) concretes.
Although the reduction was not significant, it is advantageous in the economic and environmental
context. The binder contents (kg/m?®) varied in the ranges: w/b-0.4 (425-407), w/b-0.5 (340-327), w/b-
0.6 (283-274) and the water contents varied range: (170-163). Table 3.4 presents the detailed mix
proportions. The consistency was perceptibly better in FA and BS mixtures. BS mixtures exhibited

better cohesion.

The mixing operations were performed in a concrete pan mixer of 100 L capacity. All the dry materials

were added first in the following sequence: coarse aggregate, binder, and fine aggregate. The dry
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materials were mixed thoroughly before adding water and superplasticizer to the mix in that order. The
slump of concrete, tested as per SANS 5862-1 (2006), was adjusted using a polycarboxylate ether based
(PCE) superplasticizer. All the specimens were compacted on a compaction table
(~3000 vibrations/min., 0.5-1 mm amplitude) for 15-25 s. The exposed face of the specimens was

covered with a plastic sheet to avoid excessive evaporation.

The specimens belonging to a particular concrete mix regardless of the allocated curing regime were all
produced on the same day from a continuous batch of concrete and were divided into two groups in a
randomised fashion to be placed under either wet curing or plastic curing. This was done to minimize

systematic variations other than the applied curing regime.

At the age of 28 days, the compressive strength tests were carried out on the wet cured specimens. The
plastic cured concretes were tested after being immersed in water for 48 hours (SANS 5865, 1994). The
compressive strength test was conducted using a compression testing machine at a load rate of
0.3 MPa/s, according to SANS 5863 (2006). The results, as shown in Table 3.4, correspond well with
contemporary South African studies involving similar materials (Bakera, 2018; Sohawon, 2018;
Gopinath, 2020).
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Table 3.4 Concrete mixture details — mixture proportions, slump, and standard compressive strength

0.3 567 - - 567 170 1000 755 2.8 35.0 >150 2492 2476 83.4+5.8

CEM I 0.4 425 - - 425 170 1000 876 1.1 30.5 90 2471 2472 65.2+0.9

525N 0.5 340 = = 340 170 1000 948 1.5 217.8 100 2458 2494 61.0+0.6

0.6 283 - - 283 170 1000 997 13 26.0 80 2450 2395 446+1.6

0.7 243 - - 243 170 1000 1031 0.8 24.7 80 2444 2407 33.6+05

0.4 353 62 - 415 166 1000 876 14 30.5 150 2457 2435 62.8+0.9

FA-15% | 0.5 283 50 - 333 167 1000 948 1.3 217.8 95 2448 2438 56.0+5.5
0.6 236 42 - 278 167 1000 998 0.9 26.0 115 2443 2424 37.3+0.8

0.4 285 122 - 407 163 1000 877 0.6 30.5 100 2447 2466 61.0+11

FA-30% | 0.5 229 98 - 327 163 1000 950 1.0 21.7 120 2440 2392 41.3+x0.1
0.6 192 82 - 274 164 1000 997 1.0 26.0 100 2435 2424 325+24

0.4 315 - 105 421 168 1000 877 1.6 30.5 140 2466 2406 73.2+1.8

BS-25% | 0.5 252 - 84 337 168 1000 950 14 27.8 110 2455 2443 55.9+20
0.6 211 - 70 281 169 1000 998 13 26.0 115 2447 2368 45.5+0.2

0.4 208 - 208 416 167 1000 877 0.9 30.5 100 2460 2420 604+19

BS-50% | 0.5 167 - 167 334 167 1000 948 1.3 27.8 120 2449 2427 48.8+0.4
0.6 139 - 139 278 167 1000 998 1.2 25.9 90 2443 2397 33.9+25

BS-75% | 0.4 103 - 310 414 165 1000 876 0.9 30.5 >150 2455 2434 39.4+0.6

!Dune sand : crusher sand - 60 : 40 (by mass)
Theoretical density without air content based on constituent densities. Based on a comparison of this

density and density measured on 100-mm saturated cubes, average air content was found to be 1%.
8C.S. — Mean compressive strength, tested on 100-mm cubes, wet cured for 28-days.
Variability in terms of S.D.
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3.4 Curing methods

Two main curing methods were used in this study: wet curing and plastic curing. An additional curing
regime was adopted, called here as wet-dry curing, for a specific part of the study. These are described

below.
3.4.1 Wetcuring regime

This curing regime involved the immersion of specimens in water tanks immediately after demoulding.
The temperature of the water was kept at 21 °C £ 2 °C. The typical immersion period was 28 days.

However, longer periods were also adopted in some cases for conductivity tests.
3.4.2 Plastic-wrap curing regime

Membrane-based curing methods are routinely used in the field in regions with water scarcity. Curing
on the field is normally restricted to 7 days or even less for practical reasons. In addition to that, it has
been found that there is little benefit in using membrane-based curing methods on normal strength
concretes beyond a period of 7 days, with 3 days being the period of most effectiveness in the context
of durability-related properties (Ho & Chirgwin, 1996; Wong et al., 2009). Accordingly, 7-day plastic-
wrap curing was considered as the field-applicable curing method in this study. A thin film plastic wrap
(cling wrap) was used in 2 layers to cover the specimen surfaces after demoulding. The thin film wrap
was adopted for this purpose for the ease of wrapping specimen surfaces while ensuring that no gaps
are left from which the moisture might escape. The specimens were stored under plastic wrapping at a
temperature of 21 °C + 2 °C and relative humidity of 55% + 10% for 6 days (i.e., until the age of 7 days),
after which the wrap was removed, and the specimens were stored in the same control environment for

21 days until testing. A schematic representation of the curing regimes is presented in Figure 3.4.
3.4.3 Wet-dry curing regime

The plastic curing regime involved air drying for 21 days, which left the concrete specimens in an
unsaturated state. Before immersing these specimens into the NaCl solution for bulk diffusion
experiments, these specimens were immersed in the saturated lime solution for 48 hours. This was done
to saturate the specimens before the commencement of the diffusion experiments. This prevents
capillary absorption and keeps diffusion the dominant transport process. However, immersion for
48 hours can only saturate the first few millimetres of concrete, leaving the remaining concrete partially
saturated (Surana, Beushausen & Alexander, 2022). The diffusion coefficient decreases rapidly with
the decrease in the degree of saturation (Zhang & Zhang, 2014). On the one hand, the effect of inferior
curing is to increase the diffusion coefficient, but on the other hand, the lower degree of saturation may
reduce the diffusion coefficient. In addition, capillary absorption also takes place in partially saturated

concretes, albeit at a slow, diminishing rate after the first 48 hours. The net effect will be an interplay
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of these factors. In order to distinguish between the effects of inferior curing on the pore structure

development and the degree of saturation effects, a third curing regime was adopted—wet-dry curing.

Directly measuring the degree of saturation of concrete under non-steady conditions, for example, using
an RH probe, is a tedious and time-consuming process (Rajabipour et al., 2005). More importantly,
such measurements, useful as they are, cannot provide any direct evidence on their own on the
significance of the internal unsaturation, if found, on chloride diffusion. Thus, it was decided to instead
adopt a simpler phenomenological approach and simulate the air-drying part of the plastic curing regime
on some of the wet cured specimens before diffusion experiments. A comparison of the diffusion results
of the continuously wet cured specimens and the wet cured but dried specimens was expected to reveal
the effect of drying on chloride diffusion, which was the main issue. In other words, concrete specimens
were wet cured for 28 days and then, like the plastic curing regime, left to dry for 21 days in the lab

before bulk diffusion experiments (Figure 3.4).

In-mould

Wet curing Wet |

Plastic curing [[Plastit  Air |

Wet-dry* Wet | Air

0 7 14 21 28 35 42 49 56
Duration (days)

Figure 3.4 Schematic illustration of the curing regimes adopted in this study. *Wet-dry regime was
only adopted for bulk diffusion testing.

It must be acknowledged that this approach comes with a possible drawback, that is, of introducing an
error associated with further hydration during the drying period. However, it was found in this study
that the plastic cured specimens stored in the same environment showed negligible changes in CCl over
time, implying that this issue is not likely to significantly affect the analysis. It must be noted that this
regime was adopted only for a few selected mixes deemed sufficient to enable a reasonably

representative analysis. The selected mixes are listed in Table 3.5.

Table 3.5. Concrete mixes used for wet-dry regime

Binder type w/b

PC 0.3,0.4,0.7
FA (15%) 0.4,0.5,0.6

FA (30%) 0.4
BS (50%) 0.4
BS (75%) 0.4
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Part Il - Testing

3.5 Chloride bulk diffusion test

3.5.1 Exposure specimens and exposure regime

100-mm cube specimens were used as the exposure specimens. The wet-cured specimens were taken
out of the curing tanks and washed thoroughly under water using a nylon brush to remove any leaching
residue or organic growth. The specimens were then surface dried using paper towels and left to further
dry for about 6 hours before applying the epoxy coating. The washing step was unnecessary for the
plastic cured specimens and thus was omitted. Five faces of each cube, leaving one face, were sealed
with two layers of epoxy coating applied 4-6 hours apart and left in air to cure the coating overnight.
Only one, moulded, face was exposed to the chloride solution with an intention for unidirectional
chloride ingress into the specimes. Moulded faces are less susceptible to variable surface preparation
and segregation effects during casting. This was consistent with the protocol used for the durability
index testing (DI-Manual, 2018). Following the same protocol, the top 5 mm thick portion of concrete
was cut off to avoid surface effects such as the wall effect, carbonation, demoulding oil absorption, etc.
that could influence chloride ingress, (NT BUILD 443, 1995; DI-Manual, 2018).

The specimens were then immersed in a saturated calcium hydroxide solution for 48 hours. This was to
ensure that the specimens were in a reasonably saturated condition before they were exposed to the
chloride solution thereby ensuring that the chloride transport was only via diffusion. The standards for
bulk diffusion testing recommend that the specimens be kept in the saturation solution until the mass
change is less than 0.1 % in 24 h (NT BUILD 443, 1995; ASTM C1556, 2016). However, it is also
noted that moist cured specimens typically need 48 hours to reach that limit (ASTM C1556, 2016). In
this study, a duration of 48 h was selected for saturation on that basis. The duration was kept uniform

across all the curing methods in the interest of time.

A sodium chloride solution with a molarity of 2.8 M (165 gnaci/lsolution) Was used as the exposure solution
using tap water (ASTM C1556, 2016). The tap water chloride content must be less than 300 mg/l (SANS
241, 2015), which is within the tolerance of 1 g/l specified by ASTM C 1556 for making the chloride
solution. The specimens were removed from the lime solution after 48 h, washed to remove any residual
lime, surface dried, and transferred to the exposure solution. Six specimens were stored in one exposure
tank containing 15 litres of NaCl solution, i.e. 40 cm? exposed surface per litre of chloride solution,
which is under the prescribed limits (20-80 cm?/1) (NT BUILD 443, 1995; ASTM C1556, 2016). The
exposure surfaces were laid horizontally facing the closing lid. The tanks were sealed to avoid

evaporative loss of water through them and were stored at 21°C for the entire exposure duration.
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3.5.2 Sample preparation for chloride content testing

At the end of the exposure duration, exposure specimens were removed from the chloride solution and
the exposed surface was washed immediately to remove any leaching products that may carbonate when
exposed to air. 70-mm diameter cores were then extracted from the cube specimens using a minimal
amount of water as a coolant. Cores were extracted to avoid the epoxy coating and the edge effects of
the outer 5-10 mm section of concrete on the test results. The cores were lightly washed to remove any
sludge from the coring process and were surface dried using paper towels. They were then left to dry
for 24 hours in the lab air before they were sealed in thin-film plastic wrap to prevent any further
moisture exchange with the environment. Because of the relatively large number of specimens tested
in this study, it was not always possible to perform chloride profiling immediately after taking the
specimens out of the solution. Therefore, in the meantime, cores, sealed with plastic wrapping, were
stored at -15 °C to arrest the diffusion process (NT BUILD 443, 1995; ASTM C1556, 2016).

In the next step, the cores were cut into thin slices using a concrete cutting machine, within a day of
taking them out of the freezer. The amount of water during this process was kept to a minimum to avoid
dissolving chlorides. ASTM C1218 (2020) notes that the amount of chlorides dissolved in the cooling
water is generally very limited. Surface grinding using a milling machine was not used for this purpose
as it was too time-consuming, hazardous due to the large amounts of dust generated in the surrounding
air, and deemed unnecessary for the purposes of this study. ASTM C1556 (2016) also permits the use
of water-cooled saw cutting procedure when the extent of chloride penetration is sufficient to obtain the
minimum number of slices required (6-8) for the curve fitting operation. This was more-or-less the case

in this study.

The length of the cores was measured, at four points, before and after cutting every slice and the
thickness of the blade (2 mm) was subtracted to determine the average thickness of each slice and its
position with respect to the exposed face. After cutting, the slices were dried overnight at 105°C (BS
EN 14629, 2007) to remove evaporable water from the concrete. After the drying period, the slices were
taken out of the oven and cooled in air for 1-2 hours. Slices were ground to a fine powder (passing a
150-um sieve) using a mechanical pulveriser (see Figure 3.5). The powdered sample was collected and

stored in a resealable plastic bag until testing.
3.5.3 Chloride content determination through potentiometric titration

The measurement of total chloride content was preferred in this study to avoid uncertainties involved
in the measurement of the free chloride content. The acid dissolution method was used to extract the
total chloride content. The chloride content was measured by potentiometric titrations. An in-house
procedure was used for the determination of acid-soluble chloride content as described below (Streicher,
1997). This method was preferred as it uses a smaller sample size for testing than the ASTM method
for potentiometric titrations (ASTM C1152, 2004).
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3.5.3.1 Sample preparation

1. Between 2.1and 2.5 g of concrete sample was weighed into a plastic cup. The sample is brought
to a suspension by adding enough water to cover the sample and then swirling the cup.

2. 2.0 ml of diluted nitric acid (1:1) was added to the suspension and left to stand for 30 minutes
to bring all the chloride into solution.

3. 2.5 ml of sodium acetate solution was added after 30 minutes to adjust the pH to within the
range of 4to 7.

4. Deionized water was added to the cup to fill it to the 60 ml mark.

Figure 3.5: The pulveriser used for grinding the concrete samples to powder. The salient features are
(a) the pneumatic clamping arrangement mounted on a spring-loaded vibrating bench (in the left
image), and (b) the sample holder with the pulverizing pellet/disc (enlarged image on the right)

3.5.3.2 Testing

The chloride content was measured by titrating the prepared sample with 0.1 M silver nitrate solution
using an automatic potentiometric titrator (Figure 3.6). The amount of silver nitrate required to reach
the equivalence point is obtained, which is then converted into the percentage mass of chlorides with
respect to the mass of concrete/binder using Eq. (3.1). Calibration testing was conducted at regular
intervals. Typical calibration results on mortar samples with admixed chlorides are presented in

Appendix H.

According to these results, the typical accuracy (trueness) and precision (variability, SD) of the
measurements were typically within 6% and 1%, respectively. Higher percentage error and variability
were encountered for very low chloride contents (<0.1%, bwc.). However, for the purpose of an
investigation such as this, very low chloride contents are of minor significance. Considering the high

accuracy and low variability of these measurements, a single test value was considered adequate.
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Figure 3.6: Automatic potentiometric titrator used in this study

Cotogp = Vagno, X Magno, X Mgy y Pc % 100 (3.1)
My,c My,p
Where
Ceron Chloride content by mass of binder, %
Vagnos, Volume of titrant (AgNQ3), L
Mygnos, Molarity of titrant (AgNO3s), M — moles/L
mey Molar mass of chlorine (35.5 x 10 kg/mol.)
My Mass of concrete sample, kg
Pe Density of concrete, kg/m?
My Binder content in concrete, kg/m?®

3.5.4 Chloride profile analysis: curve fitting

Chloride profiles are constructed by arranging the chloride contents on the ‘y’ axis and the mean

chloride penetration depth on the ‘x’ axis. The ERFC solution is fitted into the measured chloride
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profiles through non-linear regression analysis. This was performed using the CurveFit2003 spreadsheet
program developed by Prof Tang Luping (Tang, 2003). The input parameters required for curve fitting
for unidirectional diffusion are: chloride profile measurements, exposure duration, and initial chloride
content. The analysis provides the following output: surface chloride content/concentration (Cs),
apparent diffusion coefficient (Da), and the fitted curve. Other details are described in the results

chapter.
3.6 Electrical tests

3.6.1 Chloride conductivity

The chloride conductivity test was performed according to the method provided in the current South
African standard (SANS 3001-C0O3-1, 2015; SANS 3001-C03-3, 2015; DI-Manual, 2018).
Nevertheless, a brief description of the specimen preparation, preconditioning, and test process is also
provided below.

3.6.1.1 Specimen preparation

70-mm diameter cores were extracted from 100-mm cube specimens at the end of the curing regime in
the direction perpendicular to that of casting. Two 30-mm thick slices were obtained from the outer 5 —
35 mm depth range of the opposite ends of the core. The specimens were washed thoroughly with water
and a nylon brush (SANS 3001-C03-1, 2015; DI-Manual, 2018).

3.6.1.2 Preconditioning

The cylindrical disc specimens so obtained were dried in a ventilated oven at 50°C for 7 days. After 7
days, the specimens were removed from the oven and kept in a desiccator for 2 to 4 hours to allow the
specimens to cool down to the laboratory temperature of 21°C. The dimensions of each specimen—
diameter and thickness—were measured. The specimens were then vacuum-saturated with a solution
of 292 g of NaCl per L of water using the standard procedure (SANS 3001-C03-3, 2015).

3.6.1.3 Test method

The test method involves applying a potential difference across the concrete specimen saturated with
the NaCl solution and measuring the current drawn. A potential difference of about 10 V is applied

using two conduction cells positioned on either side of the specimen (see Figure 3.7).

These conduction cells are filled with the same NaCl solution which is used to saturate the specimens.
The chloride ions are expected to migrate through concrete due to the applied potential difference in a
steady state condition causing a current in the circuit. The current and the potential difference across
the opposite faces of the specimens are measured, and the chloride conductivity index (CCI) is

calculated using Eqg. (3.2). In addition, the porosity penetrable to the NaCl solution was also calculated
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by measuring the NaCl solution absorbed by the dried specimens, at the end of the vacuum saturation

procedure. Four replicate specimens were tested for each result.
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Figure 4.1: Conduction cells (longitudinal section)
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Figure 3.7 A schematic of the chloride conductivity test apparatus (adopted from DI-Manual, 2018)

Id (3.2)
= —
¢ VA
Where,

I Current (mA)
Vv Voltage (V)
d Thickness of the specimen (mm)
A Cross-sectional area (mm?)

3.6.2  Surface resistivity

The surface resistivity (SR) method was performed largely in accordance with the AASHTO standard
(AASHTO T 358, 2015), with the exception of the specimen design. 150-mm cube specimens were
used in this study for resistivity testing as opposed to cylindrical specimens suggested in this standard.
The cube specimens were selected instead of cylinder specimens following the quality control practices
in South Africa, where cubes are preferred for compressive strength testing rather than cylinders, which

is a standard practice in the US. Furthermore, both the specimens have the same limitation that they do
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not have semi-infinite dimensions and require cell constant correction on the Wenner expression to

arrive at the true resistivity. Conversely, both can be used for the purpose of comparison.

3.6.2.1 Specimen preparation

150-mm cube specimens were used for the determination of surface resistivity using the Wenner four
probe method. Measurements were made only on the moulded faces for consistency. No additional

surface preparation was done.

3.6.2.2 Preconditioning

The specimens were immersed in the curing tanks alongside other concrete specimens for 48 + 2 h at
the test age prior to testing. At the end of 48 hours, the specimens were taken out of the curing tanks,
and the excess water was wiped off the surfaces. The measurements were taken as quickly as possible
to avoid drying of the specimens. The continuously wet cured specimens and the plastic cured
specimens were stored in the same curing tank for the saturation period to prevent any effect of a

temperature difference between the two sets of specimens on the resistivity results.
3.6.2.3  Test method

A Proceq probe (Figure 3.8) with a probe spacing of 50 mm was used to take resistivity measurements
with alternating current at a frequency of 40 Hz (Proceq SA, 2013). The resistivity is calculated
automatically by the Proceq device using the Wenner expression for resistivity (Eg. (3.3)) (Wenner,
1915). Measurements were taken along the two diagonals of each tested face keeping the Wenner probe
centred on the centre of the cube face as shown in Figure 3.8. The probes were wetted with tap water
before every measurement to ensure proper electrical contact with the concrete surface. In total, 8
readings were taken per cube and 3 cubes were tested per result, i.e., every result is an average of

24 readings.

Previous studies have found that geometrical constraints of the specimen relative to the probe spacing
and probe placement can affect the magnitude of resistivity measured (Gowers & Millard, 1999; Sengul
& Gjgarv, 2009; Angst & Elsener, 2014). These constraints include edge distance of the probe, specimen
shape, depth/probe spacing ratio, and edge distance. The positioning of the end probes (current injecting
probes), specifically, which are too close to the end in these specimens (25 mm), appear to have no
practical influence on the measurements (Gowers & Millard, 1999). Regardless, the Wenner resistivity
measurements conducted on small specimens such as used in this study cannot be taken to represent
true resistivity of the material. Measurements taken on the same type of specimen can nevertheless be
used beneficially for the purpose of comparison. In this study, the observed Wenner measurements are
used as is for the purpose of comparison. The cell constant correction factor to convert these

measurements to true resistivity is provided in Appendix D, if needed.
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Figure 3.8: Surface resistivity test with a 4-point probe on a 150-mm cube

p = 2ma— (3.3)

Where,

a Probe spacing (= 50 mm)

3.7 Summary

A lab-based experimental program was devised to investigate the relationship between conductivity
index and diffusivity with a larger goal of formulating a service life prediction model addressing
chloride-induced corrosion in marine conditions. Of the multitude of variables that characterise chloride
transport in marine conditions, the most influential variables were selected based on the review of the
literature. This simplification was essential to enable the study of this complex process under the
practical constraints of a single study and also to allow the construction of a simple, yet informative
model. The variables relevant to the material’s resistance were included in the experimental program
and the information on the variables relevant to the environmental actions were derived from previous

studies.

The variables selected were binder type, w/b ratio, and curing method. The scope of variables used are
as follows: 1. Binder type: plain Portland cement (CEM | 52.5N), fly ash blends with PC (15%, 30%),
and slag blends with PC (25%, 50%, 75%); 2. w/b ratio: 0.3, 0.4, 0.5, 0.6, 0.7; 3. Curing methods: 28-
day wet curing, 7-day plastic curing, 28-day wet/21-day dry curing.

The resistance of concrete to diffusion was studied through non-steady state diffusion experiments
according to the bulk diffusion test protocol. These tests were selected as they simulate the natural
chloride transport in an accelerated manner. Mainly two types of conductivity test methods were

performed, namely: chloride conductivity and surface resistivity. The chloride conductivity test is
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preferred in the South African durability approach. A chloride ingress model with chloride conductivity
as an input parameter is highly desired. The surface resistivity test is selected in addition as a means of
comparison and a possible non-destructive counterpart to the chloride conductivity tests. In essence, the
methodology consists of exploring means of linking 28-day conductivity to the apparent diffusion
coefficient and using other parameters to enable the prediction of chloride profiles.
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Chapter 4 RESULTS

4.1 Introduction

This chapter presents the results of the experimental testing conducted in this study. The chapter is
divided into three main sections comprising: (i) the analysis of conductivity results — chloride
conductivity and surface resistivity, (ii) the analysis of the bulk diffusion results, and (iii) the
investigation of the relationship between conductivity and diffusivity. The experimental methods and

materials adopted in this study are described in Chapter 3.
More specifically, this chapter addresses the following objectives of the study:

1. Toevaluate the influence of mix composition and curing on electrical and diffusion parameters.

2. To investigate the relationship between the apparent diffusion coefficient from the lab-based
bulk diffusion tests and the chloride conductivity, for service life prediction using chloride
conductivity measurements.

3. To assess the potential of using the surface resistivity method as an accompaniment to the

chloride conductivity test.

In the presentation of data, the following notations are used to convey the meaning of the statistical

parameters used:

a) t:Error bar
b) n: number of independent test observations per result
c) 95% CI: 95% confidence interval, which is calculated assuming Student’s t distribution for

sample data as per Eq. (4.1).

C'I—tg 4.1

Where, SD is the population standard deviation estimate based on sample dispersion. t is a constant for

the t-distribution for n-1 degrees of freedom.

The outlier selection is based on 5% significance level according to ASTM E178 (2008).

4.2 Chloride conductivity and surface resistivity results: effect of mix
composition and curing

4.2.1 Effect of binder

The 28-day chloride conductivity index (CCI) results of wet cured concretes in relation to the fly ash
(FA) and blast furnace slag (BS) levels in the binder are presented in Figure 4.1 (a) and Figure 4.2 (),
respectively. The CCI results obtained in this study correspond well with the recent literature, which is

demonstrated in Section 4.2.2.1. The surface resistivity (SR) values (in kQ-cm) were inverted (i.e.,
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1/SR) to obtain the surface conductivity (SC) values. This was done to facilitate easy comparison with
CCI results. The variation of SC results with FA and BS levels are presented in Figure 4.1 (b) and
Figure 4.2 (b), respectively. The SC values obtained in this study also generally agree with the literature

(Dhanya, 2015).
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Figure 4.1 Variation with fly ash level (% mass): (a) 28-days CCl and (b) 28-day SC (1/SR). Note:
The CCI result for PC-0.6 was a statistical outlier (ASTM E178, 2008) and therefore comparisons are
made here with an estimated value based on the CCI-w/b relationship for PC concretes. For the
original data point, refer to Section 4.2.2.
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Figure 4.2 Variation with slag level (% mass): (a) 28-days CCI and (b) 28-day SC (1/SR)

In general, the CCI at the age of 28 days showed a moderate increase with the increase in FA levels.
FA (30%), at the w/b ratio of 0.4 exhibited an exception to this trend by showing a decrease in the CCI.
Besides this exception, the relative increase in the CCI appears to increase with the FA level (Figure
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4.3). Since the CCl is inversely related to the formation factor (Eq. (1.8)), an increase in the CCI implies
a reduction in the formation factor and vice versa. In contrast, the use of BS brings about sharp
reductions in the CCI. The CCI reduces non-linearly with the BS%, i.e., the relative reduction decreases
as the BS% increases and appears to produce no further gains beyond the BS level of 50%. Similar
effects of FA and BS were observed on the 28-day gas (oxygen) permeability in recent previous studies

(Omar, 2018; Gopinath, 2020).
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Figure 4.3 Effect of binder on CCI and SC through ‘relative conductivity’. It is calculated by dividing
the result with the corresponding result for PC concrete of the same wi/b ratio.

It is important to consider that the findings under discussion from this study and elsewhere are based
on a comparison at the same w/b ratio as opposed to a comparison at the same strength grade. The
comparison at the same strength grade often necessitates a reduction of the w/b ratio in the case of
slowly hydrating SCMs to reach the 28-day strength grade of the control mix. For instance, FA and BS
in this study affected the compressive strength of concrete depending on the replacement level and w/b
ratio as shown in Figure 4.4 (refer to Table 3.4 for other details). A comparison at the same grade could
lead to different trends than a comparison at the same w/b ratio. Another possible reason for an apparent
reversal in trends is an increase in CCI values of the control concretes due to the use of lower-grade
cement. In a previous study, the CCI for FA and BS concretes were very similar to those found in this
study, but the CCI of PC concretes were much higher due to the use of CEM 1-42.5, resulting in the

conclusion that FA produces superior microstructure within a month (Githachuri, Alexander & Moyo,
2012).

Under wet curing and w/b ratios ranging between 0.4-0.6, the mean 28-day CCI values were found to
vary in the range 0.5-1.1 mS/cm for PC concretes, 0.3-1.5 mS/cm for FA concretes, and 0.2-0.6 mS/cm
for BS concretes. The 28-day CCI values for FA concretes largely overlap the range of values for PC
concretes, while most BS concretes showed superior (lower) CCI than PC concretes regardless of the

wi/b ratio and replacement level. Similar trends were reflected in the porosity results shown in Figure
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4.5. This porosity was calculated based on the vacuum-saturated absorption of concrete to NaCl solution
after oven drying (at 50°C for 7 days) as part of the CClI testing. FA concretes showed either similar or
higher porosities than PC concretes. Replacement with BS, on the other hand, exhibited larger
reductions in porosity than were possible by reducing the w/b ratio from 0.6 to 0.4 in PC concretes.

Age: 28 days
Curing: Wet

Compressive strength (MPa)

Relative compressive strength, % (/PC)

(15%) | (30%) | (25%) | (50%)
w/b ratio and binder w/b ratio and binder

(15%) | (30%) | (25%) | (50%)

(@) (b)

Figure 4.4 (a) Compressive strength results and (b) Relative compressive strength to illustrate the
effect of binder type on the 28-day concrete compressive strength: the ratio (%) of the 28-day
compressive strength of concrete to that of the PC concrete of the same w/b ratio
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Figure 4.5 Relationship between 28-day porosity (based on vacuum saturation with 4.4 M NaCl
solution after 7 days of oven drying at 50°C) and SCM level (%, mass) in the binder: FA (a) and BS

(b)
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A preliminary analysis is performed to gain insights into the observed behaviour of FA up to 28 days
in the context of penetrability. As a starting point, FA is assumed to be an inert filler for the sake of
argument. The porosity and CCI calculated based upon this assumption are compared to the actual
values and those of PC concretes at corresponding w/b ratios to evaluate the assumption made (Table
4.1 and Figure 4.6). The measured porosities of FA concretes are lower but lie close to the porosities
calculated based on the above assumption. The measured CCI values on the other hand show a larger

proportional reduction than porosities.

This improvement could be due to the filler effect and/or partial hydration of fly ash (Gutteridge &
Dalziel, 1990). The overall behaviour of fly ash observed in this study is consistent with the reports of
low reactivity of siliceous FA that it may stay nearly dormant for a week until very high pH (>13.2) is
developed by the hydration of PC and may attain low degrees of hydration under the age of 1 month
(Fraay, Bijen & De Haan, 1989; Berodier & Scrivener, 2015). The dissimilarity in the proportional
effects on porosity and penetrability indicates that the presence of FA may have resulted in some pore
refinement within the first 28 days. However, pore refinement due to FA is not consistently observed
in the literature (Pandey & Sharma, 2000; Canut, 2011; Yu & Ye, 2013; Berodier & Scrivener, 2015;
Dhandapani & Santhanam, 2017) and hence further studies are imperative to gain a better understanding
of the behaviour of FA at the microstructure level. It is crucial to note that the discussion of FA blends
so far has excluded the effect of continued curing (beyond 28 days), which may dramatically change its
long-term performance and is discussed in Section 4.2.4. It should also be emphasised that SCMs vary
in their properties based on their source and consequently, their influence on concrete properties is also
subject to some variation.

Table 4.1 Comparison of the hypothetical porosity assuming no contribution from FA hydration with
the measured porosity

1) (2) (3) (4) (%) (6)
Measured Estimated Difference

Binder w/b w/c porosity* porosity (%)
(%) (%) 4)-(5)

0.4 0.47 6.6 6.7 -2.0

FA (15%) 0.5 0.59 7.2 7.7 -7.0

0.6 0.71 8.2 8.7 -6.0
0.4 0.57 6.2 7.5 -22.4

FA (30%) 0.5 0.71 8.5 8.7 -2.9
0.6 0.85 9.0 9.9 -10.7

Terminology: w/b: actual w/b ratio; w/c: w/b assuming FA inert; Estimated porosity: porosity of pure PC concrete
at same w/c; Difference= (Measured porosity — estimated porosity)/Measured porosity
Porosity measured through absorption of NaCl solution in oven-dried vacuum-saturated concrete
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Figure 4.6 Comparison of the measured CCI of FA concretes with the hypothetical CCI considering
FA as an inert filler. The equivalent PC CCl is the calculated CCI of PC concretes at w/b=w/c
(column (3), Table 4.1), whereas the actual PC CCI are those measured at the given w/b ratios (shown
on the ‘X’ axis).

The substitution with BS on the other hand had a major influence on the pore structure within the first
28 days as observed through the reductions in the overall porosity and CCI. Past studies have also shown
that BS inclusion significantly refines the pore structure within the first 28 days due to the high reactivity
of slag (Manmohan & Mehta, 1981; Berodier & Scrivener, 2015). However, the reduction in overall
porosity with BS substitution observed in this study is contrary to the trends reported for MIP porosities
(Pandey & Sharma, 2000; Yu & Ye, 2013; Berodier & Scrivener, 2015). In addition, increasing
replacement levels may suppress the hydration of PC and tend to leave more unreacted slag in the mix
(Lothenbach, Scrivener & Hooton, 2011). This could explain the reversal of trends beyond the 50% BS
levels. In summary, the differences between the CCI trends of FA and BS are a reflection of their

respective rates of hydration and arise from different rates of microstructure development.

A comparison of the CCI and SC results (Figure 4.1, Figure 4.2, and Figure 4.3) reveals interesting

differences in trends as listed below:

1. A notable difference is in the range of conductivities of the two test methods within which
the results lie as seen by the difference of an order of magnitude between the CCI and SC
values.

2. The surface conductivity decreased with FA inclusion, which is contrary to the general
trend observed in the CCI results.

3. Assharp reduction in surface conductivity was observed with the BS%, which corresponds

with the CCI trends. However, the surface conductivity results did not exhibit a minimum
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around 50% slag level like the CCI and porosity (CCI) results, instead the surface
conductivity decreased further when the slag level reached 75%.

To understand the cause(s) of these differences, one must analyse the differences in the measurement
processes of the two test methods given that the material (concrete) itself, which was prepared and cured
in common batches per mix, is likely to be similar between the two test methods. The measurement of
the CCIl and the SC differ in the following aspects: (i) specimen preparation (including (pre-
Nconditioning) and (ii) conductivity measurement technique (AC/DC, geometric arrangement of

probes).

The geometric arrangement of probes (uniaxial/surface) used for the electrical measurements on small
specimens may result in different conductivity values (Morris, Moreno & Sagués, 1996). For instance,
the Wenner 4-probe arrangement results in conductivities that are generally 0.72 times the uniaxial
conductivities, both measured on the same specimens (refer to Appendix D). Similarly, a comparison
of the surface conductivity of continuously immersed cubes with the uniaxial conductivities of disc
specimens (oven dried and vacuum saturated with lime water) to include the effect of specimen
preparation and preconditioning indicates a ratio of 0.5 between the two. The lower conductivity ratio
of 0.5 could be partly a result of the differences in the pre-/conditioning procedures, namely (i) higher
effectiveness of oven-drying and vacuum saturation in saturating the specimen, and (ii) potential

microstructural damage due to these procedures.

The most important difference however lies in the use of a highly conductive saturating solution for
specimen conditioning in the CCI method. Using a saturating solution of conductivity 2-5 times that of
the concrete pore solution is likely the major cause of the differences in the absolute values of the
conductivity measured in the two methods. The saturation of concrete specimen with concentrated NaCl
solution prior to conductivity measurement in the CCI method ensures that the variable contribution of
the original pore solution is diminished. Therefore, the influence of mix composition, such as binder or
wi/b ratio, on pore solution conductivity is also diminished. A change in the CCI upon a change in the
concrete mixture design (or treatment such as curing) consequently is indicative largely of the influence
of the given change on the penetrability of the concrete pore structure to the transport of chloride ions.
Although the binding of chloride and alkali ions from the saturating solution to the hydration products
is likely, the high initial concentration of the solution and relatively short exposure period are expected

to mitigate the differential errors.

The SC method on the other hand is influenced by the pore solution conductivity, which in turn is
dependent on the pore solution composition and the degree of pore saturation. Under continuous
immersion for 27 days, the differences in the degree of saturation in different concrete mixtures may
become relatively small. This would suggest that the difference between the trends of CCI and SC is

likely to mainly emanate from the differences in the pore solution composition/conductivity.
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This could explain the contrasts observed between the CCI and SC trends for FA concretes. It is well
documented that increasing the replacement of cement with siliceous fly ash, without high alkali
content, generally decreases the pore solution conductivity (Diamond, 1981; Shehata, Thomas &
Bleszynski, 1999; Thomas, 2011; Scott & Alexander, 2016). This means that despite no general
improvement in the pore structure due to substitution by fly ash up to 28 days as evidenced by the CCI
results, the surface conductivity would have reduced owing to the reduction in the pore solution
conductivity. In the case of slag, the conductivity reduced significantly due to a reduction in
penetrability, and the reductions due to a decrease in pore solution conductivity further would have
added to lowering the concrete conductivity. This may explain the reduction of SC upon increasing the
BS levels from 50% to 75% contrary to the CCI trends.

Such influences of pore solution conductivity can make interpretation of conductivity measurements
difficult and may even lead to misunderstandings. This is particularly the case when pore solution
effects are ignored, or sometimes with the use of simplified models for determining pore solution
composition. For instance, the pore solution conductivities predicted by the NIST calculator (NIST,
2019) for 28-day old wet cured fly ash concretes (Figure 4.7) increase with FA%, which contradicts the
experimental evidence from the literature and inferences from this study. This conclusion is consistent

with the findings of a previous study (Mukhopadhyay, Liu & Jalal, 2019).
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Figure 4.7 NIST predictions of pore solution (PS) conductivity for fly ash concretes (NIST, 2019),
which are not consistent with the experimental evidence reported in the literature.

422 Effect of w/b ratio

The variation of the CCI and the SC results with the w/b ratio for different binders is presented in Figure
4.8. In general, both the CCI and SC increased with increasing w/b ratio, independent of the binder
group. The increase in the CCI with the increase in the w/b ratio can be ascribed to the rise in capillary
pore volume, which also increases the pore connectivity resulting in an increase in the penetrability of
concrete (Goto & Roy, 1981).
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The relationship of the SC with the w/b ratio, on the other hand, depends on the effect of the w/b ratio
on the pore structure as well as on the conductivity of the pore solution. While an increase in the w/b
ratio would increase the penetrability of the pore structure, it may decrease the conductivity of the pore
solution. The effect of the w/b ratio on the pore solution conductivity is a function of the degree of
hydration (1), the volume of free water (]), the concentration dependence of the ionic conductivity (1,
with a diminishing rate), and the degree of leaching (|) during curing and conditioning of the specimen
(Snyder et al., 2003; Bentz, 2007). Among the listed factors, the dilution effects that lower the ionic
concentration of the pore solution tend to dominate and the pore solution conductivity tends to decrease
with the increase in the w/b ratio, as reported by Christensen et al. (1994). The net effect of these two
counteracting effects may explain the observed lower sensitivity (visibly flatter slopes) of the SC with

respect to the w/b ratio, compared to the CCI.
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Figure 4.8 Variation of (a) 28-day CCl and (b) 28-day SC (1/SR), with w/b ratio

In terms of binder-specific trends, the PC concretes showed a very clear and close relationship between
CCl and wi/b ratio. The FA concretes on the other hand exhibited a larger scatter around the average FA
trends with respect to the w/b ratio. For instance, the FA (30%), w/b-0.4 concrete showed a lower-than-
expected value of 0.34 mS/cm. The same concrete had yielded a value of 0.6 mS/cm in a previous batch.
It is also interesting to note that changing the w/b ratio from 0.6 to 0.4 in PC concretes produces a
smaller change in the CCI than replacing 25% of cement with slag at a w/b ratio of 0.6. This shows that

substitution with slag is far more efficient in reducing the penetrability while decreasing the total binder

content.
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4.2.2.1 CCI prediction

The relationship between the 28-day CCI and the w/b ratio can be derived using the CCl-porosity
relationship, shown in Figure 4.9, which strongly resembles the empirical relation of Archie’s law (Eq.
(1.7)). For the purpose of exploring this relationship, the porosity used was measured using the CCI
protocol, which in brief involves vacuum saturation of oven-dried specimens with a 4.4 M NaCl solution
(SANS 3001-C03-3, 2015). The relationship between CCI and porosity appears independent of the
binder blends. It also appears to be largely independent of curing and age, not shown in the figure,
although these factors do introduce additional scatter in the data. Based on these observations, the 28-

day wet-cured CCI can be expressed as a function of the porosity as shown in Eq. (4.2).
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Figure 4.9 Relationship between CCI and porosity (CCI). The porosity referred to here is based on
vacuum saturation with a 4.4 M NaCl solution of oven-dried concrete, as per (SANS 3001-CO3-3,
2015)

CCI = (3.08 X 1073) - o, %32 (4.2)
Where, @cci is the porosity measured by the CCI method.

Figure 4.10 shows the relationships between porosity (CCI protocol) and w/b ratio for different binder
groups. The porosity varies linearly with the w/b ratio and the linear function seems to remain
approximately uniform across different binder types and only requires translation on the porosity axis

depending on the binder type as shown in Figure 4.10 and Eqg. (4.2).

The intercept (on the porosity axis) was estimated and described as a function of the SCM level as
shown in Figure 4.11 and Eqg. (4.4). As observed in the porosity results of BS, the porosity follows a
non-linear relationship with the BS level, where porosity decreases with the BS level up to a certain
point and starts increasing thereafter. Hence, a quadratic function seems justifiable and is used to

describe porosity (intercept) as a function of the BS level (Figure 4.11).
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(pCCI = 9.56

Where, 8y is a constant dependent on the binder type.
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Figure 4.11 6y (binder-dependent intercept parameter for the porosity-wi/b ratio relationship) as a
function of SCM%. Note the difference between the predictions of a linear and a hypothetical curve
for FA beyond the range of experimental data used.

s _{ 24+ 0.02-FA%, SCM: FA
by =

2.4 —0.09 - BS% + 0.001(BS%)?, ~ SCM:BS (4.4)

The value of &y for plain Portland cement (CEM 1-52.5N) is 2.4.

Similarly, the FA%-porosity relationship is likely to follow a non-linear function. However, due to a
lack of sufficient data points, errors are likely, which tend to compound in a non-linear function. To
avoid the risk of excessive errors upon possible extrapolation, a linear function is used for now until

more data on higher replacement levels become available. The potential CCI at 28 days can be estimated
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using Eq. (4.2)-(4.4) or the combined form presented in Table 4.2. A more fundamental w/b-porosity
relationship can also be derived in future studies from theoretical considerations to enable further

generalization.

Table 4.2 Prediction model for estimating 28-day wet cured CCI (mS/cm)

w 2.82

cCl = (3.08 x107%) - (9.56— + &)
b
2.4+ 0.02 - FA%, SCM:FA

Where, 8, = {2.4 —0.09 - BS% + 0.001(BS%)?, SCM: BS

*FA: fly ash, BS: blastfurnace slag

Studying and predicting the effect of the w/b ratio on concrete is not as straightforward as paste due to
practical constraints involved in mix proportioning. The w/b ratio can be varied while keeping the paste
volume constant across all w/b ratios by adjusting the binder content and water content, thereby keeping
the aggregate proportion and its effect uniform. However, rather than keeping the paste volume constant
across different w/b ratios, often the water content is kept constant to obtain similar workability and
reduce cost, among other things. The reduction in the paste content, for example, by increasing the w/b
ratio is compensated by increasing the aggregate content. The same practice was followed in the present
study for its practical relevance. A likely practical drawback of using a uniform water content is that
the resulting property-w/b relationships may not lend themselves to other water contents. Since the
water content changes in accordance with aggregate properties and workability requirements, this could
be an impediment to the generalization of the derived relationships. Hence, a comparison with various

past studies is used to assess this matter and validate the derived relationships.

The data were collected from relatively recent studies, from year 2015 onwards after the revision of the
CCI test setup in 2014 (Otieno & Alexander, 2015). Other criteria for data collection to maintain
consistency with the present data were as follows: PC type (CEM I or 1l (42.5N or 52.5N)), curing
(continuous wet curing), and age (28 days). The coarse aggregate content was also generally uniform
across the data at around 1000 kg/m?. The selected studies were performed in well controlled laboratory
conditions at the University of Cape Town and the University of the Witwatersrand by different
researchers. The range of water contents used (160-200 kg/m®) represents the typical range in practical
use. The results are shown in Figure 4.12. Although more than one variable unavoidably varied at the

same time, overall conclusions can be drawn from this analysis as presented below:
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Figure 4.12 Comparison of the predicted values of 28-day wet cured CCI with the literature. The
legend includes the Portland cement type, water content, and aggregate details. Data sources: SS:
present study; AB: (Bakera, 2018); EL: (Leo, 2022); HS: (Sohawon, 2018); MO: (Otieno, 2018),
(Otieno, 2014). The predicted values were estimated using Table 4.2. Note: Repeatability SD = 10%
(SANS 3001-C0O3-3, 2015), n = 4.

A total of 6 data sets were collected for PC concretes based on the criteria mentioned above. The CCI
results for PC concretes from these data sets generally show a strong correspondence at a given w/b

ratio. Although to a limited degree, the aggregate type and size varied in the studies used for this analysis
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as shown in the figure legend. Past studies have found no identifiable influence of aggregate type and
size, commonly in use in South Africa, on CCI results (Githachuri, 2010; Loseby, Alexander &
Beushausen, 2016). In the absence of a significant competing/cancelling effect of aggregate
characteristics, the general lack of significant differences in various data sets points to a corresponding
lack of influence of water content on the CCI results. Practically small and inconsistent effects on CCl
with large changes in water content have also been reported previously (Angelucci, 2013). Fewer data

sets could be obtained for SCM concretes for this analysis.

Model estimates were evaluated for prediction accuracy against the data collected from different
studies, through significance testing under repeatability and reproducibility conditions. Repeatability
conditions refer to tests conducted by a single operator in a single laboratory with identical materials
and setups (ASTM EL177, 2020). Reproducibility conditions refer to tests conducted on identical
materials in different laboratories by different operators (ASTM E177, 2020). While repeatability
conditions are used to assess the differences between results within a single study, reproducibility
conditions are used to compare results between different studies. Although the data are collected from
different studies, most of the data points for PC concretes (8/11, excluding data from the present study)
lie within the 95% confidence intervals for repeatability condition. This shows an excellent agreement
between the collected PC data and the predicted values and the dominant influence of the w/b ratio on
the CCI. In contrast, the agreement appears less certain in the case of SCM concretes, although only a
few data sets were available. More data, especially on fly ash and slag concretes and other cement

grades, are needed to further validate and possibly improve the predictions.
4.2.3 Effect of curing

The CCI results for the two curing methods compared in this study, namely wet and plastic curing, are
presented in Figure 4.13. Wet curing refers to continuous immersion in water until testing, whereas
plastic curing refers to plastic wrapping until the age of 7 days and thereafter open-to-air storage in the

lab until the age of testing.

A statistical analysis was performed to evaluate the significance of the observed mean differences in
the CCI of the two studied curing methods and the outcome is reported in Table 4.3. The results show
that plastic curing led to higher CCI than wet curing in most of the SCM concretes at a statistical
significance level of 5%. On the other hand, the PC concretes mostly showed statistically insignificant

increases in CCI due to plastic curing.

PC typically exhibits high rates of hydration in the first few days, which decreases substantially after
the first week as higher degrees of hydration are achieved. Therefore, only small improvements in the
penetrability can be observed by increasing the curing duration to 28 days (Ballim, 1993; Li, Otsuki &

Yuan, 2009; Surana, Pillai & Santhanam, 2017). The present results indicate the same phenomenon.
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Figure 4.13 Effect of curing method on 28-day CCI. Wet: continuously wet; Plastic: 7 days under
plastic, 21 days in air

Table 4.3 Results of the Student’s t-test for significance of the differences between mean CCI of wet
cured and plastic cured concretes

Mix | SINS Mix SINS Mix SINS
PC-0.3 | NS | FA(15%)-0.4 S BS(25%)-0.4| S
PC-0.4 S | FA(15%)-0.5 S BS(25%)-05| S
PC-05 | NS | FA(15%)-0.6 S BS(25%)-06| S
PC-0.6 | NS | FA(30%)-0.4 S BS(50%)-0.4| S
PC-0.7 S |FA(B0%)-05 | NS | BS(50%)-05| S

FA(30%)-0.6 S BS(50%)-0.6| S
BS(75%)-0.4| S

*Note: One-tailed t-test, degrees of freedom — 6, significance level — 0.05 | Significant (S): t > 1.943, Not
significant (NS): t <1.943

FA and BS concretes on the other hand were affected to a larger degree than PC concretes. This is
consistent with the literature and is generally ascribed to the slower rates of hydration typical of FA and
BS compared to PC (Thomas, 1989; Mackechnie, 1996; Streicher, 1997; Zhang et al., 1999;
Beushausen, Hohlig & Martin, 2016). The degree to which an individual mix was affected varied such
that approximately half the mixes showed a large increase, and the other half showed a relatively modest
increase. No consistent trend was observed with respect to the replacement level or the w/b ratio. The
effect of curing and binder can be quantitatively appreciated in terms of equivalent wi/c ratio in reference

to the wet cured PC concretes as shown in Table 4.4.

The effect of curing was also apparent on the porosity (CCI) and the cube compressive strength at
28 days (Figure 4.14). These results constitute additional evidence of the effect of curing on concrete
specimens used in this study. A contrast in the degrees to which curing affects near-surface properties
such as CCI (and near-surface porosity) and bulk properties such as compressive strength can also be

observed through these results.
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Table 4.4 Equivalent PC-Wet wi/b ratios based on 28-day CCI. A comparison under the same curing
method reveals the effect of binder, and a comparison between curing methods illustrates the effect of
curing on a given mix.

®

Actualw/b

Wet Plastic Wet \ Plastic \ Wet Plastic Wet Plastic Wet Plastic
0.4 040 | 045 |050| 055 |030| 055 [0.20| 0.30 | 0.20| 0.25
0.5 050 | 055 |0.50| 0.55 [0.65| 0.70 [0.30| 0.45 |0.20| 0.25
0.6 0.75| 080 [0.60| 0.80 |0.70 | 0.85 |0.40| 0.50 |0.35| 0.50

Note: Eqv. w/b ratios are estimated using the CCl-w/b relationship for PC (wet cured) concretes (Table 4.2).
The w/b ratios have been rounded off to the nearest 0.05. The cases with a difference of or over 0.1 w/b ratio are

highlighted.
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Figure 4.14 Influence of curing method on (a) 28-day porosity (measured using CCI protocol on near-
surface 30-mm discs) and (b) 28-day compressive strength (100-mm cubes).

The effect of curing was also evaluated through the surface conductivity method. To avoid the lack of

saturation interfering with a valid comparison between the two curing methods, the plastic cured

specimens were immersed in water for 48 hours before testing, based on a common practice followed
for the strength tests (BS 1881-120, 1983). The CCI and SC results for wet cured and plastic cured

specimens are compared in Figure 4.15, which gives a sense that the measured surface conductivities

were not affected by the curing method. However, it has already been demonstrated through CCI and

other results that wet curing produced a more densified pore structure. Pertaining to SC measurements,

at least three differences can be identified between the wet cured and plastic cured specimens as

described below and summarised in Figure 4.16:
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Figure 4.15 Influence of curing method on (a) CCI and (b) SC. The confidence intervals are
calculated using the 1s repeatability® value of the test method, i.e., for CCI: SD = 10%, n = 4 (SANS

3001-C0O3-3, 2015) and for SC: SD = 6%, n = 3 (AASHTO T 358, 2015).

Pore structure gradient: Drying from the surface of concrete, following the removal of plastic
wrapping at 7 days, may produce a moisture level gradient in concrete, which could in turn
produce a gradient of degree of hydration and a consequent gradient of penetrability. This
aspect is of primary interest to the study of chloride resistance of concrete.

Degree of saturation or pore relative humidity: Immersion in water is expected to progressively
eliminate the RH gradient produced by surface drying as the water-front moves deeper into
concrete.

Gradient of pore solution composition: Immersion of concrete in water will lead to leaching of
ions from the pore solution to the surrounding water, producing a gradient of pore solution
conductivity. Wet cured concretes will be more susceptible to leaching effects than plastic cured

specimens due to longer immersion durations involved.

These differences will have counteracting effects on concrete conductivity and the net conductivity will

depend on their relative proportions. The conductivity measured by the SC method will depend on the

relative proportion of these effects and the sensitivity of the surface resistivity test method to near-

surface changes in concrete conductivity. The sensitivity of the Wenner surface resistivity method to

near-surface properties can be explored through the relationship of measured resistivity with the depth

of specimens relative to the probe spacing.

° Repeatability SD is the average single-laboratory and single-operator SD of the test method.
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Figure 4.16 Schematic illustration of the expected variation of different parameters influencing
surface conductivity measurements with depth in the near-surface region under wet and plastic curing
regimes

4.2.3.1 Exploring the factors influencing the sensitivity of the SC method to curing

In the 4-probe arrangement, the current density varies inversely with the square of the distance from the
current probes and reduces to negligible levels beyond a distance equal to the probe spacing (Angst &
Elsener, 2014). Furthermore, a specimen thickness of two to four times the probe spacing is
recommended to prevent excessive errors in using the Wenner expression (Gowers & Millard, 1999;
Angst & Elsener, 2014). In view of these findings, it seems reasonable to conclude that the test region
in a (reasonably) homogeneous specimen may extend beyond what is typically deemed to be the near-
surface region. However, an air-dried specimen subjected to surface wetting cannot be considered a
homogeneous specimen due to the creation of a low resistivity layer in the near-surface region by water
absorption. In this case, concrete specimens can be viewed as composed of at least two parallel resistors:

saturated layer with low resistance and unsaturated or dry layer with high resistance.

In a parallel resistor system, the overall resistance is given by Eqg. (4.5), which implies that depending
on the relative magnitude of the two resistances, the overall resistance may depend on both or is
controlled by the lower resistance. Note that this relationship should be expressed in terms of impedance
terms instead of resistance terms; however, impedance largely represents resistance in the frequency
range used in the Wenner method. The resistance depends on the cross-sectional area of the resistor,
which in this case can be represented by the depth of the water-front and the thickness of the remaining
portion of the specimen. The effect of the depth of the water-front on the measured surface resistivity
can be understood in relation to the probe spacing using the work of (Millard & Gowers, 1992), as
shown in Figure 4.17. It is shown that when water depths are lower than the probe spacing (=50 mm),
the surface resistivity measurements would be affected by the unsaturated portion. This argument can

be extended to other causes of low surface resistivity such as poorer pore structure formation due to,
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for example, poor finishing, bleeding etc. to show limitations with regard to the sensitivity of the test
method to the near-surface properties.
L_2 + ! 4.5
R R, R, (45)
Where, R is the overall resistance of the parallel resistor system; Ri and R are resistances of the

individual resistors.

1.0

XT ‘Water sat.

x = ‘a’ (probe spacing)

Surface resistivity/Bulk resistivity

Water depth, x

Figure 4.17 Schematic variation of measured surface resistivity with the movement of the water-front
upon immersion of unsaturated concrete in water (Gowers & Millard, 1999).

The influence of the immersion period on the surface resistivity measurements of plastic cured
specimens was investigated on selected concrete mixtures. Figure 4.18 shows the variation of the water-
front into concrete and the measured surface resistivity with immersion duration. It can be observed
that surface resistivity reduces sharply in the first 24 hours and continues to decrease albeit with a
decreasing rate. Water depths varied extensively with the type of concrete, but in no case surpassed
50 mm in the immersion durations used. Hence, it is expected that the lack of saturation in the remaining
section will be variable and produce higher surface resistivity measurements over and above the
sensitivity issues. This is also observed when comparing curing methods with much more pronounced
differences, such as shown in Figure 4.19. In this figure, the SC values of the plastic cured concrete
increased by extending the immersion period from 2 days to 7 days, showing the effect of increased
saturation. However, the benefit of the increased immersion duration was so limited that the SC values
were still lower than the SC values of the corresponding continuously wet cured and thus more densified

concretes, demonstrating the pronounced effect of the lack of saturation on the SC measurements.

From the preceding discussion, it appears reasonable to deduce that the perceived lack of influence of
curing on the 28-day SC values is an indication of the involvement of other parameters, mainly the lack
of saturation and the lower (than a method such as CCI) sensitivity of the method to near-surface

changes.
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Figure 4.18 Effect of immersion duration on (a) calculated depth of water penetration, and (b) surface
resistivity of 7-day plastic cured 150-mm concrete cubes. Water depth was calculated based on mass
gain with immersion duration and concrete porosity.
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Figure 4.19 Comparison of surface conductivities of plastic cured concretes after 7 days of water
immersion with continuously wet cured concrete of the same age

4.2.4 Effect of extended environmental curing

In the previous section, the effect of curing on the 28-day results was described. The compressive
strength of 28-day wet cured concrete is generally treated as the indicator of the long-term strength of
concrete in practice. This could be justified at least for PC concretes, which tend to reach a large
proportion of their final strength in the first 28 days. More importantly, the concrete may continue to
hydrate in the interior region beyond the active curing period owing to the protection provided from
excessive drying by the near-surface concrete. Since the compressive strength is influenced more by
the interior region, the 28-day ‘wet cured’ compressive strength is a better indicator of the long-term

strength of field cured concrete than using the actual curing method itself.
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The case of durability is quite different in contrast. The long-term durability performance depends on
the quality of the near-surface region, which forms the cover zone. The cover zone may not have the
same opportunities as the interior region to hydrate from the internal moisture. Therefore, it depends on
the quality of active curing and the surrounding environmental conditions thereafter for its long-term

performance.

In this section, the effect of storage conditions beyond 28 days on the penetrability of the pore structure
is discussed. To that end, two cases were selected to represent the two ends of the spectrum of possible
availability of moisture in the exposure environment. Figure 4.20 shows the evolution of CCI with age
stored/cured under these conditions, namely, (a) continuously wet cured after demoulding, and (b)
plastic wrapping until the age of 7 days and thereafter stored in air at 21°C/50% RH. It can be observed
in the results that the CCI decreased substantially with time in wet surroundings, while it remained

relatively unaffected in dry air.

(a) Continuously immersed in water (b) Air dried after 7-d plastic wrap
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Figure 4.20 Variation of CCI with age under two different curing and storage regimes. Results of only
one w/b ratio (0.6) are presented for the sake of brevity as these are sufficiently representative of the
general trend.

The moist environmental conditions experienced by surfaces directly in contact with seawater may
alleviate some of the concerns regarding less effective curing methods, provided these do not prevent
moisture uptake by concrete in the long term. In moderate to mild conditions, even surfaces in contact
with seawater aerosol may also continue to hydrate after the active curing period. By contrast, the cover
region may not improve, or only slowly improve, without significant contact with seawater much
beyond the active curing period in relatively dry environments. Recommendations for longer curing
duration (>7 days) for fly ash concretes would produce some benefit as shown in the previous section;

however, they would be quite limited given that extended curing periods are needed for appreciable
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improvement in the penetrability of fly ash concretes. The selection of fly ash in such circumstances
should be performed in view of these limitations. Future studies should be directed to evaluate and
understand the performance of fly ash especially under exposure conditions with intermediate humidity
such as where susceptibility to steel corrosion is increased by the combination of external/internal
chlorides and carbonation.

4.25 Ageing coefficient of penetrability and its estimation

The typical practice for the structural design of concrete is to adopt the 28-day compressive strength as
the potential (final) strength of concrete as previously discussed. The same practice can be applied to
durability design and base the design on 28-day potential transport properties. However, the long-term
improvement of transport properties in conducive conditions if utilised may improve the efficiency of
material use and cost-effectiveness of the design. Service life prediction models facilitate this process
by accounting for long-term changes in transport properties. The evolution of the chloride diffusion
coefficient with time represents such a change in the case of chloride penetration in marine conditions,
which follows a power function relationship (Mangat & Molloy, 1994; Maage et al., 1996; Tang &
Nilsson, 1996). The evolution of the formation factor or penetrability with time may assist or provide
an alternative to long-term diffusion measurements. To that end, the time-development functions are
derived for continuously wet cured CCI and SC based on Eq. (4.6) using the experimental data from
this study.

t >_a (4.6)

CCI (£) = CClyy <t -
re

Where,
CCI (t): CCI at age ‘t’
CClyer: CCI at the reference age “trer’

a: ageing coefficient

The time dependence of CCl and SC are presented in Figure 4.21 and Figure 4.22. The time functions
obtained through non-linear regression analysis are presented in Table 4.5. High R? values were
obtained (>0.83) showing a good fit of the power function to the data. The data were collected up to an
age of 1.25 years. Longer periods, which were not practical for this study, however, will invariably

improve the reliability of the derived relationships for long term prediction.
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Figure 4.21 Evolution of CCI with time (log scale) (Note: different ordinate scales; PC-0.6 values
were normalised with the 28-day estimated value)
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Table 4.5 Time functions for CCl and SR

Binder w/b ratio CCl-t relationship SR-t relationship

0.3 CCI (t) =058t  [R?=0.83] SC (t) =0.12t%7  [R?=0.97]

0.4 CCI (t) = 1.8t0% [R2=1]  SC () =0.15t%  [R?=0.99]

PC 0.5 SC (t) =0.20t%%  [R?=0.98]
0.6 CCI (t) = 2.4t02 [R?=0.98] SC (t) =0.22t%%¢  [R?=0.99]

0.7 SC (t) =0.25t%  [R?=0.99]

0.4 CCI (t) = 5.8t06 [R?=0.94] SC (t) = 0.79t0%¢ [R3=1]

FA (15%) 0.5 CCI (t) = 6.1t0¢2 [R?=0.99] SC (t) = 0.77t°% [R?=1]
0.6 CCI (t) = 8.8t0% [R?=1] SC (t) = 0.95t 061 [R?=1]

0.4 SC (t) = 0.47t075 [R2=1]

FA (30%) 0.5 SC (t) = 1.8t09 [R2=1]
0.6 CCI (t) = 47t%®  [R?=0.97] SC (t) = 2.0t°° [R%=1]

0.4 SC (t) = 0.11t°®  [R2=0.93]

BS (25%) 0.5 SC (t) = 0.17t%¥  [R%=0.94]
0.6 CCI (t) =2.1t%%  [R?=0.9] SC (t) =0.18t%%®  [R?=0.96]

0.4 CCI (t) = 0.58t0%¢ [R3=1] SC (t) = 0.04t%%2  [R?=0.98]

BS (50%) 0.5 SC () =0.09t%4  [R?=0.96]
0.6 CCI (t) = 2.6t%°1  [R?=0.94] SC (t) =0.11t%4  [R?=0.98]

BS (75%) 0.4 CCI (t) = 0.41t°%3  [R?=0.96] SC (t) = 0.02t%%®  [R?=0.98]

The ageing coefficients obtained from CCI and SC results were generally found to be within 15% (the
average 95% CI of CCI and SC methods) of each other as shown in Figure 4.23. The close
correspondence in the ageing coefficients of CCI and SC indicates that the effect of changes in pore
solution conductivity with hydration did not appreciably affect the evolution of SC. This is in agreement
with the literature on pore solution conductivity, which suggests that the changes in pore solution

conductivity are small after the age of 28 days (Thomas, 2011; Vollpracht et al., 2016). However, PC

concretes were an exception to this trend and acc differed significantly from asc.

109



Keeping this exception in mind, it would be reasonable to conclude that the Wenner method can be

used as a convenient

practical

method for

determining

the ageing coefficients for

penetrability/formation factor. A significant advantage of this method is that there is no need for

additional specimens for long term measurements in addition to minimal specimen/test preparation.
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Figure 4.23 Comparison between the ageing coefficients for CCl (acci) and SC (oisc)

Based on the ageing coefficients from CCI and SR, PC concretes showed a mildly decreasing trend
with w/b (Figure 4.24). However, a consistent relationship with w/b ratio across different mix groups
was not observed. The differences between different w/b ratios in a mix group range from moderate to
small and a mean value is adopted in the absence of more extensive data. The ageing coefficient
however changed considerably with the binder type, increasing with substitution levels of fly ash and

slag (Figure 4.24). The results clearly show the dependence of SCM% on the ageing coefficient.

Higher ageing coefficients and steeper changes with respect to substitution level were observed for fly
ash compared to slag, as expected from earlier discussions. Average ageing coefficients based on SC
results were: 0.16 for plain cement, 0.64-0.81 for fly ash, 0.35-0.41 for slag. The ageing coefficients
increase in the order: Plain cement < Slag < Fly ash. The binders that hydrate faster within the first
month, achieve a higher proportion of their potential faster within this period. Further hydration and the
consequent reduction in penetrability slows down afterwards, which is reflected in the lower ageing
coefficients such as for plain cement. Fly ash in contrast hydrates slowly and takes longer to manifest
its potential, which is reflected in a higher ageing coefficient. The rate of hydration of slag blends is

intermediate and so are their ageing coefficients.

As shown earlier, the ageing coefficients vary with the SCM replacement level without a consistent

effect of the w/b ratio. A relationship therefore can be derived to estimate the ageing coefficients based
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only on the SCM replacement level without a significant loss of accuracy. Based on the data from this
study, the relationships are derived for fly ash and slag (Figure 4.25). The ageing coefficients from SC
measurements are used due to larger available dataset. Since SC ageing coefficients exhibited a lack of
agreement with the CCI ageing coefficients in case of PC concretes as discussed previously, the CClI
ageing coefficients were adopted for PC concretes to derive the relationships in Figure 4.25.
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Figure 4.24 Relationship of asc with w/b ratio (left) and SCM level (right)
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Figure 4.25 Relationship between the SC ageing coefficient and the replacement ratio (i.e., FA%/30
or BS/50%)
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The polynomial relationships obtained are presented in Table 4.6. The polynomial form, which starts
decreasing beyond a maxima, enables extrapolation of the relationships to higher replacement levels
than used in deriving them, i.e., 30% for fly ash and 50% for slag, with reasonable accuracy. The

accuracy/reliability of these relationships can be improved when more data become available.

Table 4.6 SC/CCI ageing coefficient estimation based on polynomial interpolation

FA% FA%\?

Fly ash = 0. ) ( >_ ) ( )
y @ =026+091(— 033 (5

BS% BS%\?

Sla - ) ' ( >_ ' ( )
g @ =026+0.32(—; 019 (—5

4.3 Bulk diffusion results
4.3.1 Chloride profile results: general considerations and observations

The chloride profile results were collected from bulk diffusion experiments typically for the exposure
duration of 180 days. Three individual specimens were tested for each concrete sample. Illustrative
chloride profiles obtained in this study are shown in Figure 4.26. The chloride concentration is presented

as percentage by mass of concrete and the depth represents the mean depth of the slice from the exposed

surface.
10 1 PC, w/b-0.4 1.0 4 FA (30%), w/b-0.4
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Figure 4.26 Illustrative chloride profiles for PC (left) and FA (30%) (right) concretes. Each graph
includes the chloride profiles of 3 individual specimens (labelled: 1, 2, 3), the points excluded from
the regression analysis (represented by unfilled markers), and the average curve for all 3 specimens

(labelled: Avg. fit).

The shape of the chloride profile in the first few millimetres (generally 2-3 mm, but <5 mm) varied to

some extent depending on the concrete mix. The classic peaking phenomenon (De Weerdt et al., 2016)
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was consistently and prominently observed in FA (30%) and BS (50%) concretes regardless of w/b ratio
and curing regime. On the other hand, PC concretes rarely showed such a peaking phenomenon and the
first point on the chloride profile generally did not deviate much from the remainder of the profile (see
Figure 4.26). The concretes with other SCM replacement levels showed inconsistent occurrence of this
phenomenon. A consistent and clear dependence of the binder type, w/b ratio, or curing regime on this

phenomenon could not be established from the results of this study.

For the purpose of curve fitting, the first point was always excluded from the analysis regardless of its
deviation from the rest of the profile considering that this portion of the concrete was influenced by the
interface effects between concrete and the chloride solution as opposed to the rest of the profile. The
only exception to this rule was BS (75%) because of the lack of sufficient data points in the steep portion
of the profile. Some subsequent points may also have been affected, but presumably, to a lesser extent
from such effects. This is however difficult to ascertain without additional data. It should be noted that
the first 5 mm of the specimen was truncated before chloride exposure so a gradient of concrete
microstructure due to the wall effect is unlikely. Hence, the interface effect of importance or
consequence would be the leaching of ionic species given the specimens were exposed to fully
submerged conditions. This was practically observed in plain cement specimens in the form of leachate
‘clusters’ on their exposed surfaces. This however was only characteristic of plain cement concretes,
perhaps due to the high alkalinity of the hydrated cement. Other binders showed white precipitates at
the bottom of the exposure container.

Other points in the chloride profile were excluded with discretion only if they clearly appeared to
deviate from the rest of the profile. This was performed in less than 10% of cases. The scatter in the
data of individual chloride profiles and among the individual profiles of a sample was found to be
minimal as evidenced by the high R? values of the fitted curves. The R? values generally remained
above 0.9 with most specimens showing R? values of 0.98 or more. The only exception to this was PC,
w/b-0.7 in which case R? of 0.76 and 0.88 were obtained. The high w/b ratio of 0.7 results in an open
pore structure, which increases the rate and depth of leaching. The leaching profiles affect the binding
ability of concrete with respect to depth, which may have caused deviations from the typical profile
shapes (Machner et al., 2022).

To obtain the average chloride profile for a sample, a regression analysis was conducted on the
combined data of the entire sample, i.e., 3 specimens. This is termed as the overall fit. However, the
mean and variance of Cs and D, obtained from individual specimens were also obtained. The mean
values and the values obtained by overall fitting are compared in Figure 4.27. These values are
practically identical. Where it was not possible to fit curves to individual profiles due to a lack of
sufficient data points such as in the case of some slag concretes (BS (75)), only overall fit values are
available. For the sake of consistency, all the analysis presented uses the overall values. The average

and variance from the individual specimens are used to calculate the confidence intervals/ error bars for
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each case. In addition to the apparent surface chloride content (Cs) and apparent diffusion coefficient

(Ds), the depth of chloride penetration was also determined from the fitted chloride profiles as the depth
at which the external chloride content became zero (i.e., Cl content reaches the internal Cl levels) as

shown in Figure 4.28.
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Figure 4.27 An illustration of the close correspondence between the mean C; (left) and D, (right)
values of the individual chloride profiles of the specimens and the overall values obtained by
regression analysis on the entire sample. Although the values shown here are from 28-day wet cured
specimens, similar results were achieved from plastic cured specimens as well.
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Figure 4.28 Estimation of the total chloride depth: (left) Illustration of the CI depth calculation
method using the internal CI content as the reference Cl concentration and (right) Comparison of the
estimated Cl depth (normalised with the corresponding PC Cl depth) using different references:
internal Cl content versus a uniform Cl threshold content = 0.05%, on selected concrete mixtures

Cs and D, are vital parameters for prediction but require careful interpretation. The chloride penetration

depth provides a simple and direct means of comparing the resistance of concretes to chloride

penetration regardless of whether free or total chlorides were measured. It encompasses the effects of

C; and D.. In this study, the unit of chloride content was chosen as the % by mass of concrete rather

than % by mass of binder, as mentioned earlier. The objective of this investigation is to study the
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penetrability of concrete to chloride diffusion, which cannot be readily done using the latter unit as it
skews the unit scale depending on the concrete mix proportions used, rendering a fair comparison of
concretes with different mix proportions (for example, different w/b ratios) for penetrability difficult.
The unit % by mass of binder requires the use of chloride threshold values, taken in the same unit, to
enable meaningful comparisons of different concretes in terms of ‘corrosion initiation time’. However,
given that the chloride concentration of the exposure solution used in this study was significantly higher
than the average concentration of seawater, such an analysis is susceptible to misinterpretation, for
instance, if attempts are made to translate the resulting quantitative observations (of time-to-corrosion-
initiation) to the actual field conditions. Therefore, to enable fair comparisons of the chloride
penetrability of concrete, the % by mass of concrete unit is used and the entire depth of penetration
estimated from the fitted curve is used to calculate the Cl depth. Since the purpose of this analysis is
not to compare the corrosion initiation time, any Cl concentration can be used from the main body of
the CI profile as the reference. As shown in Figure 4.28, the comparisons based on Cl depth do not
appear to depend on the chosen reference. Analyses along the same lines have been adopted elsewhere
(Wilson, Georget & Scrivener, 2024).

4.3.2 Effect of binder and w/b ratio

The bulk diffusion results are summarised in relation to the SCM levels in the binder in Figure 4.29 and
in relation to the w/b ratio in Figure 4.30. It must be noted that the results from bulk diffusion/ non-
steady state diffusion experiments are averaged values of the measured parameters in time as opposed
to the strength or penetrability values that are instantaneous parameters (Mangat & Molloy, 1994;
Nilsson, 2006).

The results after 180 days of exposure showed that fly ash (FA) and slag (BS) reduced the chloride (Cl)
depth and hence improved the resistance of concrete to chloride diffusion, as observed in the literature
(Thomas & Bamforth, 1999; Thomas & Matthews, 2004; Thomas et al., 2008; Heiyantuduwa-
Beushausen, 2022). The increase in the replacement with these SCMs had the effect of reducing the ClI
depths, however with decreasing effectiveness with an increase in replacement levels. The apparent
decrease in the effectiveness of increasing SCM additions produced an optimum replacement level with
the lowest Cl depth, see for example the case of BS (w/b-0.4). The decrease in effectiveness with
increasing replacement level is consistent with the long-term penetrability (CCI) results and is generally
explained by the decline in the pH of the pore solution due to dilution of PC, which decreases the rate

of hydration by reducing the rate of binder dissolution (Lothenbach, Scrivener & Hooton, 2011).
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Figure 4.29 Variation of CI bulk diffusion parameters according to FA (left) and BS levels (right)
after a chloride exposure of 180 days: (i) depth of chloride penetration, (ii) apparent diffusion
coefficient (D,) [caution: log scale], (iii) surface chloride concentration (Cs) [Cautionary note: the
scales on the SCM% axis for fly ash and slag are different]
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Figure 4.30 Variation of bulk diffusion parameters with w/b ratio: (i) depth of chloride penetration,
(ii) Da, and (iii) Cs

Similarly, the 180-day D. also reduced with FA and BS levels. Although generally, the 180-day Da
remained in the order of 10> m/s?, a change of up to 1 order of magnitude was observed with high
levels of BS. The degree of improvement in D, and chloride depth over PC concretes in FA and BS

concretes is presented in Figure 4.31. In this figure, it can be seen that the CI depth consistently follows
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the variation of Da.. Also interesting to note is that the effectiveness of SCMs improves with increasing
wi/b ratio (Figure 4.31). In contrast, the same was not observed for the 28-day CCI results (Figure 4.3).
This suggests that the pronounced effect of SCM addition at a higher w/b ratio on CI depths is a result
of larger subsequent reductions in penetrability, of SCM concretes compared to PC concretes, over the
6-month period in the presence of the NaCl solution. It must be remembered that the ageing behaviour
was found to be independent of the w/b ratio in this study (Section 4.2.5). Even though the CCI of SCM
concretes at the w/b ratio of, for example, 0.6 was similar to or higher than the CCI of PC concrete at
the w/b ratio of 0.4, the higher ageing coefficients of SCM concretes reduced the penetrability to below
that of the PC concrete at w/b-0.4. Since the ageing coefficients are dependent on the binder type rather
than the wi/b ratio, the SCM concrete undergoes the same rate of reduction for both a low and a high
wi/b ratio. This refutes another plausible explanation of this observation that concretes at low wi/b ratios
are already so dense that they require less assistance from SCMs, at least in the context of chloride
penetration. The practical significance of this observation is that introducing SCMs or increasing the
replacement levels will be more effective than reducing the w/b ratio, provided conducive conditions
for long-term improvements are present as discussed in Section 4.2.4.

10 T === m e
180-day Cl exposure | @180 d-Da Cl depth | Ref. (PC) =1

0.8 & 28 wet cured

Relative D, / Relative Cl depth (/PC)
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Mix details: w/b and binder

Figure 4.31 Relative D, and relative ClI depth with respect to plain cement concretes at corresponding
wi/b ratios

The 180-day C; results (Figure 4.29) showed practically no influence of FA, which is likely to change
with longer exposure durations. In the case of BS blends, on the other hand, the Cs increased but reached
a maximum around the BS level of 50%. The diffusion results were generally characterised by high
variability. The effect of SCMs appears larger on D, than Cs given the larger effect size (mean
difference/standard deviation) observed for the former. The high variability in the diffusion results can
be attributed to the large sensitivity of the non-linear curve to small deviation in chloride content in the

near-surface region as shown through a typical case in Figure 4.32. It can be observed that the chloride
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profiles were more or less identical except for the small difference in the near-surface points, which led

to quite different fitted curves.

A dependence of the diffusion parameters on the w/b ratio can be observed in the results, in agreement
with the literature (Nilsson, Sandberg & Sgrensen, 1996; Bamforth, Price & Emerson, 1997). The CI
depth and D, increase with an increase in the w/b ratio, while the Cs decreases. The effect of the w/b
ratio on Cl depth and D, can be explained through the influence of the w/b ratio on the penetrability.
The influence of the w/b ratio on Cs is more complex. While the porosity increases due to an increase
in the w/b ratio, which increases the amount of free Cl ions, the decrease in binder content decreases
the amount of bound Cl ions. In addition, the effect of the w/b ratio on the convection depth could also
influence the measurement of C; values through its influence on the extrapolation of the fitted curve to

the surface.
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Figure 4.32 Illustration of the possible cause of high variability in the diffusion results

4.3.3 Effect of curing

The effect of curing on chloride diffusion parameters is demonstrated in Figure 4.33. The plastic and
wet cured concretes almost invariably resulted in practically the same diffusion parameters. This is
despite the differences in the penetrability of concretes due to curing (Section 4.2.3) at the start of
exposure. A similar lack of influence of curing on chloride penetration was also observed previously
(Mackechnie, 1996; Thomas & Matthews, 2004). It is possible that plastic cured concretes may have
lower pore saturation levels than wet cured concrete despite immersion in lime water for 48 hours prior
to the start of Cl exposure as seen in the surface conductivity specimens as well. The internal relative
humidity has been shown to reduce the diffusion coefficient in previous studies (Saetta, Scotta &
Vitaliani, 1993; Zhang, Zhang & Ye, 2018).
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Figure 4.33 Effect of curing on chloride diffusion parameters [Note: 95% CI based on average variance,

n=3]

Hence, an investigation was conducted to evaluate the net effect of the drying portion of the plastic

curing regime on the diffusion results. The drying regime was simulated for the 28-day wet cured
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specimens so that continuously wet cured specimens could be compared with the wet cured and dried
(for 21 days as the plastic cured specimens) to isolate the effect of the drying regime. The results are
shown in Figure 4.33 (ii) and compared with the results for wet curing shown in Figure 4.33 (i).

The comparison showed no influence of the drying regime on chloride diffusion. Although the
simulation was performed on wet cured specimens, which could have led to somewhat different internal
RH states than plastic cured specimens, the comparison is acceptable on a practical level. This means
that the effect of drying on the rate of diffusion was either not a major factor or was counteracted by
other factors. The likely cause seems to be the improvement in the pore structure of plastic cured

concretes due to continued hydration under the presence of moisture from the chloride solution.
4.3.4 Prolonged Chloride exposure

A limited number of concrete mixtures were subjected to longer chloride exposure for over 2 years and
the chloride profile results are compared in Figure 4.34. The development of Cs and D, with time is

presented in Figure 4.35.

2 2 2 1
PC-0.4 FA (30%)-0.4 BS (50%)-0.4

— Curing: 28 days wet — Curing: 28 days wet — Curing: 28 days wet
@15 S15 @15 -
2 o o
(&) (&) (&)
c = 180 days c
8_ 1 9{ 1 - - - - 365days 8_ 1
e\i e\o/ ......... 760 days E\O/
505 505 005

0+ r r Y r i 04 r _ """" . r . 0 — r r v

0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Depth (mm) Depth (mm) Depth (mm)
(a) (b) (©
Figure 4.34 Chloride profile development of selected wet cured concretes with extended duration of
exposure

The results showed that the D, decreased with exposure time continuously even under a concentrated
Cl solution, in agreement with the literature (Stanish & Thomas, 2003). The rate of reduction, inferred
from the ageing coefficients of the D.-t relationships shown in Figure 4.35, depended on the binder
type. The fly ash concrete improved significantly during this period and if continuing at the same rate,

may surpass the slag concrete.

The C; generally increased over time, with a diminishing rate, in the immersed conditions, which has
been interpreted as indicating increased chloride binding with time by some researchers (Tang &
Nilsson, 2000). However, the interpretation of these data is complicated by the time-development of
the convection zone characteristics and the need for very fine depth increments to capture the position
of the peak. This is especially the case with the BS concretes, which due to their higher chloride

resistance, exhibit very steep chloride profiles and are thus more sensitive to experimental error. This
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may have partly caused the anomalous variation observed in the Cs and D, values of the BS concrete,
which could also have influenced the measured ageing coefficient in this case. The possible causes for
the observed long-term behaviour of the diffusion parameters are discussed in the next section. It must
be acknowledged that the time scale used in this study is restricted for practical purposes and longer
exposure durations of the order of decades are needed to more reliably study these phenomena.
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Figure 4.35 Variation of Cs and D, with time for wet cured concretes

4.4 Correlation between penetrability (CCI) and diffusivity (Da)

The relationship between the apparent diffusion coefficient and chloride penetrability was investigated
by assessing the correlation between 180-day D, and 28-day CCI as shown in Figure 4.36. Data from
all three curing regimes used in bulk diffusion experiments were used. Since CCI testing was not done
for the wet-dry regime, the 28-day wet cured CCI was adopted for this dataset. It is not expected that
the CCI would have changed in any major way in the drying period of 21 days following 28 days of
wet curing. This could be supported by the lack of significant changes in CCI over time in the drying
regime of plastic curing. The correlations were found to be binder-group-specific. Within the respective

binder groups, the correlations could be expressed through linear regression curves.

The strength of the correlations varied considerably between binder groups from strong (R?>0.8) to
weak (R?=0.47). This can partially be ascribed to the differences in the effect of curing on CCI and Da
between different binder groups. The correlations differed in some cases with the curing method, but
the differences were quite inconsistent. Therefore, a distinction between different curing regimes
seemed unnecessary in deriving the correlations at this stage given the mostly small and inconsistent
effect observed. The other part of the problem of weak correlations is expected to be resolved to some

extent by expanding the database through further studies.
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Figure 4.36 Relationship between the 180-day D, and 28-day CCI. Part (i) presents all the data
together, whereas parts (ii)-(vi) present data specific to a binder group. The error bars represent 95%
confidence intervals [Da (n = 3), CCI (n = 4)].

The linear relationships obtained through regression analysis exhibited an intercept on the y-axis.

Although the intercept in these relationships seemed mostly of the positive kind, closer inspection of
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the relationships for different curing methods reveals that both negative and positive intercepts are
observed without any apparent preference for binder type or curing method. Hence, the occurrence of
an intercept may likely be due to random errors rather than one with a physical meaning. What is
therefore important to observe is the slope of these curves, which depends strongly on the binder group
and is the characteristic feature of these correlations. The dependence of these correlations on the binder
group could be possibly ascribed to the binder-specific differences in the time-dependence of the
inherent diffusivity and the binding ability inherent in D,. It is important to note that the correlations
discussed so far have been investigated on a time-averaged value (Da) and an instantaneous value (CClI
at 28 days). Therefore, these correlations include the effect of time dependence of the diffusion
coefficient along with other effects. To evaluate the effect of these influences, a time-averaged value of

CClisalso derived and correlations between the two time-averaged parameters are explored as follows.

Similar to the apparent diffusion coefficient, the equivalent CCI can be defined as the CCI averaged
over the time period between the start and end of the chloride exposure period and computed by
integrating Eq. (4.6) with respect to time (Eq. (4.7) and (4.8)). Similar treatment has been previously
reported (Liu, Presuel-Moreno & Paredes, 2015). The ageing coefficient (a) adopted is that which was

derived from the continued curing regime and summarised in Table 4.6.

28+tex t\ ¢
[Eorter g (5) dt

28+lexp
Jay e

CClogy = (4.7)

Where,
CClyg is the instantaneous CCI at the age of 28 days

CCleqy is the average CCI over the time period that D, is measured, i.e., it describes the average

penetrability of concrete during this period.
texp IS the exposure duration.

(28 + torp) ™ — 28177

4.8
(1—a) 287% toyy 9

CClogy = CClyg -

The relationship between the two time-averaged penetrability parameters, the apparent diffusion
coefficient and the equivalent CClI, for different binder groups is evaluated in Figure 4.37 (a). Results
for other exposure periods also follow the same correlation (Figure 4.37 (b)) validating, at least in part,
the occurrence of a single predominant correlation. It should be noted that the ageing coefficients used
to derive the equivalent CCI do not include the long-term effects of binding as these were derived from
concrete stored in plain water and measured via conductivity testing (contact with chlorides was short,
only during conditioning and testing). Hence, the occurrence of one major correlation suggests that the

differences in the D, between different binder materials used in this study mainly emanate from the
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differences in the rate of development of their physical pore structure or penetrability instead of

differences in the binding abilities of these binders.

25 -
Wet cured 1 Wet cured .
20 ° ° e
— Fitted through origin y=140x 9~
(L V2 — ’
& y =14.0x 4 w10 A e
Eis 4 T -~
S A & B
= o §
\é 10 - yid 5/ ’4' o
S ‘ @PC <5 ~
o i OFA (15%) O oS © o 180d
5 . L0 BFA (30%) o P ® 365d
S e LS
) ] @B 0 ccaaa. =
f} X BS (75%) ; .‘9 Linear (180 d)
0 +— T T T ] T \
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0
CClyg, (mS/cm) CClgg, (MS/cm)
@ (b)

Figure 4.37 (a) Correlation between the 180-day D, and the time-integrated equivalent CCl and (b)
validation with 365-day and 760-day exposure data

Note: Data at tex = 365 / 760 days belong to PC-0.4, FA (30%)-0.4, BS (50%)-0.4.

This is a significant finding as it refutes the emphasis often placed on chloride binding as the main
differentiating characteristic of the chloride resistant binders and instead shows that pore structure
penetrability plays a dominant role in determining the chloride penetration resistance. Some previous
studies had come to a similar conclusion in the recent past (Loser et al., 2010; Wilson, Georget &
Scrivener, 2024) . A mathematically more rigorous analysis presented in this study provides a stronger

case in support of this conclusion.

The apparent lack of net differences in the binding abilities or their effect on the D, implies that the
ageing coefficients for D, may be calculated from the ageing coefficients of formation
factor/conductivity testing, reducing the need for tedious bulk diffusion testing. This finding shows that

pore structure penetrability plays a dominant role in determining the chloride penetration resistance.
4.5 Correlations of SC with CCI and Da

The relationship between CCI and SC is investigated in Figure 4.38 at 28 days and 90 days of curing.
SC results were found to group into different bands in relation to CCI. These bands appear to be related

to the binder group, as can be observed in the 90-day results.

Notably, different SC values can occur for the same CCI depending on the pore solution conductivity,

which demonstrates how unaccounted pore solution conductivity may complicate the interpretation of
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penetrability in the electrical methods. Similarly, the relationships between D, and SC for different

binder groups are found to lie in binder-specific bands as shown in Figure 4.39.

An overall linear relationship may be derived by disregarding the deviating PC values. However, the
sensitivity of the prediction of D, value would be diminished. For example, a given change in the SC

value in PC or BS concretes, say, due to w/b ratio change, will produce a lower estimated change than

it would be in reality. Nonetheless, binder-specific correlations as obtained in Figure 4.39 (b) can be

used to derive empirical models.
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4.6 Conclusions

The main conclusions drawn from the preceding discussion of the experimental observations are as

follows:

1. The surface conductivity values include the effect of pore solution conductivity, among other
things. In consequence, a comparison of surface conductivity values to select a durable concrete
mix may lead to inaccurate judgements. For instance, fly ash concretes in this study showed
opposite trends for chloride conductivity and surface conductivity relative to Portland cement
concretes, illustrating the influence of pore solution conductivity. Hence, either pore solution
conductivity should be accounted for explicitly or a direct formation factor test such as chloride
conductivity be adopted to evaluate the resistance of concrete to chloride penetration.

2. Despite these limitations, the Wenner resistivity method offers a reasonably good and quick
alternative to evaluate the time dependence of penetrability. It may also function as an internal
quality control alternative through a case-specific relationship with CCI.

3. A simple empirical model is proposed to estimate the chloride conductivity index based on
Archie’s law. The model has been validated using past data from the literature and is found to
predict well for PC concrete. More data on slag and fly ash concretes are needed for proper
validation.

4. The relationship between the apparent diffusion coefficient and CCI for different binder types
seems to vary mainly due to the differing rates of microstructure development in different
binders. Contrary to the present understanding, this indicates minimal differences in the binding
ability of different binders. It demonstrates the determining influence of the penetrability of the
pore structure on chloride resistance. Further investigations are however needed to investigate

this finding further.
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Chapter 5 SERVICE LIFE PREDICTION MODEL

5.1 Introduction

A service life prediction model is proposed in this chapter making use of the experimental results from
this study and field data from previous studies conducted in South Africa. The service life in the context
of this study is defined as the time to reach the chloride threshold value at the level of reinforcing steel.
The chapter begins with laying out the modelling framework adopted. The individual model parameters
are developed thereafter. The chapter concludes with a summary of the final model, its key features,

and its application in design.
5.2 Model framework for service life prediction (time-to-corrosion-initiation)

A model framework is proposed in this study based on the typical multi-factor approach used in
scientific modelling and followed by the DuraCrete framework (Lindvall, 2003; fib bulletin 34, 2006).
The DuraCrete approach is favoured for its conceptual and computational simplicity in addressing the
material and environmental effects on the rate of chloride penetration. The salient features of the

proposed model framework are summarised as follows.
1. Error function solution (ERFC equation)

The error function solution (ERFC) to the non-steady state diffusion process is used to model chloride
transport in marine conditions according to Eq. (5.1). Diffusion is assumed to be the predominant
transport mechanism; however, convective transport can also be accommodated implicitly in the ERFC
solution. In the present model, the explicit rescaling of the chloride profile to remove the convection
zone as proposed in the fib model (fib bulletin 34, 2006; Andrade, Climent & de Vera, 2015) has not

been adopted for simplicity and to reduce the variables needed for modelling.

Cy = Cs (5.1)

e L /(Da. texp)‘

Where, ‘Cx’is the chloride content at a depth ‘x’; ‘Cs’ is the surface chloride content; ‘Da’ is the apparent

diffusion coefficient; and ‘tex’ is the exposure time.

The chloride binding is assumed to occur: (i) instantaneously and (ii) follow a linear binding isotherm
(Tutti, 1982). In the absence of these assumptions, a numerical solution will be necessitated (Nilsson,
Massat & Tang, 1994), which is avoided to enable practical ease for model use. Moreover, a linear
binding isotherm has been observed in some field and field-simulations studies, where the hydroxyl ion
leaching can change the pH and consequently influence the binding behaviour (Sandberg, 1999;
Mohammed & Hamada, 2003; Wang et al., 2020). The linear approximation also allows the use of total

chloride profiles for non-steady-state diffusion measurements.
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2. Apparent diffusion coefficient (Da)

The apparent diffusion coefficient (Dz) is modelled as a function of the short-term formation factor of
concrete determined in controlled conditions, which is converted through various (transfer) parameters
according to Eq. (5.2) to represent long-term field conditions. The formation factor approach provides
a theoretically sound and practically convenient means of deriving the apparent diffusion coefficient
from conductivity measurements. It enables the use of the Nernst-Einstein equation by accounting for
the inevitable involvement of additional ionic species present in the concrete pore solution during
concrete conductivity measurements. The use of conductivity instead of diffusivity also reduces the
testing time and cost, making it more practical for quality assessment and control testing. In the present

study, the chloride conductivity index (CCI) has been opted as a direct measure of the formation factor

(ccly < %) (Mackechnie, 1996; Streicher, 1997), obtained according to the Chloride Conductivity test

(SANS 3001-C0O3-3, 2015). Although the formation factor can be calculated by explicitly accounting
for the pore solution conductivity contribution, the chloride conductivity test provides a practical
protocol for directly measuring an index representing the formation factor characteristic of concrete.

Note that the inverse of the formation factor is termed in this study as the ‘chloride penetrability’ or in

short ‘penetrability’.

1
Da=ke'kc'kt'F_F0'f(t) (52)

Where,

‘FF¢’ is the formation factor measured typically on the 28-day standard wet cured specimens used for

quality control. The present study adopts CCI as an index of the formation factor inverse.

‘k¢’ is the test method parameter: it connects the penetrability measure (CCl) to the lab-based diffusion

coefficient of the standard lab-cured concrete.

ke’ is the curing parameter: it corrects for the differences in the effectiveness of field and lab (standard

wet) curing methods on short-term diffusivity.

‘ke’ is the environmental parameter: it modifies the lab-based diffusivity in accordance with the field
exposure conditions and accounts for the effect of environmental influences, such as temperature,

relative humidity, salinity, etc.
f(t) is the time-development parameter/function: it accounts for the development of D, with time.
‘t’ is the age at testing.

‘to” is the reference age, which is typically adopted as 28 days to align it with quality control practices.

Note, t = to + texp, Where tois the age at the start of exposure and tey, is the exposure duration.

3. Surface chloride concentration (Cs)
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The surface chloride concentration (Cs) is the chloride concentration obtained by extrapolating the fitted
chloride profile back to the exposure surface. It sets the boundary condition for the chloride ingress
model. It should ideally be expressed as a time function to account for its variation with time. However,
as discussed in Section 5.6, this is not possible at this stage in the present study due to a lack of long-
term field data. Hence, only expressions presenting the ultimate Cs value will be included in this study.
These will enable the calculation of the time-to-corrosion-initiation or corrosion-free life but is likely

to over-estimate the chloride profiles for short to medium lengths of exposure.
4. Critical chloride threshold concentration (Ceit)

The critical chloride threshold concentration depends on various factors related to material properties
and exposure conditions. However, large variability has been observed in the reported values across the
literature (Angst et al., 2009). A differentiated approach accounting for the variation of materials and
exposure conditions is not preferred at this stage given the extent of uncertainty underlying their
relevance to field conditions. The classic conservative approach is adopted. The critical chloride
concentration (Ceit) for predicting corrosion initiation is assumed to be 0.05% (by mass of concrete) as
a conservative estimate of the typically used value of 0.4% (by mass of binder) following Life-365
(Life-365 v2.2.3, 2020).

The proposed framework differs from the fib’s DuraCrete-based framework (fib bulletin 34, 2006) in
the following ways:

1. The proposed framework uses the formation factor approach to characterise the concrete diffusivity
instead of the rapid chloride migration coefficient.

2. A combined-effect empirical coefficient is proposed to account for environmental influences on
the apparent diffusivity instead of temperature-related corrections according to the Arrhenius law
as proposed by the fib model.

3. The extrapolated C; is used in the proposed model instead of the peak region chloride content.
Furthermore, long-term field values are adopted, which includes all the exposure zones, instead of

relying on chloride-binding isotherms for saturated conditions.

These modifications are intended to simplify the modelling framework, reduce the input parameters,

and improve its field relevance.
5.3 Environment parameter (ke): Influence of marine environment on D4

The environmental exposure conditions differ geographically as well as with respect to the position
(distance and height) of the site from the ocean. These external influences can be divided into: relative
humidity, temperature, salinity, and position-related parameters such as wind speed and direction, tidal
height, topography of the landscape, etc. These factors affect the boundary conditions for chloride

transport, but these may also affect the D.. The relative humidity of the environment and the wetting-
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drying cycles affect the internal relative humidity of the concrete in the tidal, splash and air-borne zones.
It has been shown that the diffusion coefficient decreases considerably with the decrease in the internal
RH (Saetta, Scotta & Vitaliani, 1993). This means that the D, measured/calculated for submerged
conditions would require a modification to translate it to the other zones. Similarly, the difference in
the reference and exposure temperature would require a modification, which is typically done using the
Arrhenius equation (Nilsson, Sandberg & Sgrensen, 1996; Bamforth, Price & Emerson, 1997). The
effect of salinity on D, appears less clear from the literature (Lindvall, 2007; Marchand & Samson,
2009).

5.3.1 Modification for salinity differences between the NaCl solution (lab) and seawater (field)

In the present study, the D, values were measured in the lab following ASTM C1556 (ASTM C1556,
2016), which specifies the use of a 16.5% NaCl solution. These D, values are used to obtain a lab-based
correlation between CCI and D.. The salinity used in the bulk diffusion tests is significantly different
from the average seawater NaCl concentration of 2.8%. Due to contradicting factors that determine the
role of chloride concentration on D, and a lack of sufficient quantitative research available on this
aspect, the influence of this difference in salinity on D is not clear. A factor of 1.0 is thus assumed until
better correlations are found.

5.3.2 Modification for differences in the environmental conditions between the lab and the field

The combined or net influence of the environmental influences on D is addressed in the model through
a multiplicative correction parameter, ke. It must be pointed out that ke may not completely address the
influence of field conditions on its own and the ageing coefficient may also be affected by field
conditions. Because the modelling approach adopted in this study uses Da. (which combines multiple
influences) instead of D; for practical purposes, it is often difficult to express individual influences as
mutually independent multiplicative parameters. Thus, a more comprehensive analysis of the influence

of exposure conditions on ‘Da” and ‘m’ is included in this chapter.

Generally, the environmental parameter, when defined explicitly, is expressed as a function of the
individual influencing environmental actions based on mechanistic descriptions or established physical
relations (Tang & Nilsson, 1996; Lindvall, 2003; fib bulletin 34, 2006; Life-365 v2.2.3, 2020).
However, this type of approach requires handling the complex interplay of the environment-material
interactions and may be computationally more challenging, which makes it less attractive for practical
use. In this study, a more simplified empirical approach is proposed to derive k.. The k. is defined herein
as the ratio of the apparent diffusion coefficients measured in the field to those measured in the lab for
a given concrete and exposure duration (Eq. (5.3). To account for the variation of this ratio with time,
ke is calculated at a relatively early age (example, 2.5y) and at a later age (example, 25 y). The two
values are then averaged to obtain an average ke value for the model. Ideally, the environmental effects

should be traced from the short to the long term using real field data. However, long-term field data is
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not always available and thus the long-term value can be obtained by extrapolation, which requires the
time-development data for the given exposure conditions. In the absence of time-development data for
D, the ratio based on a single exposure duration can also be used as an initial practical approximation.
This could also be accomplished through linear regression if sufficient data points are available.

Dy fieta

kemeas = Dotan (5.3)
ala

Where, Kemeas IS the ke determined through the measured D, data, Dajield refers to Da measured on field-

exposed concrete, and D refers to D, measured on lab-exposed concrete.

For the present model, the data from a previous study (Heiyantuduwa-Beushausen, 2022) were used to
derive the k. values. In this past study, concrete specimens of various compositions were exposed to
different exposure zones in two climatically different exposure sites in South Africa. The field exposure
programme spanning 3.5 years included four exposure zones: submerged, upper tidal, splash/spray, and
air-borne at two exposure sites representing two different classes of marine environments on the western
and eastern coastlines of South Africa. The principal difference between the western coastline (Cape
Town) and the eastern coastline (Durban) is the higher average temperature prevalent in the latter
(details about the South African marine environments are included in Section 2.3.5). Parallel exposure
was also conducted in the lab through immersion experiments with 2.8% NaCl solution to simulate the
prevalent seawater Cl content. Since the lab- and field-exposed specimens differed mainly in the
environmental exposure conditions, a comparison between the same can yield ke values for the South

African sites used in the study.

The ke values based on the extrapolated 25-year exposure for various concrete mixtures and exposure
zones are presented in Figure 5.1 for the Cape Town site and in Figure 5.2 for the Durban site. From
these figures, it is clear that the k. values vary substantially between concrete mixtures within a given
exposure zone on a particular site. A similar variation was observed when the exposure duration of
2.5 years was selected (but not presented here for brevity). Hence, the variation observed is regardless

of the exposure duration chosen.

A comparative analysis of these observations using the more mechanistic modelling approaches from
the literature could provide useful explanatory information on the environmental influences. Lindvall
guantified individual modification parameters for moisture and temperature to arrive at the overall
environmental transfer parameter as in Eq. (5.4) (Lindvall, 2003). The RH parameter was quantified
based on a D-RH model and RH profile data from Swedish field specimens as 1.0 (submerged
conditions), 0.9 (tidal), 0.4 (splash), and 0.4 (air-borne). These deterministic values selected in the study
were near the higher end of the widely variable distribution of values. These values show that the

diffusion coefficient is expected to reduce in unsaturated exposure conditions due to the expected
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reduction in the internal RH of concrete in such conditions. The temperature parameter can be defined
following Life-365 for the reference temperature of 23°C as in Eq. (5.5) (Life-365 v2.2.3, 2020).

1 Cape Town
2.2 1 Exposure: 25 years

5 1.6 1 ® Submerged
o

T 14 4 BTidal

=

8’ 1.2 - H E OSplash
(1): _-EUU IEI ] .Euu O Air-borne

PC-0.4 PC-0.6 FA-0.4 FA-0.6
Concrete mix

Figure 5.1 k. for individual mixes for the Cape Town site (Granger Bay). 25-year D, values were
obtained by extrapolation of time functions determined in a 3.5-year long exposure study
(Heiyantuduwa-Beushausen, 2022).

2.4
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2.2 1 Exposure: 25 years Submerged
2.0 1 —
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08 o _A|‘__ ——_ = — — e — e — e __ Spl_avg
0.6

PC-04 PC-06 FA04 FA-06 BS-04 BS06 — — ~Airavg

Concrete mix

Figure 5.2 k. for individual mixes for the Durban site (Durban Port). 25-year D, values were obtained
by extrapolation of time functions determined in a 3.5-year long exposure study (Heiyantuduwa-
Beushausen, 2022). The average values shown represent averaging over all the studied concrete

mixtures.

ke =kpy X kp (5.4)

Where, krn is the RH correction parameter and kr is the temperature correction parameter.
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1 1
kT = 3[4210(5_273+T)] (5.5)
Where, k7 is the temperature correction parameter and T is the temperature in °C.

The average annual seawater temperatures at Cape Town and Durban sites are 16°C and 23°C (Climate-
data.org, 2024). The average values of ky for Cape Town and Durban sites would be 0.7 and 1.0,
respectively, assuming that the discrepancy arising due to temperature differences between concrete
and the environment would be minimal and ignoring temperature cycling. It must be emphasised that
seawater/air temperature varies widely both temporally and spatially, but average values are considered
sufficient for a simplified analysis. The average salinities on the two sites are close to 2.8% (NaCl) and
the variation of salinity over time and space is ignored for simplicity. The ke calculated using the
selected theoretical considerations are compared with the average ke values derived from the data
collected by (Heiyantuduwa-Beushausen, 2022) in Figure 5.3. The point of showing values pertaining
to two exposure durations, i.e., 2.5-year and 25-year is to enable a distinction between the effect of
small differences between individual m values and the environmental effects on the D, values, as

discussed before.

Cape Town - Granger Bay Durban - Durban Harbour
mke,calc HEkemeas (2.5Y) ke,meas (25 y) Wkecalc FEkemeas (25Y) , Bkemeas (25Y)
2 1 2 o T

15 A
K. 1
0.5 4
0.4 0.4
0.3
0 .
Submerged Tidal Splash Air-borne Submerged Tidal Splash Air-borne

Exposure Zone Exposure Zone
(a) (b)

Figure 5.3 Comparison of the calculated ke, caic (Krn X kr) (Lindvall, 2003; Life-365 v2.2.3, 2020) and
the measured Ke, meas (Dafield/Daian) after exposure durations of 2.5 years and 25 years (extrapolated
using the derived time functions) for Cape Town and Durban sites based on data from
(Heiyantuduwa-Beushausen, 2022). Note: Error bars represent SD values and the bars represent the
mean values, averaged over different concrete mixtures (PC, FA, BS; w/b — 0.4, 0.6).

For submerged conditions, the measured and theoretical values show agreement. For other exposure

zones, these show significant differences. Even when the moisture and temperature factors were applied
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in isolation, these did not agree with the measured values for either site. The interesting thing to note in
this comparison is that the tidal and splash zones exhibited higher diffusion coefficients than submerged
conditions when the opposite was expected due to an expected lower degree of saturation. Even if the
concrete is assumed to be saturated in these zones as in the submerged conditions, the field observations
cannot be explained from this perspective. The air-borne zone also had much higher diffusion
coefficients than expected from this analysis. This analysis shows that the practice of using only kr
(temperature factor) to describe the environmental influences on D, adopted by some models (fib
bulletin 34, 2006; Life-365 v2.2.3, 2020) can only be justified for the submerged zone. It also shows
that a more sophisticated theoretical framework is required that also addresses other possible factors at
play such as convective transport under wetting-drying conditions. More importantly, it emphasises the
importance of an empirical treatment such as presented in this study as a simple and reliable means of
addressing the environmental influences in the chloride model, until better quantitative models are

developed.

For the service life model, ke values are derived from the empirical data (Heiyantuduwa-Beushausen,
2022) by averaging the 2.5-year and 25-year values obtained for all the concretes, shown in Figure 5.3.
Table 5.1 shows the k. selected for the two sites for which data are available. The mean values are
presented for simple deterministic analysis, but these can be converted to 95 percentile values (or to
other probabilistic levels), if desired. It must be recognised that the environmental effects vary widely
at all the levels of analyses in time and space, which gets translated to these parameters as well.
Therefore, more such investigations are needed, preferably long term, to sufficiently characterise the
environmental effects and assess the potential for generalisation. Until this happens, the parameters
derived in this study may be used for guidance with a clear recognition of the limits of a single study.

Table 5.1 Environmental parameter (k) for modifying lab D, for selected South African sites (based
on data from (Heiyantuduwa-Beushausen, 2022))

Cape Town: Granger Bay Durban: Durban Harbour
Exposure Zone
(Mean) (Mean)
Submerged gnd Lower 0.8 19
tidal

Upper tidal 1.1 14
Splash/spray 1.3 1.7
Air-borne 0.8 0.8

Note: Average SD = 25%

5.4 Ageing coefficient (m): time dependence of Da
5.4.1 Influence of marine exposure zones and macro environments on the ageing coefficient

It appears reasonable to hypothesise that concrete in different marine exposure zones may exhibit

different rates of hydration with time owing to the different degrees of wetness prevalent in each zone.
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Similarly, the environmental conditions on a regional geographical level such as prevalent temperature
and salinity ranges, among other things, would also have an influence. In consequence, the intrinsic
diffusivity of concrete may evolve as a function of the exposure zone and the regional environmental
conditions. In addition, these factors may also affect the surface chloride concentration (Cs), the rate of
evolution of which will affect the apparent diffusion coefficient and its evolution. Because of all the
above factors, the ageing coefficient of the apparent diffusion coefficient (m,) may differ with exposure

zones and climatic/regional zones.

A comparison of the ageing coefficient, m,, from lab and field based on the field study described in
Section 5.3.2 (Heiyantuduwa-Beushausen, 2022) is presented in Figure 5.4. This comparison shows
that the differences due to environmental conditions do not follow a consistent pattern and when non-
negligible, they are often comparable to the variation among concretes of the same binder group (with
different w/b ratios). This is the case both when compared between exposure zones from the same
marine environment and between different marine environments included in the study. Based on these
findings, it appears reasonable to assume for the time being, that m, is independent of the exposure
conditions in South African marine environments for all practical purposes and can be estimated

through lab-based immersion experiments.

Cape Town site (Granger Bay) Durban site (Durban Harbour)
1 7 1 7
O Submerged R O Submerged e
OTidal | L OTidal @,
08 ; ! 0.8 - | 1
ASplash /g‘@ ASplash ,@'
< S Air 7 FA < O AI g /
06 - L 06 B Ir "
E +Mean £ T Mean " FAIBS
& 041 g £ 04
0.2 o 0.2
" PC
0 +— . . . 0 +— . . .
0 02 04 06 08 1 0 02 04 06 08 1
Lab (immersed)-m, Lab (immersed)-m,
(a) (b)

Figure 5.4 Illustration of the influence of exposure conditions on the ageing coefficient, m,, based on
(Heiyantuduwa-Beushausen, 2022). The Cape Town site (a) is located on the extreme south-west
coast exposed to the Atlantic Ocean and the Durban site (b) is located on the east coast exposed to the
Indian Ocean. Binder groups included are PC, FA (30%), and BS (50%) with w/b ratios: 0.4 and 0.6.

5.4.2 Estimation of ageing coefficient

A comparison of the present (see Section 4.2.5) and published ageing coefficient values is shown in

Table 5.2. It is clear that the ageing coefficients determined or adopted vary significantly between
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studies. The same conclusion was drawn on the basis of a wider literature review (Dhandapani &
Santhanam, 2023). There are numerous possible reasons for this wide variation such as differences in
the materials used—especially binder properties, differences in exposure conditions, different time
definitions used (age, exposure duration, etc.) in D-t relationships, different test methods used, different
exposure durations adopted, different curing ages used before the start of exposure, etc.

In addition, the treatment of the ageing coefficient as a constant itself is under question. It has been
shown that the ageing coefficient related to the microstructure development decreases with time
(Frederiksen, Mejlbro & Nilsson, 2008; Presuel-Moreno, Wu & Liu, 2013). This implies that the ageing
coefficients measured in short-term studies may result in unconservative long-term estimates of
diffusivities. Similar thinking is reflected in the use of a time-development cut-off point of 25 years for
the ageing coefficients in Life-365 (Life-365 v2.2.3, 2020).

Furthermore, the ageing coefficients derived from bulk diffusion testing (m.) and electrical testing (o)
may be different in that the former represents time-averaged diffusivities and the latter represents
instantaneous conductivity values. A factor of 0.7 applied over a appears to provide a reasonable
practical approximation for ma as shown in Figure 5.5. In the absence of better relationships between
these two parameters, this approximation will reduce dependence on reported values from the past and
enable rapid expansion of the database with different materials.

Table 5.2 Ageing coefficients from different sources

Region Source ﬁ‘g;ip_? PC | FA (30%) | BS (50%)
o 0.26 0.85 0.41
South Present study (Chapter 4): Lab m 021 0.65 0.23
Africa (Heiyantuduwa-Beushausen, 2022): Field | ma 0.3 0.8 0.8
(Mackechnie, 1996): Field case studies Ma 0.29 0.68 0.68

(Presuel-Moreno, Wu & Liu, 2013) a 0.11 | 0.66-0.472 -

ntermational (Bamforth, 1999) m. |025| 0.7 0.62
(Life-365 v2.2.3, 2020)® Ma 0.2 0.44 0.49
(fib bulletin 34, 2006) m. | 0.3 0.6 0.45

Note:

1. m, refers to the ageing coefficient for apparent diffusion coefficient; a refers to the ageing coefficient for
CCl/surface conductivity (see Section 4.2.5).

2. The range represents the reduction of the age factor with time from 140 days to 1000 days.

3. Conservative values based on (Bamforth, 1999). Life-365 uses these values as m; values.
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Figure 5.5 Comparison of calculated m, (0.7a) and measured m,

The relationship derived between the penetrability ageing coefficients and SCM levels in Chapter 4
(Table 5.3) is modified by multiplying with a factor of 0.7 [i.e., m = 0.7a]. The equations derived for
fly ash and slag are combined after rounding off into a single equation by linear superposition
(summation). This way of representing has the advantage that a single equation is more manageable,
and it could also be used in the case of ternary binders with both fly ash and slag. Evidently, the equation
does not account for the combined effect of fly ash and slag hydrating together over and above their
individual effects. Nonetheless, it may still be useful as a first approximation. The equation is presented
in Table 5.4. The reduction of D, with time will be restricted to 25 years following Life-365 to account
for a possible reduction in the m value over time, as discussed earlier. It is worth noting that materials
in general and SCMs in particular vary in composition and properties, which may affect the accuracy
of these estimates in particular cases. Hence, it is recommended that this input information is verified

in case the binder materials in question differ significantly from those used in this study.

Table 5.3 CCI ageing coefficient (a): estimation for fly ash and slag

FA% BS% FA%\? BS%\?
a=0.25+0.9( )+0.35( )—0.3( )+0.2( )

30 50 30 50

Table 5.4 Ageing coefficient selected for apparent diffusion coefficient (D,) to be used up to 25
years (D, will be assumed to remain constant after 25 years)

FA% BS% FA%\? BS%)2
m=0.2+0.6< )+0.2( )—0.2( )+0.1( )

30 50 30 50

FA%: Percentage mass of fly ash in binder; %BS: Percentage mass of blast-furnace slag in binder
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5.5 Test method and curing parameters (k: and k)

5.5.1 Relationship between D, and CCI

Two different approaches to correlate D, and CCl are presented as follows.

55.1.1 Approach |

A relationship between instantaneous diffusivity and formation factor can be derived by applying the
Nernst-Einstein equation. The D; is directly proportional to penetrability (inverse of formation factor)
with the coefficient of proportionality describing the effects of pore solution composition on chloride
diffusivity and chloride binding. Between these two effects, the chloride binding is generally considered
the main differentiating factor.

At the start of the exposure (to), the relationship between D; and FF can be represented as in Eq. (5.6).

k
D = o

1,0 — FFO (5-6)

Where, Dio and FFo are instantaneous diffusivity and formation factor at age to, respectively.

The time-dependent apparent diffusivity can thus be expressed in terms of the short-term formation

factor, as shown in Eq. (5.7). The effect of field conditions on D, is covered in Section 5.3.

D, (t) = Fk—;o : (%)_ma (5.7)

In the present study, the chloride conductivity index is adopted as a measure of penetrability or

formation factor inverse. Thus, Eg. (5.7) can be rewritten as Eq. (5.8).

t\ Ma
Do (t) = ke - CCly - (t—) (5.8)
0

Where, ‘kio’ is the test method parameter and ‘CClo’ is the chloride conductivity index at to. Ko Will
depend on the test methods used to measure FF and D, the material properties influencing chloride

binding and pore solution.

Since instantaneous diffusivity cannot be directly measured through non-steady diffusion state
experiments, it must be computed from the apparent diffusivities in the present scheme. Thus, to
establish the correlation between the instantaneous diffusivity and formation factor as shown in
Eqg. (5.6), the ageing coefficient, m,, for the apparent diffusion coefficient must first be established so
that Dio can be ascertained through back-extrapolation of D, to the start of exposure. Alternatively,
attempts can be made to directly correlate the short-term CCI, normally measured at the age of 28 days,
with D, measured over a finite period. D, was measured in lab-controlled conditions in this study. If,

assuming the ageing coefficient varies in relation to the exposure conditions such as exposure zone, the
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Daref measured in the lab may not be compatible with the field time function of D, as shown in Figure
5.6. In this case, Dio must first be computed using the time function applicable to lab conditions as
shown in Eqg. (5.9), which can then be substituted in the field applicable time function for Daas in Eq.
(5.10).

Dig Hypothetical:
If m, s my,
Da Dref
------ ;\Fiﬂd (m, 9
1
| Lab(
e (myy)

Figure 5.6 A hypothetical illustration of possible differences between ageing in lab and field diffusion
experiments (excluding the effects of T, RH, and salinity on D;)

Using lab bulk diffusion experiments, Dio can be calculated as:

t —Mgq,

0

Dio = Dayer <t f) (5.9)
re

Where, Dayer is the apparent diffusion coefficient measured in lab. m,, is the ageing coefficient in lab

conditions.

D. for field conditions can be described, excluding the effect of T, RH, and salinity on D; (see Section
5.3):

t —Mgq, t —Mg,f
Dg = Dgrer — <_) (5.10)
tref tO

However, it was shown in Section 5.4.1 that ageing coefficients can be considered independent of the
exposure conditions (Heiyantuduwa-Beushausen, 2022). Hence, the ageing coefficients from lab and
field can be considered to be the same. Note that the effect of difference in salinity between seawater
and bulk diffusion experiments is ignored in the present study due to lack of more information in this

regard. Thus, Eg. (5.10) becomes:

t\ e
D, = Da,ref(lab) ( > (5.11)

tre f
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From Eq. (5.8), Daref can be expressed as a function of CCI:

tref ~Ma
Dager = keo- CCly- (2L) (5.12)
0

Defining ket as shown below,

tref ~Ma
kt,ref = kt,O-( to ) (5.13)

Darer can then be expressed as, from Eq. (5.12) and (5.13):
Da,ref = kt,ref- CCIO (514)

Thus, from Eq. (5.12) and (5.14), Da. becomes:

! >_ ’ (5.15)

D, (1) = ktrerCClo <t P
re

In the present study, bulk diffusion experiments were conducted in standard lab conditions and data
were collected for an exposure duration of 180 days. The 28-day CCI was also determined as per the
standard quality control practices. These results are presented and analysed in Chapter 4. In the
following discussion, correlations between the 180-day D, and 28-day CCI are examined on the basis

of the general equation derived above. The correlations are presented in Figure 5.7.

The correlations are found to be binder specific. This is to be expected as the ki s combines the effect
of binding, pore solution, and time development, all of which are a function of the binder type. The
predominant effect, however, is that of the time-dependent improvement of the microstructure as shown
in Section 4.4. In most cases, a significant influence of curing was not observed on the correlations.
Hence, the curing parameter (Kc) is assumed to be 1. Consequently, data from all curing methods are
used to determine correlations to improve the degree of generalisation. The correlations show good fit
to linear trendlines following Eq. (5.14). Note that the fitted line is forced through the origin as required
by Eq. (5.14). Adjustments are made to the R? values accordingly.
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Figure 5.7 Correlations between 180-day D, (Da1s0) and 28-day CCI (CClzs). Note: (i) w/b was in the
range (0.3-0.7) for PC and (0.4-0.6) for the rest. (ii) R? were adjusted to account for setting the
intercept to zero.

The test correlation factors obtained following Eq. (5.14) as the slope of the fitted line also exhibit a

dependence on the binder type as shown in Figure 5.8. It is considered useful to express these constants
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as non-linear functions of the SCM levels. In this case, exponential functions are preferred over
polynomial functions to avoid over-fitting and over linear functions to avoid under-fitting. Moreover,
further efforts to find a better fit or more scientifically aligned function may not improve the accuracy
in the absence of more data. These empirical correlations are used to develop an expression for D,,
which requires CCl,s and SCM% as input apart from the ageing coefficient as shown in Eq. (5.16) and
Table 5.5.

t ~Ma
Do (t) = ke180- CClyg (m) (5.16)
Where,
ter = 208 days (Reference age = Age at the start of exposure (28 days) + exposure duration (180 days))
CClys: Chloride conductivity index at the age of 28 days
cm .m_z)

kt1s0: Test method correlation parameter for trer = tigo; (% .

Table 5.5 Test correlation factor between Da 150 and CClzsg

FA% , BS%
ki1go = 11.5 X 10-12, 7 125(55 50 )

1.0 B i ;
i OFly ash ASlag i
‘\\ L 1
084
Fan) \\\
g
~ 0.6 1 AN
= N
) 0.4 4 1Y e
X \~~~g
0.2 - y = 0.91e-126¢
R2=0.96
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(FA%/30 + BS%/50)

Figure 5.8 Evaluation of test correlation constant for D 1s0-CClys pair as a function of SCM
proportions
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55.1.2 Approach Il

As discussed in Section 4.4, the correlation between the time-averaged (i.e., integrated) CCI® (termed
as the equivalent CCI) and the apparent diffusion coefficient is largely independent of the binder type
and holds regardless of the length of exposure. The linear regression model, shown in Figure 5.9, fits
the data well in practical terms and provides conservative estimates for the low diffusivity SCM
concretes that are of most practical relevance in marine conditions. This correlation can be used to
derive D, from the 28-day CCl and a (ageing coefficient of CCI) as shown in Eq. (5.17) and (5.18). The
time-dependent reduction in D, is limited to 25 years in this approach following Life-365, as previously
discussed (Section 5.4.2).

25 - -
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Q@ PLo) ’I”
20 4 . .. - o,’
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T y=10x @ 10 - <
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Figure 5.9 (a) Correlation between the 180-day D, and the time-integrated equivalent CCI and (b)
validation with 365-day and 760-day exposure data.
Note: scope of concrete mix designs and curing: binder type (CEM | 52.5N, fly ash (15%, 30%), slag (25%,
50%, 75%)), w/b ratio (0.3-0.7), curing (28-day wet immersion)

Da,lab(t) = kt FF
28

f(&) = (14.0- CCl,yy, ) X 10712 (5.17)

Where,

Daab () [M?/s] is the laboratory-based apparent diffusion coefficient at age ‘t” [days].

28+texp
Ls CClyg

L -
6 CCquv — (28) dat

28+texp
a7 a

144



ki is the test method parameter.
FFs is the formation factor of concrete at the age of 28 days.

f (t) is the time development parameter.

(CCIZS :

1-a
28+t - 287
( exp) l 0 < teyxp < 9125 days (25 years)

I (1—a) 287t
v c (28 + 9125)1-@ — 2g1-¢@
2| 1-a)-28--9125 |’

(5.18)

texp > 9125 days (25 years)

CClyg [mS/cm] is the CCI at the age of 28 days.
a is the ageing coefficient of CCI.
texp [days] is the exposure duration.

The main advantages of this approach are that it eliminates the need for individual D.-CClI correlations
for each binder type and only requires electrical parameters (28-day CCl and «) to expand the model to
other concrete binder materials. Due to these significant advantages, Approach-Il is preferred over
Approach-1 for service life prediction. As data on other binder materials become available in the future,

this correlation can be validated and refined.
5.5.2 Effect of lab and field curing

As discussed in the previous section, the effect of curing on the correlations between CCI and Dy is not
clear from the results of this study. This is primarily due to differences in the effect of curing on CCI
and D, as test parameters and different binder systems. Curing influences the 28-day CCI values as
shown in Section 4.2.3, but it does not affect D, beyond the first month of exposure. Hence, differences
in CCI values between lab wet cured concrete and field cured concrete should be expected and

accounted for in desigh recommendations even though it is not considered in the D,-CCI relationship.

The 28-day CCI after 28 days of wet curing in the lab (considered as the lab potential CCI) and the 28-
day CCI after 7 days of plastic wrapping in the lab (considered as field potential CCl), from the
experimental results of the present study are compared in Figure 5.10. This comparison reveals that the
lab potential CCl is lower than the field potential CCI by 10% for PC concretes, and 30-40% on average
for FA/BS concretes. Since the D,-CClI correlations are based on both wet-cured and plastic-cured CCI

values, the effect of curing can be halved.

Thus, it is recommended that the following tolerances based on curing differences between the lab and
the field be given, for PC: 5%, FA/BS: 15%. Within these tolerances, the expected diffusion coefficient

and the service life are not expected to change.
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Figure 5.10 Ratio of lab potential CCI and field potential CCl to assess the effect of curing on CCl on
different concrete compositions

5.6 Surface chloride concentration

The surface chloride concentration represents the boundary condition in the ERFC model based on the
total chloride profile even though it is not purely an environmental action parameter. It rather includes
the material response within it. This means that the Cs depends not only on the seawater salinity,
temperature, characteristics specific to the exposure zone, and weather conditions, but it also varies with
the type of binder, w/b ratio, compaction, and curing. The empirical approach is to model C, values
directly based on the analysis of chloride profiles obtained from field observations. Due to the inherent
variability of the environmental conditions from one place to another, and the large variety of concrete
materials used, large variability in the long-term Cs values and their time-dependence has been reported
(Ann, Ahn & Ryou, 2009). Sufficiently long studies (i.e., until C stabilises to some extent, for instance,
>10-15 years) tracking the variation of C, with time are not available at present for the South African
conditions, which can be used to model the time variation of Cs in a reliable manner. Therefore, the
time development of Cs is ignored in the present model. Nevertheless, the long-term Cs to expect in
different exposure zones in the Western Cape region according to the binder type was presented in a
previous study based on an extensive chloride profile survey of existing structures of ages 1-75 years
(Mackechnie & Alexander, 1997).

These published long-term Cs values are adopted for the present model (after conversion in terms of
%mass of concrete). However, a simplified factor is added to account for the effect of the w/b ratio
based on the immersion results of the present study as discussed in Chapter 4. The Cs max Values represent
the C; values corresponding to the w/b ratio of 0.4. This factor modifies the C; value for any deviation

of the w/b ratio from 0.4. Figure 5.11 shows how the relationship was derived.
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Figure 5.11 Determination of the w/b ratio factor for Csu: from experimental data of the present study

The average relationship based on all the data is adopted as shown in Eq. (5.19) because it seems to
provide a reasonable conservative estimate for most of the concrete mixtures. The values obtained from
the adopted relationship agree well with the range recommended by previous research (Mackechnie,
2001). Regarding the effect of curing, the experimental results of this study (see Section 4.3.3) indicate
that the variation in Cs values in relation to curing is minimal for curing durations longer than 7 days.

In view of the present results, curing is assumed to have no effect on Cs in the proposed model.

WA —0.94

Couie = 0.43 (E) Co-o4 (5.19)

Where,
Cs.uit represents the ultimate surface chloride concentration by %mass of concrete.
Cs.wib-04 is according to Table 5.6.

Table 5.6 Cswi-04 values adopted for the model (Mackechnie, 2001).

Binder Cs.max (Yoconcrete)
Tidal/Splash Air-borne
PC 0.7 0.4
FA (30%) 0.9 05
BS (50%) 11 0.6

Note: Csmax vValues for intermediate SCM levels can be estimated through linear interpolation.
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5.7 Service life prediction
5.7.1 Proposed model

The proposed model for estimating the corrosion-free service life in selected South African marine

environments is summarised as follows.

Governing Equation

Cy = Cs,ult

/Hrfl;\
o lfeu))

Dy = ke - (14.0- CClyg - £(t)) X 10712 [m?/s]

Input Parameters

CClas 28-day CCI [mS/cm]
(28 + texp)l_a —28l-@ 0 <t <9125 days (25 )
(1—-a) 28"% toy, | exp = ays (2> years
f (o) f@) =
(28 +9125)1% — 281 b 59125 days (25 )
(1—a)-28-2-9125 ’ exp ays years
; —025+09 (%) 1 035 (2500) [o3 (FA%)" 1 02 ()
A AT ~\ 730 “\"50
Exposure Zone (—) Submeraed/ .
.g Upper tidal Splash Air-borne
Site ({) lower tidal (<5 km from sea)
K G B
e ranger Bay 08 1 L3 08
(Cape Town)
Durban Harbour
(Durban) 12 14 1.7 0.8
—0.94
Couie = 043 (%) Copr_q 4 [%-mass of concrete]
Binder Tidal/Splash Air-borne
Cs,ult PC 0.7 04
Cs,w/b-0.4
FA (30%) 0.9 0.5
BS (50%) 11 0.6
Cerit 0.05% [%-mass of concrete]
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The Csu: values are based on observations of long-term Cs values in the Western Cape region
(Mackechnie, 2001). Long-term Cs data for the Durban region are presently unavailable. Further
research should try to bridge this gap. In the meantime, Cs values for the Western Cape region can be
used for the purpose of comparing mix designs for the Durban region. However, higher values than in
the Western Cape region have been observed in Durban after a few years of exposure (Heiyantuduwa-
Beushausen, 2022). Therefore, service life design for the Durban region must be performed with due

caution (i.e., conservatively) until better estimates are available.
5.7.2  Salient features of the proposed model and a comparison with the previous model

A salient feature that differentiates the proposed model from most other chloride models in the
international context (Mangat & Molloy, 1994; Polder & De Rooij, 2005; fib bulletin 34, 2006; Tang,
2008; Andrade et al., 2013; Life-365 v2.2.3, 2020) is the use of the formation factor measure as an
indicator of the short-term diffusivity of concrete. Some attempts have been made in the recent past
(Isgor & Weiss, 2019; Yang et al., 2020) to utilise the formation factor for service life prediction.
However, these are complex computational models based on physical modelling approaches. More
importantly, these models are so far only applicable to the laboratory environment and have yet to be
extended to the real field marine environment. These aspects limit the practical relevance of these
models at present. Other models that include field influences, such as the fib model code (fib bulletin
34, 2006), consider temperature as the sole environmental influence on diffusivity, which may limit
their applicability in wet-dry exposure zones. The present model instead proposes the use of an
empirical coefficient that accounts for the net effect of the various field influences on the apparent

diffusion coefficient.

The proposed model uses the chloride conductivity index (CCI) as a practical measure of the formation
factor following previous research (Streicher & Alexander, 1995). The CCI has been used previously
in a similar way by Mackechnie (Mackechnie, 1996) to generate a service life prediction model for
selected South African marine conditions (Mackechnie, 2001). However, there are important
methodological differences between Mackechnie’s model and the modelling approach presented in this
study. Mackechnie’s model requires the following two input parameters/functions related to the

material's resistance (Figure 5.12).

I.  Correlations between the 28-CClI and the so-called ‘modified CCI’” (CClmoq.) Values

Il.  Ageing coefficients for the apparent diffusion coefficient (‘m’ value)

Both the required inputs are a function of the binder type. While the CCl,s-CClmoq. COrrelations require

relatively short-term and simple electrical testing; the measurement of m values necessitates the more

" Modified CCI: It is defined as the CCI measured on the specimens stored in 5 M NaCl solution between the ages
of 28 days and 98 days. The CClmoga.is postulated to provide a quick measure of the long-term binding and
hydration on the CClI and thus on the diffusion coefficient (Mackechnie, 1996).
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tedious diffusion testing. On the other hand, the proposed model does not require measuring the CClmoq.
or the m value (Figure 5.13). The only parameter needed to relate CCl to the long-term D is the ageing
coefficient of CCI (), which eliminates the requirement of diffusion testing for extending the model to
other concrete materials, except for intermittent validation work. Evidently, measuring o is far easier
than measuring m, which can even be further simplified by using the Wenner resistivity test instead of

the chloride conductivity test as shown in Section 4.2.5.

Mackechnie’s model

]
/ H{CClyg, CClyeq) / i HCCllypea» Da,2y) E

- - CClypy, ———— — D, 5y fieus
Binder specific Exposure specific
— | Dagaa(®)
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Figure 5.12 Scheme for modelling Da in Mackechnie’s model [f(): represents correlation]

Proposed model
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1 k :

1

f(CCL,,, D,) | e
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Figure 5.13 Scheme for modelling D, in the proposed model [f(): represents correlation]

Through further simplification and clear delineation of the laboratory and field influences, the present
modelling approach provides better comprehensibility. This is expected to minimise errors and increase
adoption by the industry. Furthermore, fewer and simpler input parameters required for modelling will
significantly reduce the efforts needed to incorporate new materials into the scope of the model. The
incorporation of other exposure sites will however still require time and effort. Further simplification

in this regard could go a long way to minimise the effort needed to include other sites of relevance.

A limitation of the proposed model, which it shares with Mackechnie’s model, is that Cs values needed
for modelling are only available for selected binder (SCM) types: fly ash and blast-furnace slag. Since
long-term Cs values will not be available for new binders in the foreseeable future, further work is

needed to find ways of approximating this information and enable service life prediction for such
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materials. Another limitation that persists in this model is that acquiring reliable data for calculating the
ageing coefficient (o) may take a few months in the design phase, which may not be available in some
cases. However, this limitation can be readily circumvented by generating a database of a for a wide

range of relevant binder materials, in advance.
5.7.3  Service life estimates

5.7.3.1 Sensitivity to influencing parameters

The predicted chloride profiles show sensitivity to crucial material and exposure parameters. A limited
sensitivity analysis is presented in Figure 5.14. This analysis shows that crucial parameters such as
SCM level, wib ratio, exposure zone, expected service life produce significant changes in the estimated
cover depth requirements. Within the parameters selected, the greatest change on the required cover

depth occurs by the incorporation of SCMs in the binder.
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Figure 5.14 Sensitivity of estimated cover depth to selected parameter changes (Note: analysis
performed with the following selected default conditions (unless otherwise mentioned in the figure):
Exposure site: Granger Bay, exposure zone: splash zone, SL= 50y, w/b: 0.4)

5.7.3.2 Design application

Based on the model predictions, a simple design chart has been developed for a desired service life of
50 years under the splash zone at Granger Bay as shown in Figure 5.15. This illustrative chart provides
a means of selecting mix properties (binder type and CCI) based on the desired cover depth or any other
combination of these parameters. Similar charts can be developed for other conditions for easy use, if
desired. It can be observed that different binders require different CCI for a given cover depth. In other
words, it can be stated that a given CCI may lead to different durability performance depending on the

binder type. This is a consequence of differences in the long-term improvements in the chloride
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resistance of different binders. It is also clear from the model predictions that plain Portland cement
concretes even at very low water w/b ratios (or low CCI) cannot provide adequate protection to rebar

in marine environments, necessitating the proper use of SCMs in these environments.
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Figure 5.15 A design chart for selected conditions: the estimated minimum design cover depth based
on the 28-day CClI, for different binder types

Since binder materials may differ in their reactivity depending on the grade and source, it is important
to collect data for the local materials to be used. These differences are important for the purpose of long-
term modelling and short-term quality control. The model framework presented in this study can be

conveniently used to extend the model to materials out of the present scope of the model.

Using the model predictions, a designer will be able to specify the required CCI values corresponding
to the specified binder options and the cover depth. Alternatively, a mix design can be directly specified
by the designer and quality can be monitored through CCI. In both cases, the as-achieved CCI should
be used to update the service life predictions, which could be used to plan subsequent steps in the
construction process and future maintenance. Given the binder-specific nature of the long-term chloride

resistance of concrete, the 28-day CCI must be specified with a corresponding binder type.

The input parameters are established in this chapter following a deterministic approach for the sake of
simplicity. The model parameters vary around a central value and the variability of individual

parameters results in a probability distribution for the output. It is recommended that these aspects be
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addressed through a full- or semi-probabilistic design approach in the next stage of model development.
Guidance can be availed from the literature (Alexander, Ballim & Stanish, 2008; Muigai, Moyo &
Alexander, 2012).

5.8 Concluding remarks

A model is proposed in this chapter to estimate the corrosion-free service life for concrete structures
exposed to chlorides in selected marine conditions of South Africa to aid the process of durability

design. Some concluding remarks are provided below:

1. The proposed model uses the error function solution to Fick’s 2" law as the governing equation.
It uses a generalised relationship between CCI and D, to enable the use of 28-day chloride
conductivity index as the main short-term input parameter and the ageing coefficient of CCl as
the long-term parameter. The effect of exposure conditions on chloride diffusivity is addressed
through simple empirical coefficients developed using laboratory and field data.

2. The proposed model is relatively simple and integrates quality control parameters with the long-
term effects of materials and exposure conditions. It is sensitive to important influencing
factors, namely, binder type, w/b ratio, exposure zone, and exposure climate.

3. Although the model incorporates macro and one level of micro (exposure zones) exposure
conditions, it must be emphasized that the local variation in a single region and in different
parts of the same structure are naturally wide.

4. The current treatment is deterministic in nature for simplicity but may be extended to
probabilistic terms.

5. Based on service life modelling, a performance specification for marine conditions should
properly require the following components in regard to chloride ingress for the desired service
life:

a. Classification of exposure conditions based on regional climatic conditions and local
exposure conditions in terms of marine exposure zones and position from the sea

b. Binder options and minimum binder-specific CCI values to achieve a minimum cover
depth

Finally, it must be emphasised that validation of the proposed model with independent long-term

data is essential to evaluate its accuracy and identify possible limitations and shortcomings.
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Chapter 6 CONCLUSIONS

6.1 Introduction

This research was undertaken with the main aim of developing a service life prediction model for
chloride penetration in marine environments, using the chloride conductivity index as one of the main
material parameters, particularly for South African conditions. The potential of the surface conductivity
method as an indicator of the resistance of concrete to chloride diffusion was also studied. The
experimental program consisted of the penetrability characterisation of lab concretes using the chloride
conductivity index (CCl), surface resistivity, and bulk diffusion tests. Concrete mixes were prepared
using w/b ratios ranging between 0.3 and 0.7, binders incorporating fly ash (0 — 30%) or slag (0 — 75%),
and cured under either wet conditions or 7 days of plastic wrapping. This chapter presents a summary
of the main findings and highlights the main conclusions derived from the experimental and modelling
work undertaken in this study and weighed against other evidence from the literature.

Recommendations for further studies are also included.
6.2 General discussion and outcome

Electrical tests are being increasingly adopted to characterise the durability potential of concrete
materials and extend use of these tests to quality control and durability design of reinforced concrete
structures. Electrical tests enable rapid assessment of relevant concrete properties and thus provide a
substantial practical benefit over durability tests such as bulk diffusion. The advantage of convenience
and economy in testing is not to be underestimated in practical applications. However, in the selection
of a suitable electrical test, one must weigh convenience with the accuracy and reliability that a method
provides in measuring the relevant transport properties of the cover concrete. The ability to
unambiguously test the near-surface region of the as-built concrete is fundamental to the performance

approach to durability.

Furthermore, the focus in using these methods is often to characterise concrete at early ages, which is
in line with quality control requirements. However, it is the long-term properties that are of concern to
durability, which depends on the long-term evolution of the material properties and their interaction
with the exposure environment. An effective durability design strategy must properly take account of

these long-term changes to assess the suitability of materials for the intended exposure environment.

These aspects were investigated in this research. The findings of this research, as described in the
following sections, suggest that it is possible to use the rapid electrical methods to not only characterise
the short-term quality of concrete but also determine the long-term changes concrete undergoes in
marine environments. It is however imperative to select the test method carefully and to be aware of
the limitations to avoid misinterpreting their results. The Wenner resistivity method in this regard was

found to be less robust than the chloride conductivity method against common material- and
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environment-related influences that can interfere with the evaluation of concrete quality. Nevertheless,
the Wenner resistivity was useful in characterising the long-term evolution of concrete penetrability.
This study presents a new generalised empirical approach to predicting the long-term chloride
diffusivity solely through electrical penetrability measurements. Based on this and other contributions,

a simple service life model was formulated, which is the main practical outcome of this work.
6.3 Experimental findings and conclusions

6.3.1 Evaluation of rapid conductivity methods: chloride conductivity and Wenner resistivity

As a non-destructive method, the Wenner resistivity method, also known as the surface resistivity
method, has found favour with several researchers as a quality control method for concrete durability.
In this study, the opportunities and limitations of the Wenner method were investigated through a
comparative analysis of the surface resistivity and chloride conductivity results. The quality of the tested
concrete was varied by changing composition and curing method. In total, 6 different binder blends
with either fly ash (15% / 30%) or slag (25% / 50% / 75%), 5 different w/b ratios (0.3-0.7), and 2
different curing methods (continuous wet and 7-day plastic) were included. The surface resistivity was
measured using a Wenner probe diagonally placed on a standard 150-mm cube specimen after a
minimum immersion period of 48 hours when the specimen was not kept continuously wet as part of
the selected curing regime. The chloride conductivity was measured using a direct current setup on
small disc specimens extracted from the near-surface concrete and saturated with concentrated NaCl

solution after oven drying.

The results of this study showed that the surface resistivity produced a different assessment of the
concrete quality compared to the CCI. The assessment of concrete’s transport resistance as evaluated
through CCI was well supported by other experimental results of this study and the literature. The
surface resistivity results on the other hand showed different, even contradicting, trends in some cases.
This inconsistency was particularly noticeable in fly ash concretes in which increased levels of fly ash
led to an increase in the early-age (28-day) surface resistivity despite the contrary evidence provided by
the CCI results of increased early-age chloride penetrability in such concretes. Through a literature
review of the effects of fly ash on the pore solution composition, it was shown that this contradiction
can be attributed to the lowering of the pore solution conductivity due to fly ash addition. Similarly, the
effects of curing on concrete penetrability were also obscured in surface resistivity results by incomplete
saturation of the internal concrete that persisted despite the immersion of the plastic cured concrete in
water for 2 days before testing. Efforts to saturate the concrete by extending the immersion in water
beyond 2 days, to more than a week, proved to be inadequate given that the depth of influence in the
Wenner method was found to far exceed the depth that could be saturated through normal absorption in

a practical timeframe.
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The time dependence of the CCI and surface resistivity under wet conditions was investigated for a time
frame of 1.25 years. The ageing coefficients were computed by fitting the power law function to the
conductivity-time data. As expected, both CCI and surface resistivity decreased with time under wet
conditions in response to continued hydration. The SCM type and replacement level strongly affected
the ageing coefficients. However, a clear influence of w/b ratio on these ageing coefficients could not
be ascertained in this study. In a more substantial finding, the ageing coefficients measured for CCI
corresponded well with those measured for the surface resistivity. The only major exceptions to this
general trend were PC concretes. The reasons for their deviation are not yet well understood. A limited
comparison of these ageing coefficient (o) with those of the apparent diffusion coefficient (m) revealed
that the latter is approximately 0.7 times the former (i.e., m = 0.7a). The difference mainly lies in the
instantaneous or time-averaged nature of the electrical and diffusion parameters that results in the lower

ageing coefficient for the diffusion coefficient.

Based on the findings of this study, the following main conclusions can be drawn on the effectiveness

of the Wenner resistivity method in assessing the chloride resistance of cover concrete:

1. Although the Wenner resistivity method has the benefit of non-destructive evaluation, the
measurements are subject to confounding influences from concrete composition and practical
curing regimes through their effects on the pore solution conductivity. Similar difficulties due to
the influences of pore solution have been reported for the RCPT method in the past. This prevents
the Wenner method from reliably giving an unambiguous and accurate measure of the quality of
the cover concrete regardless of the materials and production processes involved. A more robust
test method, such as the chloride conductivity method, with a properly designed method to
minimise the influence of extraneous factors on the cover concrete properties is recommended for
the purpose of material characterisation and quality control. The formation factor analysis can also
be used to properly understand the Wenner resistivity results. However, proper quantification of
various influences on pore solution conductivity is difficult, which may limit the practical
application of this type of analysis.

2. Despite these limitations, the Wenner resistivity method was found to produce reasonably accurate
estimates of the ageing coefficients of the CCI (or in other words, penetrability). Hence, the
Wenner method can be used as a convenient alternative to measuring the ageing coefficients of
instantaneous penetrability of concrete.

3. The ageing coefficient of the apparent diffusion coefficient can be approximated as 0.7 times that
of the ageing coefficient of CCI (i.e., m = 0.7a). The convenience of the electrical methods can be
advantageously used by using this simple relationship for estimating the time-dependence data (m

values) necessary for chloride ingress modelling.
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6.3.2 Relationship between apparent diffusion coefficient and CCI

A key objective of this study and a necessary step towards developing the service life model was to
investigate the relationship between the apparent chloride diffusion coefficient (D.) and the CCI. The
D, was measured using laboratory-based bulk diffusion experiments following the ASTM C1556
protocol for exposure. In this investigation, consistent correlations were observed between the 180-day
exposed D, and the 28-day CCI. These correlations were found to be dependent on the binder type.
Based on these correlations, a given 28-day CCI predicted the 180-day D in the following decreasing
order [Binder or SCM type (SCM level in %)]: PC > FA (15%) =~ BS (25%) > FA (30%) ~ BS (50%),
where PC: Portland cement, FA: fly ash, and BS: blast-furnace slag.

Both D, and CCI are time-variant parameters. The D, was measured over the exposure duration of
6 months (age: 208 days) for all the concrete mixtures and also over exposure durations up to 2 years
for selected concrete mixtures. The CCl was measured at different ages up to an age of 1.25 years. Since
the 28-day CCl is an instantaneous value, the relationship of D, with a time-averaged or equivalent CCI
was explored in an attempt to separate the effects of time development due to ongoing hydration and

the binding ability, on chloride penetration.

The relationship between D, and the equivalent CCI was found to be largely independent of the binder
type as opposed to the relationship between D, and 28-day CCI. This relationship was also validated
with longer exposure data (up to 2 years). The relationship is presented as follows.

mZ
Dg,iab <T> = (14.0- CClyqp) X 10712 (6.1)

Where,

CClogy = CClyg - (6.2)

(28 + toyy)' " — 28170
(A—a) 287 L,

CClgs: 28-day CCI (mS/cm); texp: exposure duration (days); a: ageing coefficient of CCI
The following inferences and conclusions can be drawn from this general relationship:

1. Onthe basis of Fick’s 2™ law, the conductivity-diffusivity relationship, when time-dependences
have been accounted for, is generally expected to vary with the binder type mainly due to the
different binding abilities of different binders. However, a single common relationship
irrespective of the binder type implies that chloride diffusion behaves as if there is an invariance
in the binding abilities of different binders, contrary to the current understanding of the binding

behaviour of common binder systems and its relationship to diffusive transport.

2. The pore penetrability can describe the apparent diffusion coefficient by its time variation

without the need for a separate binding component for every binder. It implies that the time-
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dependence of the apparent diffusion coefficient is mainly a result of the densification of the
pore structure due to the ongoing hydration under conducive conditions offered by the marine
environment. This means that the microstructural penetrability and the ability for pore
refinement play a dominant role in determining the long-term resistance of concrete to chloride

penetration.

3. A general D,-CCl relationship, which can be extended to other concrete binder materials such
as different SCMs, can serve as a generalised model for the apparent diffusion coefficient
requiring only CCl-based parameters as input values, while eliminating the need for the
diffusion-based ‘m’ value to describe the time-dependence of D, This is a significant

development towards a simplified and unified modelling approach.

These findings significantly deviate from the existing understanding that the chloride resistance of
SCMs is to be ascribed to a large extent to their superior binding ability. Instead, the results and analysis
of this study strongly suggest that the main differentiating factor is the long-term ageing-dependent
reduction in microstructural penetrability. This is a significant improvement of the current
understanding of chloride diffusion behaviour in concrete and one of the crucial novel contributions of
this study.

6.4 Service life prediction model

6.4.1 Model development: a summary

The primary aim of this study was to develop a model for the time-to-corrosion-initiation or the
corrosion-free service life of reinforced concrete structures exposed to South African marine conditions.
This was accomplished with the help of the experimental results collected in this study and the field
data obtained from previous studies. Since the goal was to produce a practice-oriented model, the error-
function solution approach was favoured for its simplicity and general acceptance. The error function
solution to Fick’s 2™ law of non-steady state diffusion requires two defining parameters: the apparent
diffusion coefficient (D.) as the material’s resistance parameter and the surface chloride concentration
(Cs) as the boundary condition. The methodology selected for describing these two parameters

constitutes the development of the model proposed in this study, as summarised below.

6.4.1.1 Description of the apparent diffusion coefficient (Da)

It is well known that the diffusion coefficient can be affected by, inter alia, the environmental influences
such as temperature and relative humidity, and reduces with increasing exposure duration. Hence, these
influencing parameters must be accounted for in any model of the D.. In this model, the D, was
expressed as a function of the early-age CCI following the Nernst-Einstein relation and the formation
factor concept, modified appropriately for the above-mentioned influences using separate modifying

parameters. The task of modelling was accomplished in two steps. The first part comprised linking the
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early-age CCI (28-day CCI) to the laboratory-based D.. The second part consisted of modifying the
laboratory-based D, according to the environmental conditions of the field in order to arrive at the
field-based Da.

In the first step, two approaches to linking the short-term CCI with D, in the laboratory conditions were
explored. In the first approach, direct correlations between the 28-day CCI and 180-day exposed Ds,
were established. These correlations were found to be dependent on the binder type and required binder-
specific correlations to derive D, using the 28-day CCI. This approach required the use of the binder-
dependent ageing coefficient of the D, (m) to describe the time-dependence of D.. In the second
approach, the correlation between the time-integrated or equivalent CCI and D, was used to relate the
28-day CCI to the long-term D,. Because this correlation is extendable to any concrete binder type and

requires ‘o’ (CCI ageing coefficient) instead of ‘m’, this approach was favoured in this model.

In the second step, a simplified empirical approach to derive the environmental parameter, ke, was
presented. In this approach, the environmental influences on the D, are quantified by comparing and
normalising the field-based D, with the corresponding laboratory-based Da. Using the sets of field and
lab D, available from a previous study (Heiyantuduwa-Beushausen, 2022), k. values were derived for
different macro and micro-exposure conditions in South Africa. This approach relies on actual empirical
data contrary to the more common practice of using the Arrhenius equation with or without the RH
factors. The latter approaches were observed in this study to only produce satisfactory results in the
case of the submerged zone.

6.4.1.2 Description of the surface chloride concentration (Cs)

Long-term total Cs values were adopted from Mackechnie’s model (Mackechnie, 2001) as the boundary
condition for service life prediction. The adopted Cs values are sensitive to the exposure zone, regional
climate, and the binder type. A calibrating factor was developed based on the bulk diffusion results of
the present study to account for the influence of the wi/b ratio on the C; values (expressed in terms of
%mass of concrete). The time-dependence of Cs could not be addressed in this model due to insufficient

information available in this regard in the South African context.

The final form of the proposed model along with the input parameters derived for selected material and

environmental conditions are presented in Table 6.1
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Table 6.1 Summary of the proposed model

Governing Equation

Cy = Cs,ult

/Hﬁl;\
o lefeue))

Dy = ke - (14.0-CClyg - £(t)) X 10712 [m?s]

Input Parameters

CClas 28-day CCI [mS/cm]
(28 + texp)l_a —28l-@ 0 <t <9125 days (25 )
(1—-a) 28"% toy, | exp = ays (2> years
f () f@®) =
(28 +9125)1% — 281 b 59125 days (25 )
(1—a)-28-2-9125 ’ exp ays years
a —025+09(FA%)+035 (BS%) og(FA%)2+02(BS%)2
T 1\ 30 750 =730 “\T50
Exposure Zone (—) Submeraed/ -
.g Upper tidal Splash Air-borne
Site ({) lower tidal (<5 km from sea)
K Granger Ba
: ger =ay 0.8 1.1 1.3 0.8
(Cape Town)
Durban Harbour
(Durban) 12 1.4 1.7 0.8
—-0.94
Coie = 043 (%) Copr_q 4 [%-mass of concrete]
Binder Tidal/Splash Air-borne
Cs,ult PC 0.7 04
Cs,w/b-0.4
FA (30%) 0.9 0.5
BS (50%) 11 0.6
Cerit 0.05% [%-mass of concrete]

Glossary: ‘x’ is the depth into concrete (m); ‘Cy’ is the chloride content at depth x’; “texp” is the exposure
duration (days); ‘Da’ is the apparent diffusion coefficient (m?/s); ‘o’ is the ageing coefficient of CCl,;
‘ke” is the environmental modification parameter for ‘Da’; ‘Csur’ is the ultimate (long-term) surface

chloride content (%-mass of concrete); ‘Ceit” is the critical chloride threshold content for corrosion
initiation ((%-mass of concrete)
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6.4.2 Practical application of the proposed model

The proposed model facilitates the durability design of new reinforced concrete structures by providing
a means of quantitatively specifying the cover depth and concrete mix design (binder and CCI) required
under given exposure conditions to achieve the target service life. Different combinations of mix design
choices and required cover depth, all leading to the given target service life, can be explored using this
model, thereby providing flexibility in designing and addressing other structural and durability design

concerns.
A designer will be able to specify the following parameters using this model:

1. Minimum cover depth to rebar
2. Binder type and 28-day CClI

The binder type must be specified with the 28-day CCl as it dictates both the short-term and long-term
chloride resistance of concrete. While the 28-day CCI indicates the short-term chloride resistance, the
ageing coefficient determines the long-term evolution of the chloride resistance, which is a function of
the binder type. To provide some flexibility to the concrete supplier and the contractor, different binder

options with attached CCI values can be specified.

The 28-day CCI value is intended as the quality control target value. The acceptance values for the as-
achieved CCI of the as-built cover concrete can be decided by the designer based on the degree of
quality control available on-site. The findings of this study on the disparity between the effects of curing
on CCI and chloride diffusivity can be utilised in this regard. In this study, it was found that the 7-day
plastic cured CCI was, on average, 30% higher than the 28-day wet cured CCI for SCM concretes. In
contrast, the 180-day D, remained unaffected by changing the curing method from 28-day wet curing
to 7-day plastic curing. Therefore, it can be recommended that a tolerance of up to 30% in the 28-day
CClI of SCM concretes can be allowed for differences in curing quality between laboratory and field in

the as-built values without a significant loss of service life.

In any case, the as-built values should be used to update the service life model for the constructed
structure and the predicted chloride profiles can be used to plan and manage maintenance and preventive
strategies. The use of this model must be accompanied by a proper appreciation of the uncertainty and
limitations inherent in the models of chloride transport. Hence, efforts to excessively fine tune
parameters are likely to be in vain. A conservative approach is expected to yield better long-term

outcomes and is therefore recommended
6.4.3 Key features of the proposed model: a general discussion
The salient features of the proposed model are discussed as follows.

1. Various factors influence the ability of concrete to resist the ingress of chloride ions. These

factors range from mix design choices such as the binder type and w/b ratio to construction
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guality control such as compaction and curing, among other things. Through their influence on
the transport properties of the cover concrete, these factors influence the service life of the built
structure. The proposed model adopts the chloride conductivity index as an unambiguous,
accurate, and rapid measure of the transport resistance of the concrete in the cover region. The
CCI, being sensitive to changes in these practical influencing factors, can reflect relevant
changes in the cover concrete properties, which could in turn influence the service life
predictions. It can also serve as a practical means to monitor the quality of construction and
manage the quality control processes. Furthermore, CCI being a direct measure of the formation
factor, there is a strong theoretical basis for a relationship between CCI and the diffusion
coefficient.

2. The model follows a simplified approach to linking the early-age CCI to the long-term
diffusivity. The general relationship found between the time-integrated CCI and the apparent
diffusion coefficient independent of the binder type was used to derive the laboratory-based D,
from the 28-day CCI. In a major contribution to the empirical approach to chloride modelling,
this relationship, being independent of the binder type, enables the inclusion of new binder
materials only based on the ageing coefficient of CCl—the ‘o’ value. It is a significant outcome
of this study that this approach eliminates the necessity of diffusion data pertaining to D, or m
to expand the scope of the model. In a further simplification, based on the evidence of this
study, it is proposed that the ‘o’ value be conveniently measured through the Wenner resistivity
method, thereby minimising even the effort of acquiring the CCI-t data.

3. A simplified empirical approach to the quantification of the environmental influences on the
apparent diffusion coefficient was presented. The proposed approach is based on direct
measurement of the apparent diffusion coefficient under the given field conditions and its
normalisation with the corresponding laboratory-based apparent diffusion coefficient. Using
this approach the field influences can be quantified through a single set of measurements (i.e.,
a single concrete mix) as opposed to needing a series of measurements required for a regression
analysis. This enables better quantification of the macro- and micro-environmental conditions
with regard to their influences on the material’s resistance. This type of quantification goes
beyond the qualitative classification system of the exposure environment currently prevalent in
terms of exposure zones and integrates the macro-climatic conditions into the environmental
characterisation. This simplified approach, together with the long-term C; data, where possible,
could be used to generate ‘environmental severity maps’ for sites of importance or on a national
level. In this study, the environmental parameters were quantified for the Granger Bay (Western

Cape) and the Durban Harbour sites.

In conclusion, a simplified approach to modelling and the compact nature of the proposed model will

promote comprehensibility and ease of use. The minimisation of the input requirements will help

162



service life modelling keep pace with the ongoing rapid development of new materials intended to

improve sustainability. The underlying philosophy underpinning and guiding this work is encapsulated

in the following statement.

“All models are wrong, but some are useful!”®

This simplified approach intended to be practically useful is expected to help in increasing the adoption

of the performance-based approach to durability and to ultimately contribute towards constructing more

durable structures.

6.5 Recommendations for further research

The following suggestions are made to overcome some of the limitations of the present study and

advance this field of research:

1.

Although the D.-CClI relationship was validated in this study, the proposed model as a whole
must be validated with independent data to verify its accuracy and identify possible
deficiencies.

Presently, the proposed model includes various replacement levels of fly ash and slag as binder
options. This can be significantly increased to include other binder options by collecting the
ageing data for CCI or Wenner resistivity.

Characterisation of the environmental influences on D, (ke) and the long-term Cs values to
include other marine sites can assist in building quantitative exposure classification for the
marine environment and expand the applicability of the model. Although long-term data are
more reliable, relatively short-term D, measurements on corresponding specimens exposed to
laboratory and field conditions can be used for generating k. values. The long-term Cs values
on the other hand will require chloride profiling of selected existing structures in service under
long-term marine exposure.

The effect of chloride concentration on D, could not be determined in this study. Future research
should investigate this aspect and assist in further refinement of the relationship between the
laboratory and field D..

The proposed model considers concrete in a crack-free, unloaded state, which is a
simplification/idealisation of the actual state of concrete in structures. These aspects must also
be investigated in future research.

The proposed model follows a deterministic approach for the sake of simplicity. However,

given the uncertainty inherent in the material and exposure parameters, it is recommended that

8 Credited to George E. P. Box, 1976
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a probabilistic framework is generated and used to enable the analysis of the output in

probabilistic terms.
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Appendix A. Chloride binding — a critical review

A.1 Introduction

Chloride binding is defined as the phenomenon in which a part of the chloride ions in the concrete pore
solution is captured by solid concrete constituents and rendered immobile. The binding phenomenon
reduces the concentration of chloride ions available in the pore solution capable of diffusing further into
concrete (i.e., free chloride ions) and effectively reduces the rate of chloride transport. Chloride binding
also reduces the concentration of free chloride ions available at the steel surface to disrupt the passivation
layer of steel. This makes understanding chloride binding crucial to: (i) understanding the chloride transport
behaviour of concrete exposed to external chlorides in marine conditions, (ii) developing appropriate
methods to test chloride resistance realistically, and (iii) making better predictions of time to corrosion

initiation. The subject of chloride binding is complex and our understanding of it is still under development.

An adequate understanding of chloride binding is crucial to the understanding of the overall chloride
transport in concrete. It also enables a comprehensive and critical outlook needed for analysing chloride
test methods and prediction models. In this part, an attempt is made to critically review the literature on the
subject to summarise the current state of knowledge in relation to the mechanisms involved, mathematical

descriptions used, test methods used, and the important factors that influence chloride binding.

A few extensive reviews are available on the subject, most notably (Zibara, 2001; Yuan et al., 2009), that
effectively covers the breadth of topics this subject entails. Therefore, the emphasis was on reviewing the
most relevant and well-performed studies published in the last two decades unless where the lack of recent

literature or the importance of past studies dictated otherwise.

Reviewing recent literature in this case becomes even more important because a lot of what we know about
chloride binding comes from the studies on admixed/internal chlorides (Byfors, Hansson & Tritthart, 1986;
Tritthart, 1989a,b; Arya & Xu, 1995; Suryavanshi, Scantlebury & Lyon, 1996; Xu, 1997). There seems to
be a clear realization since the late 1990s that even though some overlap might exist, the findings from the
studies on internal chlorides may not adequately represent the case of external chlorides, perhaps partly due
to the awareness of a more convenient method of testing (equilibrium method, see later) for chloride binding
than the previous cumbersome method (pore expression, see later). This review is therefore restricted to

studies on external chlorides only.
A.2 Mechanisms

Two main mechanisms are used to explain chloride binding in concrete: chemical binding and physical

binding. Chemical binding involves chemical interactions of chloride ions with the hydration products,
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while physical binding involves the physical adsorption of chloride ions on the surface of hydration
products. The aluminate phases are believed to be mainly responsible for chemical binding and CSH gel
for physical binding.

A.2.1 Chemical binding

The main mechanism responsible for chemical binding is thought to be the reaction involving CsA and CI-
ions producing Friedel’s salt (C3A.CaCl..10H20). Through an extensive review of the literature published
between 1962 and 1999, Zibara, (2001) reported that it was believed that CsA reacts directly with chlorides
in the presence of gypsum to form Friedel’s salt in the case of internal chlorides although with some debate
on the competition between sulphates and chlorides. However, confusion in the case of external chlorides
existed in the early literature regarding whether chlorides react with the hydration products of C3A or the
remaining unhydrated CsA. In later years, the chemical binding of external chlorides was increasingly
explained through the process of ion-exchange in which chlorides replace hydroxyl ions present in the
interlayers of the AFm phases.

AFm refers to aluminate-ferrite-monosubstituent phases and represents the collection of calcium aluminate
hydrate phases with the general formula [Caz(Al, Fe) (OH)s]™ X n-H.O (Birnin-Yauri & Glasser, 1998). Its
crystalline structure is analogous to that of Ca(OH), [or Cas(OH)s] in which each divalent Ca ion is replaced
by a trivalent Al/Fe ion leaving a residual positive charge (Zibara, 2001). This residual positive charge may
be balanced by any anion(s) ‘X’ such as OH", SO4?, CO3?, ClI- (Birnin-Yauri & Glasser, 1998; Zibara,

2001). Various AFm phases exist depending on the exposure conditions as shown in Figure A.1.

In Portland cements without significant carbonate content, sulphate AFm reacts with chlorides at low
concentration to form Kuzel’s salt, which contains both sulphates and chlorides as anions (C1/SO4?=2:1)
(see Figure A.2). At high chloride concentrations (below 1 M), AFm converts to Friedel’s salt (CI-AFm)
(Zibara, 2001) (Eqg. (A.1)). Both reactions leave sulphate ions as by-products (Eg. (A.1)), which react with
AFm to form ettringite (AFt) (Hirao et al., 2005). An increase in total volume has been reported (Balonis
et al., 2010) but the formation of ettringite has not been considered as a deleteriously expansive reaction.
Although AFm contributes the most, several other calcium aluminate hydrate phases have been reported to
contribute to chloride binding (Zibara, 2001). Ettringite has also been reported to convert to Friedel’s salt
at chloride concentrations above 3 M (Zibara, 2001). The current understanding of chemical binding is

however much more complex than described here.

C3A.CaS04.12H,0 + 2NaCl — CsA.CaCl,.10H,0 + 2Na* + SO42 + 2H,0 (A1)
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Figure A.1 Various AFm phases in hydrated cement (Glasser, Kindness & Stronach, 1999). The dotted
lines represent the unstable AFm phases and AFm phases with chlorides are highlighted in the shaded
rectangle in the figure.

A.2.2 Physical binding

Electrical double layer theory has been used to explain the mechanism of physical binding. Cement
hydrates such as CSH acquire a negative surface charge due to missing cations from their crystal structures.
These negative charges are compensated by the positively charged Ca, Na ions from the pore solution
forming a positive Stern-layer, which is followed by a negatively charged diffuse layer of chloride ions.
The mechanisms of physical binding, however, are not well understood. As physical adsorption involves
weaker forces, the physically bound chlorides are loosely held, and the chemically bound chlorides strongly
held. However, desorption of both types of bound chlorides may occur depending on the exposure

conditions.

The binding capacity of CSH is much lower than AFm on a per g basis, around 1/5""; however, because
CSH has a much higher volume than AFm, its overall contribution to binding can be significant (Hirao et
al., 2005).
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Figure A.2 The dependence of the total phase volume (calculated) on chloride concentration in a hydrated
model mixture containing representative quantities of C3A, portlandite, water, and sulphates (Balonis et
al., 2010)

A.3 Chloride binding in diffusion models

Diffusion is the major transport process through which chloride ions penetrate concrete. The governing
equations for diffusion are described by Fick’s 1%t and 2" laws for steady and non-steady (unsteady) state
diffusion. In the following section, the mathematical expression for Fick’s 1% law is presented and 2" law
derived. A common approach to account for chloride binding in the diffusion process is then described
(based on (Tang, Nilsson & Basheer, 2012)).

The rate at which a material (measured in mass) flows across a unit section is termed ‘flux’ (meaning flow)
as described in Eg. (A.2). In a steady state transport process such as steady state diffusion, the flux at a
given location remains constant with time. Therefore, the flux going into an infinitesimal element will be

equal to the flux coming out of it. In other words, no material is retained in the element.

_1om (A2)
J= A dt

Where,

J: Flux (moles/s/m?) (moles in place of kg depending on the unit of ‘C)

m: Mass (kg)
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t: Time (s)
A: Area of cross-section (m?)
Under steady state conditions, the diffusion flux is directly proportional to the concentration gradient across

the element according to Fick’s first law in one dimension (x) (Eq. (A.3)).

ac (A3)
J = —Dss %

Where,

C: Concentration (moles/m?3)

‘Dss’ is the constant of proportionality and is termed the steady state diffusion coefficient. The negative

sign signifies that the direction of flow occurs in the direction of decreasing concentration gradient.

As opposed to steady state conditions, the incoming and the outgoing flux are not equal at a given time in

non-steady state conditions, Eq. (A.4).

]in * ]out (A-4)

The difference in incoming and outgoing flux leads to an accumulation of ions with time in the infinitesimal
element according to the law of conservation of mass. Therefore, the concentration at a given location will
change with time (see Eqg. (A.5), (A.6)). Applying Eg. (A.2) and Eq. ((A.3)) to Eqg. (A.6), leads to the
equation for Fick’s 2" law of non-steady state diffusion (Eq. (A.8) and (A.9)).

0C _ _Mout ~ Min (A5)
at AV - At
or, ac _ Moyt — Min (A-6)

ot A-Ax-At

or, a_C _ _]out _]in (A-7)
dat Ax
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or, o (A8)
at  dx

Fick’s 2" law oc 9 ac (A.9)
ot a< $S a)

‘Dss’ is the steady state diffusion coefficient.

When the diffusant (the diffusing species) does not interact with the porous material, the non-steady state
usually is a transient state before the steady state is reached. In the case of chlorides diffusing in concrete,
the binding phenomenon creates a sink for chloride ions, whereby the chloride concentration at any location
is composed of bound chlorides and free chlorides, of which only free chlorides participate in diffusion.
Therefore, the change in chloride concentration with time is due to two processes: the chloride binding and
an increase in incoming free chloride ions (left-hand side term of Eq. (A.8)). But the driving force for
diffusion comes only from the free chlorides (right hand side term of Eq. (A.8)). It should be noted that the
amount of bound chlorides depends on the amount of free chlorides at that location, thus as the free
chlorides move ahead, a part of them turns into bound chlorides and the rest remain free to move. Fick’s

2" Jaw can be rewritten for this case:

SS dx

oc, 0 b aCy (A.10)
ot  ox

‘Cy’ is the total chloride content and is composed of bound chlorides (‘Cy’) and free chlorides (‘Cs’). The

unit of concentration is with respect to the volume of concrete.

C.=Cy+Cr (A.11)

Using Eqg. (A.10) and (A.11):

9 9/ ac (A12)
76+ = 5057

or, aCf aCb d aCf (A13)
E(EJ’ 1> = a(”ssa
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or, (A.14)

aCf
ot ax\' M ax
where, Dyss = —255 [m?s] (A.16)

‘Dnss’ is the non-steady state diffusion coefficient. It represents the rate of chloride transport in non-steady
state conditions.

The free, bound, and total chloride concentrations in the aforementioned expressions are in per m?® of
concrete. However, most often, different types of chloride concentrations are defined with respect to
different quantities, due to the different methods of determination involved in each case. For example, total
and bound chloride concentrations are expressed in moles per m® of concrete, whereas free chloride
concentrations are expressed in moles per m3 (or L) of pore solution. In such cases, the proportion of pore
solution involved in diffusion in concrete is used to account for these differences. Usually, the following
assumptions are made in this regard: 1. all the pore solution participates in diffusion, 2. concrete is
completely saturated, and porosity is uniformly distributed in concrete, and 3. the pore solution content is

equal to the capillary porosity or the evaporable water content.

When Cs is expressed in mol per m? (solution) and Cy, C; in mol per m® (concrete), Eq. (A.11) will be
modified by using the pore solution content (assumed to be the porosity ‘e’= vol. of porosity/vol. of

concrete):

Ct = Cp + .C¢ [moles/m3(concrete)] (A.17)

Consequently, the expression for the Fick’s 2" law and Dnss will change as follows:
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ac (A.18)
f
5 (Ch+e-C)= x(DSS € W)
Or, Dss (A.19)
Dyss =7 1 oo\
(1+553)
£ aCf

Z% represents the rate of binding relative to the free chloride concentration. Chloride binding would imply
f

a positive value to this parameter, and it is obvious considering Eq. (A.16) that binding would lead to a
reduction in the diffusion coefficient. The values for this parameter are obtained from binding isotherms,

explained in the next section.
A.4 Binding isotherms
A.4.1 Sorption isotherms

Binding isotherms describe the relationship between bound chlorides and free chlorides at a particular
temperature. Also called adsorption isotherms or sorption (adsorption and ion exchange) isotherms, the
binding isotherms are common in various fields to describe sorption processes. In other words, binding
isotherms describe the amount of sorbate (bound chlorides) sorbed on the sorbent (substrate—concrete) as a
function of the concentration (free chlorides) at constant temperature. Figure A.3 illustrates a typical
chloride binding isotherm measured on paste samples. The binding isotherm does not capture the progress
of binding with time. It only presents the bound chloride content in equilibrium with the given chloride
concentration, i.e., it assumes instantaneous binding. It is well known that the relationship between bound
and free chloride concentration is non-linear and the increase in binding decreases with an increase in
concentration (Tang & Nilsson, 1993; Castellote, Andrade & Alonso, 1999). Hence, the amount of binding
depends on the concentration. A wide range of chloride concentrations is of practical interest. Seawater on
average has a chloride concentration of 0.5 M, typical lab diffusion tests use a chloride concentration of ~3
M, migration tests use a range of chloride concentrations up to 5 M.

A.4.2 ‘Binding capacity’

Z% is the slope of the binding isotherm and is termed ‘binding capacity’ by (Nilsson, Massat & Tang,
1994). Nilsson, Massat & Tang (1994) define the binding capacity as “the ability of a material to bind

further chlorides when the chloride concentration increases”. As shown in Figure A.3, the chloride binding
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isotherm follows a non-linear trend, which means that the binding capacity decreases continuously as the
chloride concentration increases. However, this definition is not always recognised in the literature (Tang
& Nilsson, 1993; Thomas et al., 2012) and the term binding capacity is often used to refer to the maximum
ability of the material to bind chlorides.

354

304

254 R?=0.9890

20+

154 m  Bound chloride, Cb

Freundlich isotherm
- - - -Langmuir isotherm

104

Bound chloride, Cb (mg/g sample)

. T T T T T T T T T T T T T 1
0.0 0.5 1.0 1.5 20 2.5 3.0 3.5
Free chloride, Cf (Mol/l)

Figure A.3 A typical chloride binding isotherm (Ogirigbo & Black, 2017)

A.4.3 Comparison of different sorption isotherms

Various isotherms have been used in the literature to describe chloride binding, most notably, linear,

Langmuir, and Freundlich.

The linear isotherm passing through the origin has been criticised, despite its simplicity, for underestimating
binding at low to moderate chloride concentrations and overestimating binding at moderate to high chloride
levels, with a recommendation to consider non-linearity of binding for more accurate predictions as shown
in Figure A.4 (Nilsson, Massat & Tang, 1994; Martin-Pérez et al., 2000).

The most widely accepted (cited) finding on non-linear binding is that chloride binding follows Freundlich
isotherm best at chloride concentration >0.01 M and Langmuir isotherm best at chloride levels <0.05 M
(Tang & Nilsson, 1993). On this basis, it was argued that monolayer adsorption should be the mechanism
at low chloride levels, but more complex mechanisms might be involved at higher chloride levels. However,
subsequent studies have shown that using either of these isotherms through the entire range of chloride
concentrations results in extremely good fits (R?>0.9) and the difference between the two is marginal
(Zibara, 2001; Thomas et al., 2012; Ogirigbo & Black, 2017).
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Figure A.4 (a) and (b) show the comparison of different binding isotherms and their effect on the
diffusion coefficient (relative to no binding), respectively for ggbs (40%) concrete with w/b-0.3 (adapted
from (Martin-Pérez et al., 2000))

The issue of importance is therefore the ease with which these isotherms can be used to derive the diffusion

coefficient. It has been recognised that Fick’s 2" law cannot be solved mathematically while using non-

linear binding due to the consequent concentration dependence of the non-steady state diffusion coefficient

(see Table A.1) and therefore numerical methods are needed (Nilsson, Massat & Tang, 1994).
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Table A.1 Types of binding isotherms used to describe chloride binding in concrete

Type of isotherm

Mathematical expression

Binding capacity and diff. coeff.

(Martin-Pérez et al., 2000)

Properties

1. g.p-cP 1
1+£aﬁCf

aﬂ = a 1. a, B =0implies no binding
aCy 2. B =0 implies straight line through origin
. _ 3. a, B >0 implies straight line with an intercept
Linear Co=a- G +p on the bound chloride axis. No theoretical
Do = Dy explanation for Cp= >0 at C+=0 (Tang,
NSS =14 ¢ Nilsson & Basheer, 2012)
&
1. Non-linear binding
% — a 2. Plateaus at chloride concentration indicating
aCr (1+p5- Cf)z exhaustion of adsorption sites (Martin-Pérez
L . a-C et al., 2000)
angmuir _ f : . .
Cy = 115-C 3. Derived with the assumption of, among
B-Cr D others, monolayer adsorption on a
Dyss = - 55 — homogenous substrate in a reversible process
. (Atkins & Paula, 2006)
(1+B'Cf)
9Cy p-1
ac, ap-Cy 1. Non-linear binding
. _ B 2. Empirical expression
Freundlich Cp=a-( D 3. Keeps increasing with chloride concentration;
Dyss = SS however, with a decreasing rate

Note:

1. a, B — binding constants obtained by fitting the isotherm equations into the experimental data
2. the unit for Cy is moles/m3(pore solution), other chloride contents in terms of m3(concrete)

3. BET (Brunauer-Emmette-Teller) isotherm is not included here because of the complexity of the mathematical expression involved and the lack of its use in
description of chloride binding. The expression can be found in ref. (Castellote, Andrade & Alonso, 1999; Yuan et al., 2009).
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A.4.4 Desorption isotherms

Desorption of bound chlorides has been shown to occur upon exposure to a solution of lower chloride
content. However, desorption exhibits hysteresis (Zibara, 2001) and therefore a significant portion of bound
chlorides remains bound unless the chloride concentration becomes very low as shown in Figure A.5. It is
clear from this figure that a portion of bound chlorides is reversibly bound. However, conflicting
interpretations exist in the literature on whether a portion of bound chlorides is irreversibly bound when the
concentration is lowered to zero (Tang & Nilsson, 1993; Thomas et al., 2012). Desorption becomes of
importance, especially at the surface of chloride-exposed structures where rainfall or flooding can lower
the chloride levels. It can also influence the measurement of bound (or free) chlorides when leaching-based

test methods are adopted, see later.
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Figure A.5 Sorption and desorption isotherms [metakaolin paste (w/b-0.5); pH-13 (sorption), pH-12.5
(desorption)] (Thomas et al., 2012)

A.5 Determination of bound and free chlorides

The determination of bound chlorides (and binding isotherms) generally consists of extracting the free
chloride portion, measuring the free chloride content using chloride measurement techniques, and
subtracting that from the total chloride concentration. This indirect scheme is used because isolating the
bound chlorides is prone to many experimental errors and often is more tedious than isolating the free

chloride portion. The common methods used in this regard are briefly described below.
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A.5.1 Pore solution expression method

In this type of method, the pore solution is pressed out of the cementitious system and analysed for chlorides
to determine the free chloride content. A common arrangement (Barneyback & Diamond, 1981) uses
roughly 250 g of specimen placed in a 53 mm (2 in.) diameter cavity inside a pre-compressed die, and a
high pressure of up to 550 MPa is applied on it through a piston on top (see Figure A.6). An O-ring channel
carved on the top of the platen collects the pore solution and delivers it through a drain. The pore solution
can be collected directly into a syringe using a rubber pipe connected to the drain. The limited exposure to

air ensures that carbonation is avoided.

Pore solution can be extracted from paste or mortar specimens using this arrangement. The yield of pore
solution from this method is quite low and depends on various factors. For example, the yield of mortars
with cement:sand:water of 1:2:0.5 decreases, as the hydration progresses, from 10 ml right after setting to
1-2 ml after several days. Likewise, paste will yield more pore solution than mortar, and a high w/b ratio
will yield more than low w/b ratio pastes. The obtained pore solution is diluted to obtain sufficient volume
for reliable chloride content determination.
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Figure A.6 Device for the extraction of pore solution (Barneyback & Diamond, 1981)
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A.5.2 Sorption equilibrium method

In this type of method, crushed samples are stored in chloride solutions of concentrations of interest
separately until no more sorption of chloride occurs, i.e., equilibrium is reached. The most extensive method
used for bound chloride determination, proposed by (Tang & Nilsson, 1993), uses a well-hydrated sample
with a particle size in the range of 0.25-2 mm obtained through wet crushing and water sieving to avoid
carbonation. The wet sample is vacuum-dried for 3 days and then stored at 11% RH in a carbon dioxide-
free environment for 7 days to ensure only a monolayer of adsorbed water remains on the gel. 25 g of
sample is mixed with NaCl solution of a certain concentration saturated with Ca(OH)2. The volume of the
solution is not stipulated, but researchers have used a variety of solution-to-sample ratios: 15 ml/30 g (De
Weerdt et al., 2015); 20 ml /15 g (Machner, Hemstad & De Weerdt, 2018); 4 ml/g (Avet & Scrivener,
2020). Moreover, in place of Ca(OH)2, NaOH, KOH, or a combination of alkali hydroxides have been used.
According to (Tang & Nilsson, 1993), equilibrium could be reached in under 2 weeks for OPC pastes
although others (De Weerdt et al., 2015; Avet & Scrivener, 2020) have reported longer durations of
2 months for OPC pastes, and Thomas et al. (2012) found the duration to depend on factors such as SCM
and wi/b ratio for 3-mm thick discs (see Figure A.7). After reaching sorption equilibrium, the solution is
analysed for chlorides to measure free chloride content. This process is repeated for a range of chloride

strengths and an adsorption isotherm can be drawn.
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Figure A.7 Time to reach equilibrium concentration in 3-mm thick discs (Thomas et al., 2012)

A.5.3 Leaching method for ‘water-soluble’ chlorides

In this type of method, crushed chloride contaminated samples, the same as used for total chloride content,

are immersed in a chloride-free solution to dissolve the free chlorides in the solution. The filtrate is analysed
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for chlorides to determine the free chloride content. Several methods have been used (refer for details
(Castellote & Andrade, 2001a)). The ASTM method (ASTM C1218, 2020) states that a pulverized sample
(850 um sieve passing) be boiled in reagent water (10 g in 50 ml) for 5 minutes and the filtrate is obtained
after 24 hours. The RILEM recommended method for soluble chlorides (RILEM TC 178-TMC, 2002a),
based on a round-robin study (Castellote & Andrade, 2001a), states that a pulverized sample (315 pm sieve
passing) be stirred in reagent water (5 g in 50 ml) for 3 minutes and filtrate is obtained immediately
thereafter for analysis. Another method has been proposed (Castellote et al., 2001), which uses a 0.3 M
NaOH solution instead of distilled water to avoid the effect of pH differences on the soluble chloride content

(see Section A.6.1 for more information).
A.5.4 Steady-state diffusion cell method

In this type of method, free chloride contents are estimated for steady-state conditions, i.e., linear variation,
in a diffusion cell using the upstream and downstream cell concentrations, which are then subtracted from
the total chloride contents at each depth to obtain bound chloride contents. A method proposed by (Glass,
Stevenson & Buenfeld, 1998) makes use of a 10-mm mortar/concrete disc specimen exposed to NaCl
solution on one side and NaOH solution on the other. Free chlorides in the specimen are estimated after
steady state conditions are achieved, and total chloride contents are measured through chloride profiling.

A.5.5 Other methods

Using analytical methods such as XRD and SEM-EDS, attempts have been made to distinguish between
physically and chemically bound chlorides (Sui et al., 2019). Physically bound chlorides are assumed to be
associated with C-A-S-H and chemically bound chloride are assumed to mainly exist as Friedel’s salt. These
assumptions may be limited by our understanding of the mechanisms of chloride binding, especially in the

case of SCM concretes. These methods are only appropriate for research, not routine testing.

The merits and demerits of the common test methods for assessing bound/free chloride content are
discussed in Table A.2.
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Table A.2 A comparison of different binding methods

Method

Advantages

Disadvantages

Pore solution
expression method

High accuracy and low within-lab variability
for chloride and hydroxide content (Tritthart,
1989b)

Binding isotherm can be obtained on a single
specimen subjected to non-steady state
chloride diffusion.

The specimen is not subjected to any chemical
changes in the test environment that can affect
binding.

Other properties of the pore solution can be
measured on part of the same sample.

Expensive as specialized equipment is needed.
Safety is a concern as high pressures are involved.

Large sample size is required to obtain a sufficient volume of
pore solution; testing concrete is impractical.

Concrete requires the sample to be broken into small pieces,
which are susceptible to carbonation-related errors (Tritthart,
1989b).

The pore solution content (or solution-filled porosity) is
required to calculate chloride content per m® of material, which
is difficult to measure accurately.

The expression of pore solution might lead to the release of
some of the bound chlorides due to the high pressures involved
(Glass, Wang & Buenfeld, 1996).

Equilibrium
method

Test procedure is easy to follow.
No need of special/expensive equipment.
Small sample size is required.

Equilibrium could take a long time to establish, from weeks to
months.

Crushing the specimen may result in exposing higher surface
area/portions than happens in the actual diffusion process
(Alexander & Streicher, 1998).

Crushing (wet storage) also makes the specimen susceptible to
a higher degree of hydration thereby changing the
composition.

Risk of leaching during water sieving.

The composition of the exposure solution will affect the
binding isotherm, e.g., pH.
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Method

Advantages

Disadvantages

Leaching
methods

The quickest and most
straightforward among the
available methods.

Concrete samples can be tested
easily.

Field chloride-exposed samples
can be tested.

Uncertainty around the accuracy, esp. at low chloride contents.

Highly dependent on the ionic composition of the solution. Desorption of bound
chlorides is likely due to lower solution pH.

Some of the bound chlorides get into the solution with water, which affects the
accuracy of the method. The ratio of free chlorides determined by pore
expression to the water soluble chlorides (C«/Cy) varies widely (0.5-0.8) in the
literature (Otsuki, Nagataki & Nakashita, 1993; Yuan et al., 2013).

Steady-state
diffusion cell
method

Realistic conditions; pore
structure remains intact during
the test

Diffusion coefficient and
binding isotherms can be
measured through the same
test.

Long durations are required to establish steady-state conditions.

Thin specimens required to reduce the test duration will lead to difficulty in
chloride profiling.
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A.6 Factors affecting chloride binding

A.6.1 pH (OH" concentration)

The pH or the hydroxyl ion (OH) concentration of the concrete pore solution has a direct influence on the
chloride binding capacity of concrete. Various studies have shown that generally with a reduction in pH, the
binding capacity increases (Tritthart, 1989a; Machner, Hemstad & De Weerdt, 2018; Avet & Scrivener, 2020).
As the OH" ion concentration decreases, it is thought that the competition for adsorption sites also reduces
leaving more sites to occupy for CI- ions (Tritthart, 1989a). However, recent research shows that chloride
binding follows this trend only until a minimum pH (around 12 for OPC) is reached (see Figure A.8), below
which it can decrease severely (Machner, Hemstad & De Weerdt, 2018). Some possible reasons for this
phenomenon have been suggested by the authors: the decomposition of ‘chloride binding phases’, their
inability to bind chlorides beyond a certain pH, the decalcification of CSH resulting in a lower positive charge,
which could reduce chloride ions in diffuse layer, and reduction in the amount of CSH. The exact mechanism(s)

by which pH influences the chloride binding capacity still requires clarification and experimental verification.
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Figure A.8 The influence of pH on binding in Portland cement. The pH was adjusted by adding HCI to the
binding solution of 1.5 M NaCl used to quantify the amount of bound chloride ions by the equilibrium
method (Machner, Hemstad & De Weerdt, 2018).

There are various implications of the pH-binding relationship for the chloride ingress behaviour of concrete.
The pH of the pore solution is affected by the concrete constituents, in particular, the type of the binder.
Excessive leaching and carbonation at the exposed surface of marine structures can also reduce the pH to the
level where the concrete starts losing its binding capacity. Furthermore, the binding capacity determination
itself can be erroneous if the pH of the solution, in equilibrium or leaching method, is not kept at a realistic

level (Avet & Scrivener, 2020).
A.6.2 Source of chlorides

Seawater contains many ionic species, mainly, Na* (Sodium), K* (Potassium), Ca? (Calcium), Mg?*
(Magnesium), SO4?2 (Sulphate), and CI- (Chloride) ions. These ions can influence the chloride binding



behaviour of concrete. Furthermore, different chloride salts such as NaCl, CaCl,, and MgCl; are used as deicing
salts in cold weather conditions. The different cations associated with chlorides in these salts can have different
effects on the chloride binding behaviour of concrete. Similarly, where ground water chloride attack is a

concern, the accompanying ions in the ground water can be an influencing factor.

The chloride salts of Mg?* and Ca?* lead to more bound chlorides than the chloride salts of Na* and K* in
Portland cement systems (Delagrave et al., 1997; Zhu et al., 2012; De Weerdt et al., 2015) (see Figure A.9a).
An associated reduction in pH is also observed with increasing concentration of Ca/Mg ions, which is thought
to be behind the increased binding capacity in the presence of Ca?* or Mg?* ions (see Figure A.10a) (De Weerdt
et al., 2015). It has been argued that Mg?* and Ca?* ions combine with OH- ions and remove them from the
solution due to the limited solubilities of Ca(OH), and Mg(OH), (Tritthart, 1989a). However, the mechanisms
involved are highly debated. Metakaolin and metakaolin-limestone blends have also shown higher binding in
the case of CaCl, compared to NaCl (Shi et al., 2017). However, the mechanisms at play in the case of
metakaolin could be different from Portland cement pastes as shown in Figure A.11.

The SO42 ions react with AFm preferentially to chlorides to form ettringite leaving less for chlorides to bind
with. In addition, sulphates also compete with chlorides for sorption on CSH, thus reducing the chloride
binding capacity (De Weerdt, Orsakova & Geiker, 2014). Furthermore, the increased chloride binding of Mg?*
disappears when similar amounts of SO4 ions are present in the solution without affecting the pH (compare
Figure A.9b and Figure A.10b) (De Weerdt, Orsakova & Geiker, 2014). It can also be seen that binding in the
case of seawater is quite similar to NaCl. This is possible because the amount of Mg?* and Ca?* in seawater is

very small compared to Na* and the presence of sulphates should contradict their effect even further.
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Figure A.10 The pH of the respective exposure solutions in relation to their chloride concentration in an

equilibrium test for chloride binding where 0.5 ml of chloride solution was used per gram of the ground paste
sample
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Figure A.11 The proportion of physically and chemically bound chlorides in Portland cement paste (P),
metakaolin and metakaolin-limestone blends (M, ML) when exposed to NaCl or CaCl; solution (Shi et al.,
2017)

A.6.3 Portland cement phases

Zibara (2001) found that CsA plays a major role in chloride binding and the C3A content is a good predictor
of the binding capacity of Portland cement in the moderate to high chloride concentration range (1-3 M), but
not in the low concentration range (0.1 M). C,AF was also estimated in this study to have 1/3' of the binding
capacity of CsA. On the other hand, SOs™ content was found to reduce the binding capacity by forming mono-
sulphate and ettringite, especially at low chloride concentrations. CsS and C,S were reported to contribute

about 25-50% to the total binding capacity as physically bound chlorides.
A.6.4 SCMs and level of substitution

1. Ground granulated blast-furnace slag

GGBS is known to have a high active alumina content. The hydration of GGBS in the presence of cement
produces some changes in the hydration products. The hydration of slag blends results in CSH with a lower
Ca/Si ratio but with a higher Al/Si ratio (therefore — C(A)SH) and is likely to contain hydrotalcite?-like phase
due to high Mg content (Lothenbach, Scrivener & Hooton, 2011). Previous studies have found higher Friedel’s
salt content with GGBS suggesting the presence of more AFm (Luo et al., 2003) and yet many recent studies
suggest that more alumina content does not necessarily lead to more AFm and AFt phases, rather more Al is
found to be incorporated into CSH (Lothenbach, Scrivener & Hooton, 2011).

@ Hydrotalcite — MgsAl2(OH)16(CO3).4H,0 [Mg-Al-OH-X phase] (Lumley et al., 1996)
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GGBS has been shown to improve chloride binding ability (Dhir, EI-Mohr & Dyer, 1996; Luo et al., 2003).
The chloride binding ability increases with increasing replacement levels between 0 and 66.7% in a study by
(Dhir, EI-Mohr & Dyer, 1996), as shown in Figure A.12. A similar increase in binding was also observed with
an increase in the replacement level up to 50% in another study; however, 100% replacement resulted in

significantly reduced binding, suggesting an optimum replacement level (Zibara, 2001).
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Figure A.12 Effect of GGBS level on chloride binding (Dhir, EI-Mohr & Dyer, 1996)

It is generally believed that Friedel’s salt formation due to higher alumina content in slag is behind the superior
binding capacity of slag-blended binders (Dhir, EI-Mohr & Dyer, 1996; Luo et al., 2003). However, it has been
shown that hydrotalcite in hydrated slag blends has a high chloride binding potential and therefore could be
behind slag’s high binding capacity in addition to Friedel’s salt formation (Kayali, Khan & Sharfuddin Ahmed,
2012). It has also been suggested that the lower sulphate content of GGBS might be one of the leading causes
of its high binding capacity (Xu, 1997; Luo et al., 2003).

The binding ability of common SCMs has been reported in a study in the following order:
MK>GGBS>FA>PC>SF® (Thomas et al., 2012). Except for FA, the binding capacity for the rest appeared to
be correlated with their alumina content in this study. GGBS with higher alumina contents bind more chlorides;
however, the relative magnitude also depends on the type of cement with which it is blended (Mapa et al.,
2023).

2. Flyash

Fly ash also contains a large amount of alumina. However, a large part of alumina in FA is present in the form
of crystalline Mullite and thus not available for binding, which means that total alumina content is not a reliable
indication of FA’s binding ability (Thomas et al., 2012). Cheewaket, Jaturapitakkul & Chalee (2010) tested

concretes with a range of FA substitution levels (0-50%) and w/b ratios in a tropical marine tidal zone. Their

b MK (Metakaolin), FA (Fly Ash), SF (Silica Fume)
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results show that binding capacity increased, by about 10% for 50% FA, with the substitution level in an

approximately linear fashion and the binding capacity of FA concretes reached a maximum value in 3-4 years.
A.6.5 wi/b ratio

Studies on paste have shown that an increase in w/b ratio leads to an increase in bound chlorides per unit
sample mass without SCMs (Tang & Nilsson, 1993). In contrast, another study found this trend only with
SCMs (Thomas et al., 2012). Studies on concrete and mortar differ in their findings. (Mangat & Molloy, 1995)
found increased binding with higher w/b at constant cement content, while (Tang & Nilsson, 1993; Cheewaket,
Jaturapitakkul & Chalee, 2010) found no effect of w/b on binding.

Given the same curing, a higher w/b ratio results in a higher degree of hydration at a given cement content.
The amount of bound chlorides would depend on the amount of hydration products (or the interface of
chlorides with it). The amount of hydration products, in turn, would depend on the w/b ratio and the cement
content. A higher degree of hydration with a higher w/b ratio would increase the binding, but a concomitant

reduction in cement content to keep the water content constant would more than negate that effect.
A.6.6 Aggregate

Tang & Nilsson (1993) found in a study on OPC pastes and mortars that bound chloride contents of mortars
were lower than the pastes when compared on a per-sample mass basis; however, no discernible differences
remained when the amount of bound chlorides was normalized with the gel content. Apart from diluting the

cement paste, aggregates were not found to bind any chlorides.
A.6.7 Temperature

Zibara (2001) reported that the effect of temperature on chloride binding is concentration-dependent. The
binding capacity reduces with increasing temperature between 0-38°C below the chloride concentration of 1
M although the reduction is marginal. Whereas at a chloride concentration of 3 M, significant increases in
binding capacity were observed with increasing temperature. This type of concentration dependence has not
been reported by some recent studies. Furthermore, there is a lack of agreement on whether temperature
increases (Nguyen, Lorente & Carcasses, 2009; Panesar, Eng & Chidiac, 2011) or decreases binding (Dousti
et al., 2013). Nevertheless, the effect of temperature as observed in these studies is marginal and not always
consistent. It is therefore uncertain that temperature will play a crucial and definite role in chloride binding in

the temperature range of practical significance.
A.6.8 Carbonation

Carbonation reduces the pH of the pore solution and consequently affects the ability of hydrates to bind
chlorides. Carbonated concrete loses the ability to bind chloride, and similarly, subsequent carbonation in

chloride contaminated concrete releases bound chlorides (Saillio, Baroghel-Bouny & Barberon, 2014; Chang,
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2017; Bahman-Zadeh, Ramezanianpour & Zolfagharnasab, 2022). The binding ability decreases sharply with

the degree of carbonation and is completely lost upon complete carbonation.
A.6.9 Electric field

An understanding of the influence of electric field on chloride binding is likely to: 1. lead to better
interpretations of the migration test results and clarify their relationship to the chloride diffusivity of concrete,
2. reveal if the possibility of developing a better—quicker and simpler—test for binding ability exists using
electrical migration, and 3. lead to improvements in the process of electrically-induced chloride extraction.
The task of understanding the influence of an electric field on chloride binding can be divided into investigating
two main issues: 1. what is the nature of chloride binding when transport occurs under an electric field? and 2.
how does the application of an electric field affect the bound chlorides that already exist in concrete? Only a
few studies have investigated these questions, as described below.

A study on non-steady state migration conditions (DC) found substantially different relationships between
bound and free chlorides compared to those in a natural diffusion test (Castellote, Andrade & Alonso, 1999).
The amount of bound chlorides was found to be much lower in case of migration unless at very high chloride
concentrations (see Figure A.13). Practically no binding was seen when the catholyte concentration was less
than 0.1 M. It is suggested that transport is much quicker in migration than the reaction step and the opposite

in the natural diffusion, which was reflected as the difference between the chloride profiles.

In contrast, Yuan et al. (2013) found minimal effect of the applied electric field (DC) on binding in non-steady
state conditions. In another study, steady-state conditions for chloride penetration were reached using an
applied DC voltage and the amount of bound chlorides expressed thereafter from the specimens was found to
be no different from those measured through the typical equilibrium method (Voinitchi, Julien & Lorente,
2008). Even though the time to reach equilibrium in the two types of measurements was different, the same

results were obtained. This suggests no adverse influence of the electric field on binding.
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Figure A.13 Binding isotherms obtained from non-steady state migration and diffusion tests (Castellote,
Andrade & Alonso, 1999)
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It is clear that major contradictions are present, and thus more research is necessary on this topic, especially

considering its practical importance. In any case, the only takeaway seems to be that binding does occur in the

presence of an electric field; its magnitude and nature need clarification.

A.7 Conclusions

1.

The formation of Kuzel’s salt and Friedel’s salt at low-to-moderate and moderate-to-high chloride
concentrations mainly through the reaction between AFm phase and chloride ions is the main
mechanism of chemical binding in plain Portland cement systems with or without SCMs. However,
other hydrates can also play a significant role, especially in the case of SCMs. The CSH gel and its
large surface area are mainly believed to be behind the physical binding.

Non-linear binding isotherms satisfactorily express the relationship between free and bound chlorides
regardless of the mechanisms involved in chloride binding. Freundlich and Langmuir isotherms are
the most widely used; however, the use of non-linear binding in diffusion models requires numerical
methods for the solution.

The most commonly used method to test for bound chlorides on lab samples is the equilibrium method.
The leaching method is the practical option for field/lab samples. However, it needs to be appreciated
that the results from any of these tests depend on how closely the test conditions resemble the reality.
As it stands, quantification of free Cl contents involves uncertainty in accuracy, which makes total Cl
contents preferable in a practical context. These aspects are however of high practical significance and
should be researched further.

Chloride binding is influenced by a multitude of factors, among which the most important appear to
be the pH, the cation associated with the chloride salt, sulphate content, the composition of the binder,
and carbonation.

Much research effort is still required to investigate the effects of these factors in order to model the
chloride transport process better and develop better test methods. In this author’s view, a better
understanding of the influence of SCMs and the electric field on chloride binding will have the most

impact on practice.
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Appendix B. Diffusion and Migration: An Overview of Theory and
Testing

B.1 Introduction

Chloride transport of concrete in marine conditions is generally modelled on diffusion. The related
testing is consequently based on diffusion but also includes (electro-)migration. This part presents an
overview of the theoretical background for diffusion and migration. The fundamentals are explained
using the case of transport in ionic solutions at both particle and phenomenological level. Fair bit of
emphasis is given to the relationship between the mechanisms of diffusion and migration in ionic
transport, in particular, for its use in developing efficient test methods for diffusion. The differences
between transport in ionic solution and saturated media are then discussed to provide relevance for
transport in concrete. Common test methods to assess resistance of concrete to chloride diffusion based
on diffusion and migration are critically reviewed in detail. Particular attention is given to the chloride
conductivity test for its relevance to this study.

B.2 Chloride diffusion and migration

The fundamental electrochemical principles of ionic diffusion and migration have existed for more than
100 years. These principles have been used extensively across fundamental and applied fields since
then. Several textbooks are now available, which describe the subject in detail. Much of the following
discussion draws on the indispensable textbooks on Physical Chemistry and Electrochemistry by:
(Bockris & Reddy, 2002; Atkins & Paula, 2006).

B.2.1 lonic Diffusion in solutions

At a particle level, diffusion can be described in this way. Particles move randomly in all directions
owing to their kinetic energy at a given temperature. The particles move randomly between the region
of high concentration and the region of low concentration in both directions. However, simply because
there are larger number of particles in the region of high concentration, more particles travel from the
region of high concentration to the region of low concentration. At the phenomenological level, this
appears as a net movement of matter (or property, such as temperature) in a specific direction, the
direction of decreasing concentration, to establish equilibrium. This flow of particles such as ions due

to a concentration gradient is defined as diffusion.

The instantaneous rate of movement under diffusion is directly proportional to the concentration
gradient. This is known as Fick’s 1% law. Fick’s 1% law (Eq. (B.1)) describes diffusion in the steady
state, which means that it is applicable when the concentration gradient remains constant with time.

Under non-steady state conditions, Fick’s 2™ law (Eq. (B.2)) is used.
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ick’s 1 ac
Fick’s 1% law J= _Da (B.1)

Where,

J Flux (moles/(s.m?)). It is the amount of mass diffused through a unit cross-section in a unit
time.

C:  Concentration (moles/m?3)

D: Diffusion coefficient or diffusivity (m?/s)

Fick’s 2" law oc _ d _ i(Da—C) (B.2)
ot  dx dx\ dx

The diffusion coefficient or diffusivity is a constant of proportionality and represents a property that
describes the ability of an ion to diffuse through a given electrolyte/medium. It is not an intrinsic
property of the ion or the medium. It is specific to the ion-medium pair. This means that the diffusivity
of say hydroxyl ions in a concrete pore solution is different from the diffusivity of chloride ions. The
diffusion coefficient is not an intrinsic property for another reason that it depends on the concentration

of the ionic species.

It is worth noting that the same diffusion coefficient appears in both the laws as does the same
concentration term. However, in the case of reactive transport such as chloride ion diffusion through
concrete, the concentration terms are more complicated due to the ion-medium interaction, which leads

to different diffusion coefficients. Refer to chloride binding (Appendix A) for more details.

In the presented forms, these laws ideally apply to the diffusion of uncharged particles. These can also
be applied to ions at infinitely low concentrations where the ions can be assumed to behave like
uncharged particles. The case of charged ions like CI is handled either through the Nernst-Planck

equation or the errors associated are ignored in practical situations relevant to concrete.
B.2.2 lonic conduction / migration in solutions

As mentioned previously, ions in an agueous solution move randomly and constantly collide with other
ions/molecules without producing any net movement in the absence of any external interference. When
an electric field is applied, the force due to the applied electric field causes the ions to gain a component
of velocity parallel to the electric field. The ionic movement remains zigzag but now has a net
movement in the direction of the electric field. This net movement is known as ‘drift’. The ions
accelerating due to the applied electric field encounter a drag force by the colliding ions and the solvent
molecules in the electrolyte that is proportional to the speed of the ions. When the speed of the

accelerating ion reaches a point where the drag force is equal to the force due to the electric field, the
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forces balance each other and the ions drift with a net average speed in the direction parallel to the
electric field, called the drift speed. The force balance results in the expression for the drift speed as
shown in Eq. (B.3). However, the assumption underlying this relationship must be pointed out, which
is that the drag force is proportional to the speed.

Drift speed (s) <= zeE (B.3)
(Fdrag:Felec) a f
Where,
Z: Valence

e: Charge per valence unit (ze: total charge on the ion)
E: Magnitude of the applied electric Field (Z—Z)

f: Drag coefficient (Farage< S)

This shows that the drift speed is proportional to the force due to the applied electric field. The constant
of proportionality represents the ease with which the ion moves in the medium and is termed ionic

mobility. Generally, ionic mobility is defined as the drift speed per unit electric field (Eq. (B.4)).

ze (B.4)
f

lonic mobility u= S
(u) E

It is worth noting here that ions dissolved in polar solvents like water are in a state of solvation (known
as hydration, in the case of water), i.e., they are surrounded closely by solvent molecules that remain
attached to the ions with weak intermolecular bonds. So, the solvated ion as a whole encounters the
drag force. Hence, the mobility of a small ion (example, Na) may be lower compared to a large ion

(example, CI) because of the different radii of solvation in the two cases.

The ease of ionic movement through a medium is usually evaluated by measuring the conductivity at
the phenomenological level. The conductivity is a part of the constant of proportionality in Ohm’s law,
which relates the flux (J=1.A) due the electric field (V/I) in the form of voltage-current relationship (Eq.
(B.5)). The mobility similarly is the constant of proportionality for the relationship between a flux
term—the drift speed, and electric field (Eq. (B.4)). It follows therefore that the conductivity is
intimately related to the mobility (Eq. (B.6))3.

3 The charge passing with a drift speed s through area A in time t is equal to the charge contained in a volume
with length = s.t and area A. Thus, J = [(s.t).A.(zeCNa)]J/A.t]. J=szCF; Thus, I=szCF.A=V/R. Since, s=u.V/I,
0=zCuF
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Where, | is the current, V is the voltage, | is the length, and A is the cross-section area.

Conductivity (o) . (1 ) l (B.5)
A

o = zCuF (B.6)
Where, F is Faraday’s constant (e X Na = 9648.5 C/mol).

However, in electrolytic conductors, the conductivity also depends on the concentration of the ions and
the charge they carry. This implies that as the total charge carried increases by increasing the ionic
concentration or/and the valency of the ions, the ionic conductivity also increases. Another quantity is
therefore used to normalize the effect of concentration (c) and valence (z) called the equivalent
conductivity:

Equivalent A=Z —uF (B.7)
conductivity (A) Cz

B.2.3 Nernst-Einstein relation

When the electric field is such that the migration flux balances the diffusion flux, there is no net
movement (Eq. (B.8)). Under these balanced conditions, the laws of statistical mechanics can be applied
to determine the distribution of ions (Eg. (B.9)), i.e., the concentration gradient. It follows from these
two considerations, that the diffusion coefficient is related to the mobility by the Einstein relation as
shown in Eq. ((B.10)-(B.12)).

dc
Jaif =Jmig = D—=C.s (B.8)
dx
Maxw_ell-_BoI'Fzmann C= Coe'k_ur (B.9)
distribution

Where U is the potential energy, k is the Boltzmann constant, T is the temperature, and C° is the

concentration at zero potential energy.

Einstein relation D= uRT (i) RT (B.10)
 zF \zF
Or, _ (% _ (B.11)
D= (ZF) RT = BRT

213



or, 5= () (B.12)

An important conclusion of this relation, most relevant to this study, is that this relation leads to a
relationship between conductivity and diffusivity as both conductivity and diffusivity are a function of
mobility. This is described by the Nernst-Einstein equation (Eq. (B.13)), which can be used as the basis
for the prediction of diffusivity through the measurement of conductivity.

Nernst-Einstein zZDF? (B.13)
equation A=—s

More precisely, for 1:1 valent cation (+)-anion (-) pair, it can be presented as:

Nernst-Einstein F? (B.14)
equation A=r(Ds+ Do)

An important issue concerning the use of this equation in the case of concrete is in regard to the presence
of other ions in the pore solution of concrete. While the diffusion coefficient of NaCl can be measured
without considerable error, other ions will significantly affect the conductivity.

B.2.4 Concentration dependence of ionic diffusion and conduction

lonic diffusion and migration were discussed in the previous section assuming ideal conditions, i.e., the
ions were far apart from other ions so that there was no ion-ion interaction. However, these conditions
are possible only near infinite dilution. As the concentration increases, the transporting ions are no
longer independent of the influence of surrounding ions. The attractive forces of the surrounding
oppositely charged ions impede the motion of the moving ions. Consequently, the rate of transport is
less than should be expected at that concentration using the ideal laws. This is remedied by using
‘activity’ in place of concentration as an effective concentration. The concept of activity enables the

use of ideal laws in non-ideal conditions of high concentration.

In the context of migration, the ion-ion interactions are discussed in terms of asymmetry and
electrophoretic effects. In solutions of finite concentrations, the ions of opposite charge form a
symmetric sheath around an ion, termed as the ionic atmosphere. When an electric field is applied, the
ion starts moving under its influence. The ions in the ionic atmosphere also move along in response to
the movement of the ion. However, the ion moves first and then the ionic atmosphere, therefore what
was initially a symmetric sheath around the ion is now lagging behind the ion and becomes
asymmetrical. This separation of charge produces an electric field that opposes the movement of the

ion. This is known as the asymmetry effect.
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The ionic atmosphere is formed of ions of opposite charge, which are attracted to the opposite electrode.
This exerts a drag force on the moving ion further impeding its movement. This is known as the
electrophoretic effect. These two effects work to reduce the effective concentration of the solution.
However, as the ionic concentration increases, more solvent ions are involved in the solvation of these
ions and less are available as free solvent ions. This effectively increases the concentration. Therefore,
the activity decreases with concentration until the ion-ion interactions are dominant and then it starts
rising again when the ion-solvent interactions become dominant (see this for NaCl in Table B.1). In all
this, however, what is of importance to this study is how the concentration affects the diffusivity, the

conductivity, and their relationship.

1
Table B.1. Mean activity coefficients (y = (y,y_)z ) for NaCl in aqueous solution of various
concentrations at 25°C (adapted from (Haynes, Lide & Bruno, 2014))

Mol/kg (m?) 0.001 | 0.010 | 0.050 | 0.100 | 0.200 | 0.500 | 1.000 | 2.000 | 5.000
Activity coefficient | 0.965 | 0.903 | 0.822 | 0.779 | 0.734 | 0.681 | 0.657 | 0.668 | 0.874

!m is the molality of the solution defined as the moles of NaCl per L of water added to make a solution.

The diffusion coefficient is dependent on concentration because in non-ideal conditions concentration
must be replaced by activity and activity is dependent on the concentration. Ideally, the concentration
term should be replaced by activity in the diffusion equations. Using activity in Fick’s first law results
in Egs. (B.15) and (B.16). Eq. (B.17) shows that using activity results in an extra term since the activity
itself is concentration-dependent (see Table B.1). This shows that the diffusion coefficient calculated
using the classical forms of Fick’s laws is concentration-dependent and therefore is not an intrinsic

material property.

Do (B.15)
J = —BRT d(C.y)
dx

Where, B is a constant, R is gas constant, T is temperature, and y is the activity coefficient.

Or, B dC Cdy (B.16)
J =~BRT dx(1+ydc>
Or, b (B.17)
= [BRT (1 + ¢ dy) ac
/= y dc/1dx

Where,

D is the diffusion coefficient from Fick’s law when concentration is used instead of activity.
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If the range of concentration change is such that the activity coefficient remains almost constant, then

the term (]5/%) becomes negligible and can be ignored. In the case of chlorides, this range seems to be
from 0.5 M to 2.0 M. In this range, the diffusion coefficient can be assumed to be independent of
concentration. The concentration dependence of the diffusion coefficient can be derived from the

Debye-Huckle limiting law for the activity coefficient (Eq. (B.18)).

D=D°(1—%A\/E) (B.19)

Similarly, the concentration dependence of equivalent conductivity is described by Eq. (B.20) according
to Kohlrausch’s law.

Equivalent A=A —AVc (B.20)
conductivity (A)

The diffusion coefficient and the equivalent conductivity have different relationships with
concentration. This is also shown in Figure B.1. This shows the differences in the mechanisms of
influence of ionic interactions on diffusion and migration. The implication is that in the absence of
modification to the equation accounting for these differences, a concentration-specific conductivity-
diffusivity relationship will have to be experimentally developed. A relationship at a particular

concentration, however, cannot be used at other concentrations.

Agr- o
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=
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Figure B.1. The ionic diffusivity and conductivity vary in different ways with the concentration
(reproduced from (Bockris & Reddy, 2002))

B.2.5 Diffusion in porous media

This discussion is mainly based on Atkinson & Nickerson (1984).
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The diffusion in porous media is more complicated than in an electrolyte free of solid boundaries. In
porous media, the electrolyte is contained in the pore volume of the medium. The pore volume is
generally not composed of straight cylindrical conduits of uniform cross-section parallel to the
concentration gradient. Instead, the pores form a longer, more ‘tortuous’, route with ‘constricted’ cross-
sections at several locations (see Figure B.2). The tortuous and constricted nature of the pore volume
prolongs the travel time which translates into a much lower diffusivity (D) compared to the free
electrolyte (Ds).

The diffusion occurs in the pore solution contained in the pore volume. Hence, the flux and
concentration terms of Fick’s first law are defined in relation to the volume of the pore solution just as

in the case of free solution (Eq. (B.1)).

high <—— tortuosity — low

N

‘!\W

N I.

dense #——— porosity —® coarse

(&) Tortuosity (b) Constrictivity

Figure B.2. Schematic representation of diffusion paths in a tortuous and constricted pore volume
(illustrations from (Ishida, Igbal & Anh, 2009))

In contrast to the diffusion in free solution, the diffusion coefficient (Dy) in case of porous media will
be different (D, < D) due to the reasons explained above (see Eq. (B.21)).
D a¢, B.21

(p — porous medium) P ox

Where, J; and C; are flux and concentration defined with respect to the volume of the pore solution.

It is however more convenient to calculate the flux over the entire cross-section of the medium (Jp).
Applying simplifying assumptions that the pores remain continuous in the direction of net movement
and fully saturated, porosity can be used to relate the cross-sections as well as the volumes of the pores
with the total volume of the porous media (Eq.(B.22)). The flux terms can be modified using Eq. (B.22).
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This will modify the diffusion coefficient as well from D, to Dett (Eq. (B.23)). The Des * is also referred
to as the steady-state diffusion coefficient (Dss).

Al = E.Ap (822)

Deff (OI’ Dss) _ % (823)
Jo = =Ders 5+

Where Jp is the flux term calculated over the cross-section of the porous medium (A,). The diffusion
coefficients for porous media are related in this way: Dess = €.Dp (thus, Defr < Dy).

In order to separate the effect of pore structure formation on the diffusivity, the ‘diffusibility’ of the
medium is defined as the ratio of the effective diffusivity to the diffusivity in free liquid. The inverse
of diffusibility, known as the Formation Factor, is also used in this context. This provides a useful means
of characterising the transport property of the medium.

Diffusibility, Q 0= Derr €6 (B.24)

Df _TZ

Where, ¢ is the pore volume fraction, & is the constrictivity factor, and 7 is the tortuosity factor.

Following the Nernst-Einstein relation, the diffusibility can be measured through conductivity

measurements as well.

Diffusibility, Q Desy a5 (B.25)
Df  of
Where o5 is the conductivity of the medium saturated with the electrolyte and os is the conductivity of
the electrolyte in the free state.

Because the numerator and denominator have the same concentration dependence, which applies to
both sides of the equation, diffusibility nullifies the effect of different concentration dependence of
diffusion coefficient and conductivity (Streicher, 1997). This enables, at least in theory, the use of
conduction experiments in lieu of the longer and tedious diffusion experiments to characterise

concrete’s resistance to chloride diffusion. However, the underlying assumption that the pore structure

4 [One needs to be careful about which diffusion coefficient the notation represents as same notations could refer
to different diffusion coefficients in different sources. For example, (NT BUILD 443, 1995) uses Desr for time-
averaged non-steady state diffusion coefficient rather than steady state diffusion coefficient. The “eff” notation
refers to different aspects: in the steady state, it refers to the combined effect of electro-diffusion and in the non-
steady state, it refers to the combined effect of electro-diffusion, binding, and age.]
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responds in the same way to conduction as it does to diffusion must be remembered. Another matter of
practical importance in designing test methods and interpreting the results is whether the diffusibility is
independent of the ion type used or not. This especially concerns the bulk and surface resistivity tests,
which do not use chloride ions to evaluate the resistivity/conductivity of concrete.

So far, the reaction of transporting ions with the porous medium has not been considered. Concrete
however is a reactive material which binds chloride ions in its matrix. This also lowers the rate of

transport of chloride ions. This aspect has been covered in Appendix A.
B.3 Tests for Resistance to Chloride Penetration

The chloride resistance tests are here classified according to the type of measurement used. A

comparison of the common test methods is provided in Table B.2.
B.3.1 Steady-state diffusion methods

A classic diffusion cell arrangement is used which consists of two cells on opposite sides of the
specimen, one with a chloride solution and the other containing a chloride-free alkaline solution. The
chloride concentration in the downstream cell is monitored and the test is run until a constant flux is
established. A constant flux is established when the chloride ions have penetrated the entire thickness
of the specimen and the chloride capture through binding is complete. The steady-state diffusion test
enables direct measurement of the steady-state diffusion coefficient (using Fick’s 1% law). Since the
steady-state diffusion coefficient is taken to be the physical transport property governing the resistance
of concrete to chloride diffusion, this test is considered fundamental to transport studies and the
validation of the migration methods. A great benefit of this method is the straightforward mathematics

involved.

As far as the test arrangement is concerned, the chloride solution needs to be replaced at regular intervals
to keep the chloride concentration in the upstream cell nearly constant during the time to reach a steady
state. Another alternative is to use a larger upstream reservoir (Dhir et al., 1990). The large volume of
solution relative to the chloride ion uptake in the specimen keeps the concentration nearly constant
without the need to replace the solution frequently. The main drawback of the steady-state diffusion
method is that it takes the order of 1 year to reach the steady state for thin concrete specimens. This is
too long for practical purposes and can only be feasible in research settings. Even in research work,
mostly only paste specimens are used to reduce the time of testing from months to weeks. The thickness
of the paste specimens can be acceptably reduced to a considerable extent without compromising the

representativeness, which makes only such specimens suitable for this method.
B.3.2 Non-steady-state diffusion methods

The chloride penetration occurs in a non-steady state until it reaches the steady-state conditions, which

can take a long time in the case of concrete. This is also the state in which diffusion naturally occurs in
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real structures. The non-steady-state diffusion tests utilise this non-steady portion of the chloride ingress
to evaluate the chloride resistance of concrete. Tests under complete immersion are known as bulk
diffusion tests after the ASTM test (ASTM C1556, 2016) or the accelerated chloride penetration tests
after the NORD test (NT BUILD 443, 1995). The use of a relatively high concentration of chloride ions
(2.8 M) shortens the test duration further. This method is most widely used for measuring the diffusion

parameters in some instances with changes in the test conditions—mostly the solution concentration.

The standard method, same in both the standards, in summary, is as follows. Concrete specimens are
sealed with coatings on all but one face through which the chloride ions will be allowed to penetrate.
The specimens are saturated with Ca(OH), solution to ensure the predominant transport process is
diffusion. The saturated specimens are immersed in a 2.8 M NaCl solution (165 g/Ls) for at least
35 days to ensure that chloride ions penetrate in sufficient concentration. At the end of the exposure
period, the specimens are taken out of the exposure solution and concrete powder samples are obtained
in successive layers into the depth of concrete using profile grinding or slicing techniques. The exposure
period of 35 days was found to be very short in this study. Such short durations necessitate the use of
very small depth increments only possible through profile grinding. Profile grinding using a lathe or
mill was found to be an extremely laborious, time-consuming, and hazardous process, which makes it
impractical to use on more than a few specimens. Thus, this method typically requires a few months for
completion. Chloride analysis of the powder samples is performed to obtain the chloride content at
successive depths into concrete, which constitutes the chloride profile (Figure B.3).

Chloride Profile Fit Using
Cx,t = Cs—(Cs—Ci)*(erf(x/sqrt(4Dt))
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Figure B.3. A typical chloride profile (reproduced from (ASTM C1556, 2016))

In order to obtain the diffusion parameters from these results, the error function solution to Fick’s
second law is fitted in the chloride profile data through non-linear regression. ASTM C1556 (2016)

considers the diffusion coefficient obtained to be an apparent diffusion coefficient (D.) while the NT
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BUILD 443 (1995) defines it as an effective chloride transport coefficient, De. This difference in
terminology creates confusion in the literature.

B.3.3 Steady-state migration methods

A diffusion-cell type arrangement is used for this test as well, but a DC voltage is applied to accelerate
the penetration of chlorides. The test is run until steady-state conditions are achieved, i.e., when the
chloride binding is complete in the specimen and therefore constant flux of chlorides is received in the

downstream chamber (see Figure B.4).
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Figure B.4. A schematic of the ideal evolution of the downstream chloride concentration in steady-
state diffusion and migration tests (reproduced from (Dhir et al., 1990)).

Note: In both diffusion and migration (cys>> cqs), the flux becomes constant in a steady state and hence an equal
number of ions entering the downstream cell in a given time leads to a linear increase in concentration with
time. It must be noted however that the concentration profiles in the specimen will be different in the two cases
due to different mechanisms at play.

This may take one or two weeks depending on the quality of concrete tested and the test conditions
(Dhir et al., 1990). This test duration may be too long for most cases. A standard test method is NT
BUILD 355 (NT BUILD 355, 1997). The steady-state methods are used to determine the steady-state
diffusion coefficient of the material by measuring the steady-state conductivity—a direct application of
the Nernst-Einstein equation. In that respect, these tests are firmly grounded in theory. However,
chloride ions can get oxidized to chlorine gas at the anode, which could introduce errors in the
measurement of chloride concentration in the downstream cell. Additionally, the test needs constant

monitoring of the downstream chloride concentration. It also needs adjustment to account for chloride
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depletion in the upstream cell and the decrease in pH in the downstream cell due to the release of H*

ions in anodic reactions, which can be detrimental to the electrode and concrete (Streicher, 1997).
B.3.4 Non-steady-state migration methods

The Tang and Nilsson method, also known as the rapid chloride migration test (RCMT), is widely used
internationally as such or with some modifications (Tang & Nilsson, 1992). NT BUILD 492 (1999)
provides the standardised procedure. A brief description of the method is provided here. A migration
cell arrangement is used consisting of cathodic and anodic half-cells with NaCl solution and NaOH
solution respectively on either side of the specimen (Figure B.5). An initial current measurement under
a DC voltage of 30 V is measured. Essentially, a measure of resistance, this measurement is used to
select the test conditions, namely, voltage and test period. The specimen is split at the end of the test

period and the chloride depth is determined by spraying AgNOs solution.

The distinguishing feature of this method is that the migration coefficient is derived from the chloride
penetration depth obtained with the applied test conditions rather than the current. This way the errors
associated with the contribution of other ions present in the pore solution to the measured current are
avoided. The test is based on a sound mathematical model and the test design addresses the main

concerns encountered in migration testing. However, some things must be kept in mind.

_ Potential
(DC)

a. Rubber sleeve e. Catholyte

b. Anolyte f. Cathode

c. Anode g. Plastic support
d. Specimen h. Plastic box

Figure B.5. The typical test arrangement for RCMT (reproduced from (NT BUILD 492, 1999))

The migration coefficient as measured in this test does get influenced by chloride binding in the
presence of an electric field, which may or may not be the same as in a diffusion process. The current
decreases—and the applied voltage across the specimen—in some cases over the test period due to
polarisation effects, which can affect the penetration depth. In addition, the test period exceeds 24 hours

for high-quality concrete needed for marine conditions. While this is not a very long duration for such
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a test, maintaining the test conditions for this long may become a problem, for instance, in places where
power supply is unreliable. Multiple critical steps are involved to complete the test, which makes it
prone to error and somewhat tedious. The use of colourimetric measurement of chloride penetration
depth as the main measurement also limits the use to only initially chloride-free specimens and thus it
is not suitable as a condition assessment tool (Andrade, Castellote & D’ Andrea, 2011).

The theory behind this method is described below (Tang, Nilsson & Basheer, 2012):

The migration flux due to an electric field:

Migration flux (Jm) _ zFEDC (B.26)

m - RT

In non-steady state conditions, applying mass balance equation:

9C, 0],  zFEDOCy (B.27)
ot  dx  RT ox
Accounting for chloride binding during migration:
ot ot aC;)  RT ox
Or, Gy D  zFEOJCy (B.29)
at (4, 9%\ RT ox
(1+52)
Or, O_x ____ b zFE (B.30)
at 9y RT
(1+52)
The non-steady migration coefficient will be:
D (B.31)
Dyssm = 7 oo\
1+
( aCf)

However, the presence of an electric field will alter the binding behaviour. Integrating for the test period,
in which the chloride penetration will be xs, the migration coefficient can be obtained by measuring the

penetration depth, assuming constant electric field:

or, RT xp (B.32)

Dnssm - ZFE' t
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B.3.5 Resistivity/conductivity methods

The most common test methods using conduction measurements are described in this section. The rapid
chloride permeability test is also classified under this category as current measurements are central to
this method. The chloride conductivity method also falls under this category. It is covered in much more
detail than other tests as it forms the focus of this study and is therefore placed under a separate section

of its own.

1. Rapid chloride permeability test (RCPT)

RCPT (ASTM C1202, 2012) is one of the earliest electrical methods to evaluate the chloride resistance
of concrete. It uses a diffusion/migration cell in which one cell contains a chloride solution and the other
an alkaline solution. A voltage of 60 V is applied for 6 hours, and the current is monitored at half-hour
intervals. The total charge passed in 6 hours is used as the measure of the chloride penetration resistance
of concrete. This method has been criticized severely for issues such as a lack of theoretical basis, the
contribution of ions other than chlorides, excessive temperature increases and so on. The shortcomings
of RCPT created opportunities for the development of new tests, such as the rapid migration test, the
chloride conductivity test, and the like. Despite all the criticism, the test persists. ASTM provided a
conduction method that utilizes the RCPT setup (ASTM C1760, 2012), the only difference is that only
the initial reading is taken to measure the resistivity. However, this method has now been withdrawn.

2. Resistivity methods

In contrast to the methods using the migration of chloride ions through concrete, resistivity methods
measure the instantaneous electrical resistivity of the concrete ideally in its uncontaminated, but
saturated condition. Various test arrangements are possible. The two most common arrangements are
axial or direct resistivity and surface resistivity. In the direct resistivity arrangement, the voltage is
applied across the longitudinal axis of the specimen and the current runs perpendicular to the cross-
section of the specimen. This is referred to as the two-electrode method or the bulk resistivity method.
Whereas in the surface resistivity arrangement, both the electrodes across which the voltage is applied
are kept on the same side of the surface and two separate electrodes, also on the same side of the surface,
measure the current. This is known as the four-electrode method or four-point method or the Wenner
method (Wenner, 1915). Both methods use alternating current. The schematic representation of the two

methods is shown in Figure B.6.

ASTM C1876 (2019) provides the standard method for bulk resistivity measurement. There is no
ASTM method for surface resistivity however a standard method is available in AASHTO T 358 (2015).
Both these methods prescribe the use of standard cylinders in line with the practice of using cylinders
for the compressive strength test in the US. The resistivity calculations are performed without the

assumption of a particular shape of the specimen and hence cube specimens are just as valid.
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The conduction in concrete occurs in the pore solution as the solid matrix is nearly non-conductive. The
degree of saturation, by its effect on the conducting fluid (pore solution), has a significant influence on
resistivity. The pore solution composition also plays an important role. In recognition of this, ASTM
C1876 requires saturating the specimen in a simulated pore solution by simple immersion for a
minimum of 6 days. In contrast, the AASHTO method states that the lab specimens should always
remain in a saturating environment with 100% RH after demoulding. It includes field cores as possible
test specimens without providing a method of saturation. In summary, only standard moist-cured lab

specimens can be tested with this method.

Both methods are simple and rapid. Minimal specimen preparation is necessary. The surface resistivity
method is also non-destructive and can be applied to field structures. The separation of the probes to
measure the current and potential difference in the 4-point arrangement prevents the error due to contact
resistance (Morris, Moreno & Sagliés, 1996). However, there are many influencing factors that need
careful consideration for proper interpretation of the results, such as the degree of saturation and
temperature. The proper use of these methods for mix comparison in relation to chloride penetration

requires the formation factor analysis.
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Figure B.6. The schematic of bulk resistivity (a) and surface resistivity (b) arrangements (reproduced
from (Polder, 2001))
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Table B.2. A summary of the salient features of common chloride tests

Test method S-I;;iasctimen Parent specimen | Preconditioning Measurements Test duration | Variability (1s %)
1.Initial current @ 30 V 6h—4 days:
, Lab:100 mm Vacuum saturation | 2.Applied voltage (10-60 V) . ' e 00
RCMT Cyl: 1 (dia) cyl. with sat. Ca(OH), | 3.Temperature (catholyte | OF Midh Repeatability: 9%
(NT Build 492) égom”r;m(tf')a') Field:100mm | sol. (ASTM chamber) 23222’%5 i oducibility: 13-
' (dia.) core C1202 method) 4.Chloride penetration depth '
. 24 h or more
5.Thickness
Cyl.: La}b: 100 mm Vacuum saturation . -
RCPT 100“mm (dia) (dia.) cyl. with sat. Ca(OH)s Current at half-hour intervals 6h Repeatabl_llt_y_: 12%
(ASTM C1202) 50 mm (tk.) Y| Field: 100 mm sol ' for 6 hours Reproducibility: 18%
' (dia.) core '
, Lab:100 mm 1.0Oven-drying at S a0
CS%'N § 3001-003.3) (7:3/ Ir'ﬁm (dia.) ‘;‘I‘gz o govgc‘;oljrz g:tys %3!?2%? ~2-5 min, Eggfgﬁiltl)ti)(i}igl%
( 30 mm (tk.) (dia )' core With NaCl solﬁtion 3.Thickness & diameter
s Lab: Cyl. Immersion in 1.Voltage Lo
a"sifrﬁsgtllg;tg) 100 mm (dia.) x 200 mm (tk.) simulated pore sol. | 2.Current ~2-5 min. Egpfggilﬂilé%'t‘l_/om%
-min. 1:1 core field (>3 x agg.) for at least 6 days | 3.Thickness & diameter P Y
L 1.Voltage .
Surface resistivity Cyl. . . Repeatability: 6%
. Moist cured 2.Current ~2-5 min. S o0
(AASHTO T358) 100 mm (dia.) x 200 mm (tk.) 3 Thickness & diameter Reproducibility: 12%
Cs:(ASTM C1556,
At least 2016)
Bulk diffusion Immersion in sat. 35 days; Repeatability: ~13%
(NT Build 443 >75 mm i Ca(OH); sol. Until | 1.Depth of layer profile Reproducibility: ~18%
ASTM C1556)’ (>3 x agg.) mass change < 0.1 | 2.Chloride content grinding and | Da:(ASTM C1556,
% in a day cl analysis 2016)
extra Repeatability: ~14%

Reproducibility: ~20%




1.1 Chloride Conductivity Test

The chloride conductivity test was developed by (Streicher & Alexander, 1995; Streicher, 1997, 1999) with
the aim to address the shortcomings of the existing electrical test methods for chloride resistance of concrete
(Streicher & Alexander, 1994). In principle, the test involves applying a direct voltage across a disc specimen
saturated with a standard NaCl solution to measure the conductivity. The major steps in the test procedure are
as follows (SANS 3001-C0O3-3, 2015; DI-Manual, 2018):

1. Test specimen preparation: A cylindrical disc with dimensions of 70 mm (dia.) x 30 mm (thick) is
used as the test specimen. The test specimens are extracted from the near-surface region of the cores
drilled from larger parent specimens or real structures by removing the top 5 mm.

2. Preconditioning: The preconditioning involves two steps: drying and saturation. The specimens are
dried in a ventilated oven at 50°C for 7 days. The dried specimens are submerged in a 5 M NaCl
solution to achieve saturation following a standard vacuum saturation procedure.

3. Testing: A standard test setup (Figure B.7) consists of two half cells closely fitted on opposite sides of
the specimen. Each half-cell contains a steel electrode and 5 M NaCl solution as the electrolyte. In
addition, fittings are provided in each cell for applying the voltage to the test setup and measuring the
potential difference across the specimen. A DC voltage is applied across the circuit such that the
potential difference across the specimen is about 10 V. The exact potential difference and current are
recorded. The conductivity is calculated from Ohm’s law and referred to as the chloride conductivity

or chloride conductivity index (CCI).
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Figure B.7. Schematic of the current CCI rig (fig. reproduced from (Otieno & Alexander, 2015))
1.1.1Salient features

The distinguishing features of this test method and the considerations that led to the development of these

features are discussed below (Streicher, 1997).



1.1.1.1 Principle: steady state conditions through saturation

The transport of chloride ions in concrete is impeded by the resistance offered by the physical pore structure
of concrete and by the removal of diffusing chloride ions through the process of chloride binding. The ease
with which chloride ions diffuse in the pore solution contained in the pore structure of concrete without the
effect of binding is described by the steady-state diffusivity, while the non-steady-state diffusivity contains the
effect of binding too. Chloride binding, although a complex process with multiple influences, is affected
mainly by the choice of binder and to a much smaller extent by the concrete production process and the degree
of quality control exercised. On the other hand, the characteristics of the physical pore structure depend heavily
on the mix design, production process, and quality control. Therefore, it follows that while proper selection of
binder can largely account for chloride binding, a quality control test must clearly measure the ‘physical’ (non-

reactive) resistance of concrete to chloride diffusion that is sensitive to construction practices.

The steady-state diffusivity represents such a property. However, steady-state conditions require very long
durations to establish, making it unsuitable as a quality control test. The demand for short testing duration is
inherent to the adoption of any quality control test in practice as prolonging the project timeline for any reason
incurs additional cost. Given that ionic diffusivity is related to ionic conductivity through the Nernst-Einstein
relation, conductivity measurements can provide a rapid means of measuring the diffusivity. The issue with
measuring the conductivity of concrete is that not only chlorides but all the other ions present in the pore
solution also contribute to the overall conductivity of concrete. The interest however is only in the conductivity
(and thus diffusivity) of the chloride ions through concrete. The difficulty arises mainly because the pore

solution composition varies across different concretes.

To eliminate the pore solution conductivity misrepresenting the chloride ion conductivity, the concept of
diffusibility is used to extract the effect of pore structure by normalising the overall conductivity with the pore
solution conductivity. The same is possible for diffusivity. It is assumed that as diffusivity and conductivity
are related, the pore structure resistance to both processes remains the same in both cases. The steady-state
migration tests achieve that by driving the chloride ions through the concrete until a steady flux is obtained on

the other side of the specimen, which may take one to several weeks.

The chloride conductivity test attempts to reach the steady state simply by saturating the concrete specimens
with a concentrated 5 M NaCl solution before measuring conductivity, which also takes much shorter than the
classic migration tests. Hence, the underlying assumption is that absorption can simulate or establish steady-

state conditions.

1.1.1.2 Pore solution standardisation: saturation with 5 M NaCl solution

The use of a concentrated 5 M chloride solution is based on the consideration that the pore solution
conductivity is largely governed by the conductivity of the saturating solution at high chloride concentration

(see Figure B.8). The errors in the measurement of chloride conductivity due to possible errors in the chloride
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concentration are also minimized at high chloride concentrations. Streicher demonstrated that at high chloride
concentrations, the errors in diffusibility calculation due to differences in pore solution composition are small
(see Figure B.9).
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Figure B.8. The conductivity of NaCl solution at different concentrations with and without KOH (reproduced
from (Streicher & Alexander, 1995)). The relative deviation of overall conductivity from the NaCl only
conductivity becomes small at high NaCl concentrations.
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Figure B.9. Diffusibility ratios for mortar calculated considering different saturating solution compositions
(reproduced from (Streicher & Alexander, 1995)). The top curve considers only the conductivity of the
chloride solution at the chloride concentration, but not other ions from the original pore solution. The lower
two curves consider two different original pore solution contributions to the chloride solutions.

In contrast, errors in determining the pore solution conductivity lead to a large error in diffusibility at low
chloride concentrations. The foregoing demonstrations imply the robustness of the procedure to experimental

errors and material variability.
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These findings also imply that the chloride conductivity should provide a reasonable measure of diffusibility
as the saturating solution effectively normalises/standardises the pore solution conductivity across all the

concretes.

1.1.1.3 Accurate voltage measurement: Luggin capillaries

The voltage applied at the source drives the current in the circuit. However, the current is not entirely dependent
on the resistance of the concrete specimen. There are other contributions from the circuit to the overall
resistance. These are the resistance of the connecting wires, the resistance of the electrolyte between the
electrode and the specimen, and the apparent resistance at the electrode-electrolyte interface, known as the
polarisation resistance (Figure B.10). The net potential drop across the specimen is therefore smaller than the
voltage applied at the source. Among the listed, the potential loss mainly occurs due to polarisation. If ignored,
this can lead to an appreciable error in the conductivity measurement. The chloride conductivity setup includes
Luggin capillaries on both sides of the specimen (Figure B.7) to allow the measurement of the potential
difference across the specimen. Since the potential loss in the highly conductive 5 M NaCl solution is minimal,
the Luggin capillaries provide a reasonably accurate means of measuring the potential difference. This feature
improves the accuracy of the test method.

CELL SOLUTION

CONCRETE
SPECIMEN

RELATIVE POTENTIAL
DIFFERENCE
o

Figure B.10. Schematic representation of the potential drop at various points in the test circuit (reproduced
from (Streicher, 1997))

1.1.2Preconditioning

1.1.2.1 Ovendrying

The CClI specimens are dried in a ventilated oven at a temperature of 50 °C for 7 days. Drying before saturation
was included in the preconditioning process to prevent dilution of the standardising solution by the water

present in the concrete (Streicher, 1997). Streicher (1997) showed that 7 days of oven drying at 50°C removes
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most of the moisture and results in similar moisture content in concretes of different qualities without excessive
microstructural damage in a relatively short time (Figure B.11). Later on, Mukadam, Alexander & Beushausen
(2016) also investigated the effect of the duration of oven drying on the CClI of concretes with different binders
and wi/b ratios. It was found that extending the duration of drying can have a significant effect on CCI results.
It was concluded that the duration of oven drying for the test needs to be controlled within a tolerance of 1 day
to avoid significant variability in results.

The preconditioning in other tests discussed so far does not include oven drying to avoid the risk of excessive
micro-cracking. Skipping this step however leaves the issue of different initial moisture states of the concrete,
which can be very different depending on the curing, environment, and type of concrete. The oven drying in
that respect creates reproducible conditions.

Motsture content (%)

] 1b 15
Drying pernod (days)

25

Figure B.11. The effectiveness of oven-drying at 50°C and 100 °C with duration (reproduced from (Streicher,
1997))

1.1.2.2 Vacuum saturation

The ruggedness study on the chloride conductivity test showed that major changes in the vacuum saturation
procedure (tested durations - vacuum saturation (2 h / 5 h); immersion time (0 h / 18 h)) can have a significant
effect on CCI results (Streicher, 1999). Therefore, the procedure needs to be followed closely within tight
tolerances. The difficulty of saturating dense concretes such as those made of SCMs was recognised and it was
suggested that the use of a pre-evacuation step before vacuum saturation may resolve the issue. The vacuum
saturation method produces improved saturation over methods such as cold-water saturation and boiling-water
saturation (Safiuddin & Hearn, 2005). However, it may not be necessary that the specimens will be completely
saturated. Mukadam, Alexander & Beushausen (2016), through investigations of chloride penetration depth

on the split surfaces of saturated CCI specimens, showed that SCM and low w/b concretes were susceptible to
lack of saturation with the NaCl solution.
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Prolonging the immersion time in a bid to improve the saturation with NaCl solution will have an associated
effect of reducing the conductivity of the specimen due to increased binding (Figure B.12). In any case, the
rate of absorption drops precipitously after the 18-hour immersion period (Moore, Bakera & Alexander, 2022)

and hence it is unlikely to help.

Conductivity / 1d conductivity
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Figure B.12. Reduction in CCI with immersion time (reproduced from (Streicher, 1997))

1.1.3Variability and Revisions

Some preliminary round-robin studies showed large variability in the CCI test and led to the rewriting of the
test method to improve clarity, tighten tolerances, and simplify the procedure to make it easier to follow. A
round-robin test was conducted subsequently to assess the variability of the test method (Stanish, Alexander
& Ballim, 2006). Nine different labs tested ten different concretes covering four different binders, two w/b
ratios, and two local aggregate combinations. A good repeatability (9%) was observed in this program;
however, a high reproducibility (21%) was recorded. The inexperience of the operators with the method and
possible deficiencies in the test method itself were cited as possible causes. It was also found that the rubber
rings holding the specimens in the rig need to be made available in a few different diameters to accommodate
differences in the core barrel diameters used in different labs. The rubber ring must fit properly and provide a

seal between the two cells to prevent leakage.

Some revisions have also been made to the CCI rig over the years as documented in Otieno & Alexander
(2015). The Cu/CuSOs cells used to measure the potential difference across the specimen through the Luggin
capillaries were discontinued early on. A steel electrode immersed in the test solution was found to be just as

effective, compare Figure B.13 and Figure B.14.
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Figure B.13. Schematic of the original CCI rig (reproduced from (Otieno & Alexander, 2015))
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Figure B.14. Schematic of the CCI rig after the first modification (reproduced from (Otieno & Alexander,
2015))

The main revision in design happened in 2014 when the new CCI rig was adopted. There were three main
changes:

1. Telescopic spring-loaded Luggin capillaries that project out of the chambers are used in the new rig.
In this arrangement, Luggin capillaries are always in contact with the specimen regardless of small

differences in thickness. This was not possible in the previous arrangement as the Luggin capillaries

were fixed in a position.
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2. The anode was made of stainless steel along with the cathode in place of carbon. The test is conducted
for a very short time, and it is unlikely that appreciable oxide formation will happen at the steel anode
to be disruptive to the test.

3. Filling holes are provided in both the cells to enable complete filling of both the cells with the NaCl
solution. This was found to be the most important modification. Mukadam (2014) found significant
differences between the results of the two test rigs, the new rig giving a higher conductivity. Otieno &
Alexander (2015) demonstrated that the differences mainly occurred due to the incomplete filling of
the anodic chamber in the old rig and recommended that filling holes be drilled in the old rig to avoid
such differences (compare Figure B.15 and Figure B.16). The new CClI test rig results in systematically

different results from the original test rig.
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connection to ——— capillary

steel (Cathode)

Steel electrode (cathode)

Key: E:;:;: Silicone collar / ring

Figure B.15. Cross-section of the old CCl rig (reproduced from (Otieno & Alexander, 2015))

In another study, Otieno (2018) investigated the influence of varying the test parameters, namely, solution
concentration (3-5 M), test duration (10-120 s), and capillary voltage (7-15 V) on concretes containing
different binders and wi/b ratios to evaluate if the test is robust for different concrete types. Looking at the
reported results closely, it was found that the effect of test duration and capillary voltage on the measured
CCI was minimal for most of the concretes. The concretes that deviated from this trend also had large
variability in their results. Generally, fly ash concretes showed larger variability than PC and Corex slag
concretes. The effect of changing the concentration seems to manifest itself in the expected way, i.e.,
reducing the NaCl concentration generally reduces the CCI. The concentration was reduced from 4.4 M to
2.8 M (the concentrations were calculated as moles/L(water) in the paper, but reported as 5 M and 3 M,
which are here converted to M (moles/L(solution))) and the consequent reduction in CCI was generally

10-15%. Such a change in concentration can have a significant effect on CCI values. However, it needs to
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be pointed out that the change in concentration is quite large and is not expected in a proper lab

Stainless steel connection
to luggin capillary
Connection to stainless %

steel electrode (anode)

environment.

Hole in anode compartment

Stainless steel

ANODE
Spring-loaded telescopic
luggin capillaries

Kz
s

R
LY

Key: E&z‘g Silicone collar / ring

PO

A

Concrete specimen

Stainless steel

CATHODE Hole in cathode compartment

Connection to stainless

steel electrode (cathode) ~=—— Rubber ring

Stainless steel connection to luggin capillary PVC cap-screw

Figure B.16. Cross-section of the current CCI rig (reproduced from (Otieno & Alexander, 2015))

The concentration of NaCl solution also saw a revision from 5 M to 5 m (molality) around the time of the
adoption of the SANS standard. The new concentration corresponds to 4.4 M. This revision happened
possibly in an attempt to clarify the test method. It is understandably easier to follow instructions on how
much salt to add to 1 L of water to make the solution than how much salt to add to make 1 L of the solution.
Instead of mixing 5 moles per L of the solution, it is now 5 moles per L of water. In Streicher’s ruggedness
test, the influence of changing the concentration from 5 M to 4.5 M was found to be statistically
insignificant for PC concrete. However, this is also a systematic change, which means that CCI results
now may be different from Streicher’s time in one more way. The timeline of the important developments

in chloride testing at UCT is summarised in Table B.3.
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1.2

Table B.3. The timeline of the developments in the UCT chloride testing

Year Development

1995 Test method developed (Streicher & Alexander, 1995)
1995 UCT chloride model (Mackechnie, 1996)

1997 CC method - standardisation (Streicher, 1999)

1999 The first modification to the CClI rig

2001 Site repeatability testing (Gouws, Alexander & Maritz, 2001)
2006 Round-robin test (Stanish, Alexander & Ballim, 2006)
2008 Design approach (Muigai, 2008)

2014 New rig adopted

2015 Adoption of the SANS test method (SANS 3001-CO3-3, 2015)

Conclusions

The ideal laws relating ionic diffusivity and conductivity produce deviations in real conditions.
Methods based on such theoretical considerations may be considered theoretically sound but should
not be expected to yield completely accurate results in real conditions.

Most chloride tests must consider a basis in theory to be extendable to different situations. Practical
considerations however are also crucial and often dictate the design of the method.

Migration tests are preferred over diffusion tests when efficiency is critical as in quality control. CCl
and resistivity methods stand out in this regard. Additionally, the surface resistivity method offers the
possibility of non-destructive testing.

Most migration tests, including the most carefully designed, have similar variability in results
(15%/25%), except for bulk and surface resistivity methods. However, the accuracy of resistivity
methods can be severely affected by factors such as the saturation level.

The chloride conductivity test has undergone revisions in design since the UCT chloride model was

first developed. These must be updated in line with the current CCI procedures/setup.
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Appendix C. XRD results
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Figure C.1 XRD results for fly ash without background
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Figure C.2 XRD results for blast-furnace slag with background
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Figure C.3 XRD results for blast-furnace slag without background

239



Appendix D. Cell constant correction factor for resistivity measurements

It has been shown that the surface resistivity measured on small specimens differs from the true resistivity
(Morris, Moreno & Sagliés, 1996). This is because the small volume of the specimens does not fulfil the
assumption of semi-infinite volume involved in the derivation of the cell constant, 2ma, used to convert the

surface resistivity to true resistivity. Hence, a correction factor is needed.

As described earlier, the surface resistivity measurements were performed on 150-mm cube specimens in this
study. The uniaxial resistivity measurements were performed on the same 150-mm cube specimens, and also
on smaller cylindrical disc specimens of diameter 70 mm and thickness 30 mm extracted from the cubes. The

RILEM TC 154-EMC recommendations (Polder et al., 2001) were followed to measure uniaxial resistivity.

Uniaxial resistivity (UR) was performed using the 2-electrode setup, which consists of two steel metal plates
encased in an acrylic housing and clamped tightly on either side of the specimen (see Figure 3.8). A thin (about
2 mm thick) layer of paper towels soaked with lime water (which is a conductive solution) was inserted
between the electrodes and the concrete surface to ensure proper electrical contact. The setup was then
connected to the Wenner probe, and the results obtained were corrected for the difference in the cell constants

between the SR and UR arrangements.

Figure 3.8: Two electrode setup for measuring uniaxial resistivity

The disc specimens were extracted and preconditioned following the protocol used for the durability indicator
specimens, i.e., they were extracted from the cover zone (5-35 mm) and oven-dried at 50°C for 7 days. In
addition, these specimens were vacuum-saturated with lime water before testing. The results depicting the
relationship of surface resistivity with the uniaxial resistivities of 150-mm cubes and 30-mm discs are

presented in the figure below (Figure D.2).



150

0150-mm UR (365 days)
O30-mm UR (483-666 days)
y =0.72x O
R2=099| ¢ Discarded
—~ 100 A
g &
a O
=
z
50 1 & y = 0.50%
& 2=
oD R2=0.99
e
O T T
0 100 200 300
SR (kQ-cm)

Figure D.2 Relationships between surface resistivity (probe spacing, a = 50 mm) with uniaxial resistivity
measured on 150-mm cube and 70-mm ¢, 30-mm thick cylindrical disc specimen (oven-dried and vacuum-
saturated with lime water) for various concrete mixes, with the intercept set at zero. The UR of cubes is an

average of a total 6-12 readings on 2-3 specimens, while the UR of discs is an average of a total of 2 readings
on 2 specimens.

A general linear relationship relating the surface resistivity with the uniaxial resistivity was found independent
of mix proportions and age as expected but with a few exceptions. The uniaxial resistivities measured on cube
and disc specimens were found to be different. The bulk resistivity of the disc specimens was on average 33%

lower than the cube specimens. Possible reasons include the following, but may not be limited to these:

1. Even though the cube specimens were immersed for 365 days in water, the pore saturation levels may
have been less than 100%, increasing the apparent resistivity of the specimen.

2. The disc specimens were extracted from the outer regions of the cubes and would have undergone
more leaching-induced pore structural changes than the bulk of the specimens, which may have
increased their penetrability.

3. Drying at 50 °C for 7 days would have induced some micro-structural damage in the form of micro-
cracking, which may have increased the penetrability and decreased the resistivity of concrete.

4. The use of lime water for saturating disc specimens may have contributed to the increased conductivity

of the specimens.

The cell constant correction factor or the geometry factor for surface resistivity measurements was generally
found to be 0.72 for the 150-mm cubes and 0.5 for the discs. A few exceptions (PC, BS (75%)) were found to
these typical values (Figure D.3), the reasons for which are unclear. In a previous study, the geometry factor
was found to be independent of the mix properties, although the observed values varied up to approximately
25% from the mean (Ghosh & Tran, 2015). In comparison, besides the obvious exceptions, values in the

present study varied up to 12% from the mean.
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Figure D.3 Cell constant correction factor (UR/SR): (a) 150-mm cube: average value was found to be 0.72
and (b) case 2: 30-mm disc: average value was found to be 0.5. The average values were calculated
disregarding mixes showing large deviations (statistical outliers at a 5% significance level) from the more
typical range observed.

The theoretical geometry factors have been presented in a previous study as a function of the specimen height,
breadth, and edge distance relative to the probe spacing, i.e., h/a, b/a, and x/a, respectively (Gowers & Millard,
1999). For a 150-mm cube, the geometry factor can be calculated with h/a=3, b/a=3, x/a=1.5 in the range 0.9-
0.76. The SR measurements were conducted diagonally; however, the edge distance factor was calculated
considering the probe to be aligned parallel to the edges due to the unavailability of theoretical values for
diagonal arrangement. However, another study found that both diagonal and parallel arrangements gave
essentially the same SR values (Sengul & Gjgrv, 2009). Assuming the findings apply to the present case, the
measured average value of 0.72 appears to be close to the theoretical range. Further studies, on concrete
specimens or on conductive solutions, should be undertaken to validate or calibrate the presented geometry

factors and investigate the possible causes for the exceptions/anomalies observed in this study.
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Appendix E. Compressive strength results

28-day Wet cured Plastic cured
compressive strength | Av. | SD | COV | Av. | SD | COV
PCO0.3 834 (58| 70 | 77030 39
PC0.4 652 /09| 14 |584|10] 18
PC0.5 61.0/06| 09 [523|0.2| 0.3
PC0.6 446 16| 36 |37.0]28]| 75
PCO0.7 336 |05] 16 |291]13]| 45
FA (15) 04 628 /09| 15 |587|17] 29
FA (15) 0.5 56.0 | 55| 9.7 [448]07] 16
FA (15) 0.6 37308 ] 22 |330[04] 12
FA (30) 0.4 61011 | 19 |[523 |14 | 27
FA (30) 0.5 413101 ] 02 |378|15]| 4.0
FA (30) 0.6 325|124 | 75 |28.0]|04] 13
BS (25) 0.4 732|118 | 28 |645|36]| 56
BS (25) 0.5 559 (20| 35 |494 (11| 22
BS (25) 0.6 455|102 | 04 |411[20]| 47
BS (50) 0.4 60.4 19| 3.1 |[528]29]| 55
BS (50) 0.5 488 04| 09 |457 (21| 46
BS (50) 0.6 339 25| 72 |320]01] 03
BS (75) 0.4 390406 ] 15 |348]14] 40
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Appendix F. Chloride conductivity results

F.1 Wet cured

28-dayccl| 1 [ 2 | 3 | 4 |[Mean| SD [ COV | |28-dayPorosity(CCl) | 1 | 2 | 3 | 4 [ Mean| SD | cCOV
pc-03 |0.30]0.33]031[0.37] 033 |0.03]| 9.4 PC-0.3 51/54|48][52] 51 [003] 46
PC-04 |0590.53]052]0.49 | 053 |0.04| 8.3 PC-0.4 73|58|6.4 /59| 64 |0.04] 10.9
pc-05 |0.81]0.96]065]075] 0.79 |0.13| 16.4 PC-0.5 69/69|64]71] 68 [013] 45
Pc06 | 16|19 |18 |19 | 177 [014] 81 PC-0.6 89/89/91/86/] 89 |014]| 23
pc07 | 14|17 ]14[15] 151 |o018] 117 PC-0.7 83/94]81[87| 86 [018] 67
FA (15)-0.4 | 0.79 | 0.81 | 0.69 | 0.73 | 0.76 | 0.06 | 7.3 FA (15)-0.4 67]64/62]69| 66 |006| 4.9
FA (15)-0.5 | 0.81 | 0.60 | 0.88 | 0.66 | 0.74 | 0.13 | 17.6 FA (15)-0.5 70/6.4|80[75] 72 [013] 95
FA(15)-0.6 | 1.17 | 1.24 | 1.22 | 1.20 | 1.21 | 0.03] 2.4 FA (15)-0.6 8.1/83[84[80] 82 |003]| 24
FA (30)-0.4 | 0.32 | 0.34 [ 0.35 | 0.34 | 0.34 |0.02| 4.7 FA (30)-0.4 63/6.1/63]59] 62 [002] 3.1
FA(30)05| 1.2 | 1.3 | 1.1 | 1.4 | 1.26 | 0.14 | 11.0 FA (30)-0.5 83/83[87/87] 85 |014] 238
FA(30)-06 | 1.4 | 16 | 16 | 1.4 | 150 |0.11] 75 FA (30)-0.6 89/9487[88] 90 [011] 35
BS (25)-0.4 | 0.18 | 0.20 | 0.17 | 0.20 | 0.19 | 0.02 | 8.2 BS (25)-0.4 36|41/36[38] 38 |002] 6.1
BS (25)-0.5 | 0.28 [ 0.28 | 0.30 | 0.29 | 0.29 [ 0.01| 3.1 BS (25)-0.5 52|52|54[58] 54 [001] 5.2
BS (25)-0.6 | 0.65 | 0.53 | 0.61 | 0.57 | 0.59 | 0.05| 8.9 BS (25)-0.6 6.1/6.4|70[57] 63 [005] 88
BS (50)-0.4 | 0.11 [ 0.17 | 0.17 | 0.18 | 0.17 [0.01| 2.9 BS (50)-0.4 35/38|36/43] 38 [003] 93
BS (50)-0.5 | 0.16 | 0.15 | 0.16 | 0.18 | 0.16 | 0.01 | 8.3 BS (50)-0.5 47|44 |45]46] 46 |001]| 26
BS (50)-0.6 | 0.46 | 0.40 | 0.40 | 0.46 | 0.43 | 0.03 | 8.0 BS (50)-0.6 6.1]5.8 59 |024] 40
BS (75)-0.4 | 0.19 | 0.20 | 0.21 [ 0.20 | 0.20 | 0.01 | 4.6 BS (75)-0.4 44 |47]52]52] 49 |o001] 81
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90-day CCI | 1 2 3 4 | Mean| SD | COV 90-day Porosity (CC) | 1 | 2 | 3 | 4 | Mean| SD | COV
PC-0.3 0.2010.25|0.20| 0.21 ] 0.22 | 0.02 | 11.0 PC-0.3 4314414043 ] 42 002 4.2
PC-0.4 0.390.29/0.38]0.33| 035 | 0.04] 13.0 PC-0.4 565156 |54 54 1004 41
PC-0.5 06 [ 0781052054 | 054 | 00 | 46 PC-0.5 591626164 | 6.2 |012]| 3.6
PC-0.6 14 11013 |13 | 12 | 01 ] 109 PC-0.6 8474|7875 78 [0.13| 58
PC-0.7 12 1111110 ] 11 |01 | 54 PC-0.7 89[89[92[89| 90 [006]| 15
FA (15)-0.4 | 0.22 | 0.24 | 0.23 | 0.18 | 0.22 | 0.02 | 11.2 FA (15)-0.4 50[51[47|53| 50 |0.02| 4.9
FA (15)-0.5]0.28 1 0.24 | 0.57 | 0.52 | 0.40 | 0.17 | 42.0 FA (15)-0.5 53|54]6.7|6.7| 60 |0.17| 13.2
FA (15)-0.6 | 0.62 | 0.55 | 0.72 | 0.63 | 0.63 | 0.07 | 11.1 FA (15)-0.6 86|74(84|83| 82 |0.07| 6.1
FA (30)-0.4 1 0.20 ] 0.22 1 0.22 | 0.18 ] 0.21 | 0.02| 8.9 FA (30)-0.4 431394941 ] 43 |0.02| 9.6
FA(30)-05| 04 | 03] 04| 03| 04 |00 ] 65 FA (30)-0.5 59]51[6.2|6.0| 58 [0.02| 84
FA(30)-06| 08 | 0.6 | 06 | 0.7 | 0.7 | 0.1 | 135 FA (30)-0.6 80|74 |71|76| 75 |0.09]| 50
BS (25)-0.4 | 0.100.12 1 0.13]0.12| 0.12 | 0.01| 94 BS (25)-0.4 30[30[34|30| 31 |0.01] 6.2
BS (25)-0.5 | 0.16 | 0.19 | 0.15 | 0.18 | 0.17 | 0.02 | 10.0 BS (25)-0.5 42145141143 43 002 34
BS (25)-0.6 | 0.24 | 0.24 | 0.23 ] 0.23 | 0.23 [ 0.00| 15 BS (25)-0.6 52|51[57|55| 54 [0.00| 48
BS (50)-0.4 | 0.11 | 0.10 | 0.11 | 0.13 | 0.11 | 0.01 | 11.9 BS (50)-0.4 30/30]34|30] 31 [001] 6.2
BS (50)-0.5 | 0.40 | 0.48 | 0.43 0.44 10.04| 95 BS (50)-0.5 35[33[31|34| 34 |019| 57
BS (50)-0.6 | 0.35 | 0.25| 0.40 | 0.23 | 0.31 | 0.08 | 26.5 BS (50)-0.6 49142142145 45 008 7.0
BS (75)-0.4 | 0.12 1 0.13 | 0.15|0.15| 0.14 | 0.01 | 10.6 BS (75)-0.4 4414614546 | 45 |0.01] 138
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250-day CCl | 1 2 3 4 | Mean SD | COV 250-day Porosity (CCI) | 1 2 3 | 4 | Mean | SD | COV
PC-0.3 0.21[0.2210.21|0.24| 0.22 0.02 | 7.02 PC-0.3 32 [137]37|35] 35 |00 6.7
PC-0.4 0.20 | 0.26 | 0.23 | 0.26 | 0.24 0.03 | 12.36 PC-0.4 39145 (42]|45| 43 |100] 7.0
PC-0.7 140|131 1.4 01 | 471 PC-0.7 95194 95 |01 | 13
FA (15)-0.4 | 0.17 | 0.20 0.2 0.03 | 13.95 FA (15)-0.4 3.7 1 43 40 |04 | 9.8
FA (15)-0.5 | 0.20 | 0.17 0.19 0.02 | 10.64 FA (15)-0.5 39| 38 38 |01 ] 23
FA (15)-0.6 | 0.35]0.31[0.33 |0.34| 0.33 0.02 | 5.70 FA (15)-0.6 64 |55(62]61| 61 |00 6.3
FA (30)-0.4 | 0.30 | 0.33[0.36 | 0.34] 0.33 0.02 | 7.01 FA (30)-0.4 32|30(32]33| 32 |00] 35
BS (50)-0.4 | 0.08 | 0.08 | 0.08 | 0.15 | 0.08 0.00 | 0.04 BS (50)-0.4 25126(28|28| 27 |00 43
BS (75)-0.4 | 0.12 1 0.13]0.12 | 0.12 | 0.12 0.01 | 5.04 BS (75)-0.4 44149 1(139[43] 44 | 00| 9.6
365-day CClI | 1 2 3 4 | Mean | SD | COV 365-day Porosity (CCI) | 1 | 2 | 3 | 4 | Mean | SD | COV
BS (25)-0.6 | 0.19 1 0.20 | 0.18 | 0.20 | 0.19 | 0.01 | 6.01 BS (25)-0.6 40[40[35/40| 39 |0.0] 6.6
460-day CCl | 1 2 3 4 | Mean | SD | COV 460-day Porosity (CCI) | 1 | 2 | 3 | 4 | Mean | SD | COV
PC-0.6 09 (08 ]10 10| 09 |01 ] 108 PC-0.6 89/83(82|81| 84 |01| 44
FA (30)-0.6 | 0.08 | 0.08|0.11/0411| 01 | 0.0 | 17.7 FA (30)-0.6 29131[31[31| 30 |00] 39
BS (50)-0.6 | 0.11 | 0.10 | 0.11 | 0.16 | 0.11 | 0.00 | 1.95 BS (50)-0.6 38/37[36[34| 36 [00]| 4.1
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F.2

Plastic cured

28-day CCI | 1 2 3 4 | Mean| SD | COV 28-day Porosity (CC) | 1 | 2 | 3 | 4 | Mean | SD | COV
PC-0.3 0.31{0.34/034]037| 034 |[003] 79 PC-0.3 5416.0|57|57| 57 |00 44
PC-0.4 0.65]0.60 | 0.63 | 0.62 | 0.62 | 0.02| 3.1 PC-0.4 711717373 72 [00]| 18
PC-0.5 090[0.82|099|090]| 090 |0.07| 7.7 PC-0.5 82|75]79|75| 78 |01 | 47
PC-0.6 17 |18 |22 19| 19 | 02 | 105 PC-0.6 9.1]199[96[93]| 95 [02]| 38
PC-0.7 20 |18 |17 |18 ] 18 |01 ] 71 PC-0.7 941898687 | 89 |01]| 39
FA (15)-0.4 1 0.86 | 1.07 | 0.90 | 1.01 | 0.96 | 0.10 | 10.1 FA (15)-0.4 76(83[63|72| 73 |01] 110
FA (15)-0.5]0.98 | 0.89 | 098 | 1.02 | 0.97 |0.05| 55 FA (15)-0.5 791797773 77 |01 35
FA (15)-0.6 | 2.00 | 1.85 | 1.77 | 1.84| 186 | 0.09| 5.0 FA (15)-0.6 96]95[91[88| 93 |01 39
FA (30)-0.4 | 1.0210.80]0.85]1.03| 093 |0.12| 125 FA (30)-0.4 9.1/82]82|80| 84 |01 55
FA(30)-05]| 15 |13 |17 | 13| 14 | 02 | 127 FA (30)-0.5 86/88[95(87| 89 [02]| 50
FAB0D)-06] 22 | 21|20 |22 ] 21 |01 ] 51 FA (30)-0.6 9719919192 | 95 |0.1| 41
BS (25)-0.4 | 0.32 | 0.30 | 0.33 | 0.43 | 0.34 | 0.06 | 16.4 BS (25)-0.4 59/60[(64[6.1]| 61 [01]| 34
BS (25)-0.5 | 0.58 | 0.60 | 0.65 | 0.62 | 0.61 | 0.03 | 4.6 BS (25)-0.5 7517974 |179| 77 |00 3.6
BS (25)-0.6 | 0.67 | 0.82 | 0.69 | 0.85 | 0.76 | 0.09 | 11.4 BS (25)-0.6 81/84[80[(88| 83 [01]| 43
BS (50)-0.4 | 0.24 | 0.21 | 0.27 | 0.24 | 0.24 | 0.03 | 10.9 BS (50)-0.4 6.0/ 596559 6.1 |00 47
BS (50)-0.5 | 0.23 | 0.23 | 0.27 | 0.24 | 0.24 | 0.02| 7.6 BS (50)-0.5 6.7/63[80[73| 71 |0.0] 104
BS (50)-0.6 | 0.96 | 0.76 | 0.75 | 0.82 | 0.82 | 0.09 | 11.6 BS (50)-0.6 87170 79 [12] 151
BS (75)-0.4 | 0.27 | 0.32 1 0.31 ] 0.29 | 0.30 | 0.02| 7.3 BS (75)-0.4 6674|7368 70 [0.0]| 54
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90-day CCI | 1 2 3 4 | Mean | SD | COV 90-day Porosity (CCI) | 1 2 3 4 | Mean | SD | COV
PC-0.3 0.290.33/0.30]0.33| 031 |002] 7.0 PC-0.3 56 | 6.3 | 59 |66] 6.1 |002] 7.2
PC-0.4 0.55|0.56 | 0.67 | 0.73 | 0.63 | 0.09 | 13.8 PC-0.4 69 | 63 | 76 |82 73 [0.09]| 117
PC-0.5 0.85/100/099|1.11] 099 |0.11 | 10.7 PC-0.5 73 75174 |79 75 ]011] 33
PC-0.6 20 [ 18 |22 | 17 | 19 |02 | 125 PC-0.6 105]10.2 113 |96 104 |0.24| 6.8
PC-0.7 1511518 |15 | 16 | 01 | 84 PC-0.7 95|94 ]103]93| 96 |0.13] 49
FA (15)-0.4 | 0.58 | 0.68 | 0.67 | 0.61 | 0.64 | 0.05| 7.9 FA (15)-0.4 74 | 83 180 |75| 78 |0.05| 5.6
FA (15)-0.5]1.1210.93]0.85[1.06 | 099 |0.12| 12.6 FA (15)-0.5 76 |79 | 78 |77 77 012 17
FA(15)-0.6 | 1.30 | 1.06 | 1.01 | 1.18 | 1.14 | 0.13| 114 FA (15)-0.6 1021 91 | 87 |96 94 |013] 7.0
FA (30)-0.4 |1 0.84 1 0.79 ] 0.65|0.68 | 0.74 | 0.09 | 12.1 FA (30)-0.4 78 |83 |76 |70 7.7 |009]| 7.4
FA(30)-05] 12 |13 |15 |13 | 13 |01 ] 97 FA (30)-0.5 80 | 89 189 (89| 87 |013]| 51
FA(B0)-06) 16 | 15| 16 | 18 | 16 | 0.1 | 85 FA (30)-0.6 91 | 85193 (99| 92 |014| 6.3
BS (25)-0.4 | 0.22 | 0.21 /1 0.23]0.21| 0.22 |0.01]| 3.9 BS (25)-0.4 51 | 52 | 52 |55 52 |001]| 32
BS (25)-0.5 | 0.50 | 0.47 | 0.55 | 0.50 | 0.51 | 0.03| 6.2 BS (25)-0.5 80 | 80 |83 |78 80 |0.03| 26
BS (25)-0.6 | 0.56 | 0.63 | 0.56 | 0.57 | 0.58 | 0.03 | 5.6 BS (25)-0.6 80 | 84 |79 82| 81 |0.03]| 3.0
BS (50)-0.4 | 0.29 | 0.30 | 0.36 | 0.27 | 0.30 | 0.04 | 12.6 BS (50)-0.4 6.1 | 64 | 69 |60 64 |0.04]| 6.3
BS (50)-0.5 | 0.36 | 0.42 | 0.49 | 0.49 | 0.44 | 0.06 | 14.3 BS (50)-0.5 6.1 | 60 | 68 |6.0| 6.2 |0.06| 64
BS (50)-0.6 | 0.56 | 0.74 | 0.49 | 0.66 | 0.61 | 0.11 | 17.3 BS (50)-0.6 87 |89 |87 83| 87 |011] 27
BS (75)-0.4 | 0.20 | 0.22 1 0.21 | 0.22 | 0.21 | 0.01| 4.8 BS (75)-0.4 70 | 64 | 68 |69 6.8 |0.01]| 36
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250-day CCl | 1 2 3 4 | Mean | SD | COV 250-day Porosity (CC) | 1 | 2 | 3 4 | Mean | SD | COV
PC-0.3 0.330.34|0.32|0.29| 032 |0.02| 6.4 PC-0.3 58|64|58| 56 | 59 |002| 59
PC-0.4 0.67 | 0.60 | 0.58 | 0.64 | 0.62 | 0.04| 6.8 PC-0.4 726765 73| 69 |004]| 57
FA (15)-0.4 1 0.93|0.740.7710.98 | 0.85 | 0.12 | 135 FA (15)-0.4 78|70|66| 74| 72 |012| 75
FA (15)-0.5 | 1.26 | 1.011.02|1.39| 1.17 |0.19 | 16.3 FA (15)-0.5 82(83|79|84 | 82 |019| 24
FA (15)-0.6 | 155|164 157|187 | 166 |0.15| 8.8 FA (15)-0.6 86[91/90|100| 92 |0.15]| 64
FA (30)-0.4 | 1.06 | 1.01]0.88|1.67| 1.16 | 0.35| 30.5 FA (30)-0.4 818479 81 |024| 3.0
BS (50)-0.4 [ 0.21{0.26 | 041 ]0.25| 0.24 | 0.03| 10.9 BS (50)-0.4 6.3|67|62| 64| 64 |009]| 3.6
BS (75)-0.4 | 0.230.19|0.29 | 0.21 | 0.23 | 0.04 | 18.5 BS (75)-0.4 78(70|76| 73| 74 |004]| 48
365-day CCl | 1 2 3 4 | Mean | SD | COV 365-day Porosity (CCI) | 1 | 2 | 3 | 4 |Mean| SD | COV
BS (25)-0.4 | 0.40 | 0.33 | 0.38 | 0.35 | 0.37 | 0.03 | 8.6 BS (25)-0.4 6.267(66|64| 65 |003| 3.7
BS (25)-0.6 | 0.62 | 0.62 | 0.60 | 0.69 | 0.63 | 0.04 | 6.0 BS (25)-0.6 84(82(81(84| 83 |0.04| 2.0
460-day CCl | 1 2 3 4 | Mean | SD | COV 460-day Porosity (CCI) | 1 2 | 3| 4 |Mean| SD | COV
PC-0.6 18 |19 |17 | 17| 18 | 01 | 50 PC-0.6 92(94(92]98| 94 | 01 | 29
FA(30)-06 | 1.5 | 18 | 18 | 15| 16 | 0.2 | 95 FA (30)-0.6 89(89(91/88| 89 | 02| 15
BS (50)-0.6 | 0.41 | 0.42 | 0.34 | 0.33 | 0.37 | 0.05| 12.2 BS (50)-0.6 87(86[79|76| 82 |005| 6.6
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Probe spacing: 50 mm

Wet cured 28 days | 90 days 180 days | 365 days

PC-0.3 15.0 18.1 22.0 22.7
PC-0.4 11.4 14.6 16.0 17.7
PC-0.5 8.2 10.2 11.3 12.0
PC-0.6 7.0 8.2 9.3 10.6
PC-0.7 7.2 8.9 9.7 10.4
FA (15)-0.4 11.7 23.7 42.5 62.0
FA (15)-0.5 11.2 23.3 41.7 56.4
FA (15)-0.6 7.9 16.6 27.3 37.1
FA (30)-0.4 25.4 59.9 111.1 166.8
FA (30)-0.5 10.6 31.6 68.6 99.4
FA (30)-0.6 9.8 28.7 54.2 97.7
BS (25)-0.4 23.2 38.6 48.9 47.7
BS (25)-0.5 18.6 35.8 43.9 46.9
BS (25)-0.6 18.0 33.7 42.3 46.5
BS (50)-0.4 65.5 100.7 130.6 143.7
BS (50)-0.5 43.8 93.2 126.0 134.1
BS (50)-0.6 40.6 78.8 113.1 129.1
BS (75)-0.4 114.7 175.8 205.7 239.1

Appendix G. Surface resistivity results (150 mm cube)
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Plastic cured | 28 days | 90 days | 180 days | 365 days
PC-0.3 154 20.7 29.1 30.4
PC-0.4 10.7 13.9 17.9 19.8
PC-0.5 9.7 12.8 15.0 18.7
PC-0.6 8.4 9.5 12.0 15.0
PC-0.7 7.1 9.1 10.8 11.2
FA (15)-0.4 124 23.8 41.4 53.3
FA (15)-0.5 12.4 24.2 40.9 54.7
FA (15)-0.6 8.6 16.4 26.3 29.0
FA (30)-0.4 235 59.0 114.4 141.6
FA (30)-0.5 11.7 29.3 56.9 103.3
FA (30)-0.6 8.8 22.6 38.5 68.6
BS (25)-0.4 25.3 44.1 65.0 90.7
BS (25)-0.5 20.1 38.0 55.5 65.6
BS (25)-0.6 19.5 36.2 49.7 59.7
BS (50)-0.4 67.8 119.0 162.1 184.2
BS (50)-0.5 51.1 97.6 128.3 166.6
BS (50)-0.6 38.7 78.6 111.1 121.4
BS (75)-0.4 98.9 149.7 182.3 177.0




Appendix H. Typical calibration results for chloride content testing

H.1 Mortar samples for calibration: Plain Portland cement

Mortar Density (kg/m®) 2320

Cement Content (kg/m?3) 640

Molarity of titrant (M) 0.1

Molar mass of CI (g) 35.45
Admixed Mass of Volume of Chloride Chloride .
Binder 0/Etr)lloridesf sample | titrant consumed O/(égntent (y(égntent Chloride Conten';(:)/o\,/by Mass ofcementl)z
6 (by mass o o (by mass o (by mass : rror
ceyment) ©) (mi) of co%crete) of ceyment) Average SD % Net | Error (%)
3.635 0.062 0.0060 0.022

0.0 3.838 0.052 0.0048 0.017 0.02 0.004 20 | 0.02 - -
3.461 0.07 0.0072 0.026
2.332 0.891 0.1354 0.491

0.5 2.203 0.843 0.1357 0.492 0.49 0.0005 | 0.09 | 0.47 | -0.03 | -6
2.225 0.850 0.1354 0.491
2.265 1.746 0.2733 0.991

PC 1.0 2.471 1.894 0.2717 0.985 0.99 0.003 | 0.29 | 0.97 | -0.03 | -3
2.352 1.810 0.2728 0.989
2.220 3.446 0.5503 1.995

2.0 2.340 3.635 0.5507 1.996 2.00 0.008 | 0.40 | 1.98 | -0.02 | -1
2.152 3.365 0.5543 2.010
2.479 11.371 1.6261 5.895

6.0 2.381 10.914 1.6250 5.891 5.89 0.004 | 0.06 | 587 | -0.13 | -2
2.284 10.463 1.6240 5.887

Note: The mass of sample used for testing 0% Cl samples was increased from 2.1-2.5 g to >3 g to bring the chloride content of the test solution

above the detection limit and improve the resolution of the test method. “Net” cl content = Av. — zero error.
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H.2 Mortar samples for calibration: Fly ash (30%b)

Mortar Density (kg/m?) 2275
Cement Content (kg/m?®) 640
Molarity of titrant (M) 0.1
Molar mass of CI (g) 35.45
Admixed Mass of Volume of Chloride Chloride .
Binder (y((:gloridesf sample | titrant consumed WCEgntent (yC(gntent Chloride Conterzc(:io/, by mass ofcement)E
0 (by mass o o (by mass o (by mass : rror
ceyment) ) (ml) of coﬁcrete) of cgment) Average SD % Net | Error (%)
3.240 0.033 0.0036 0.013

0.0 4.990 0.067 0.0048 0.017 002 1 00031 19 1002 - ]
2.441 0.123 0.0179 0.065

0.07 2.357 0.120 0.0180 0.065 0.07 0.0004 | 0.56 | 0.04 | -0.03 | -38
2.438 0.123 0.0179 0.065

(3':6;)) 2.405 0.654 0.0964 0.349

0.35 2.293 0.628 0.0971 0.352 0.35 0.003 | 0.90 | 0.33 | -0.02 -6
2.115 0.569 0.0954 0.346
2.199 1.748 0.2818 1.022

1.05 2.447 1.946 0.2819 1.022 1.02 0.001 | 0.07 | 1.00 | -0.05 -5
2.383 1.897 0.2822 1.023
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H.3 Mortar samples for calibration: Blastfurnace slag (50%0)

Mortar Density (kg/m?) 2301
Cement Content (kg/m®) 640
Molarity of titrant (M) 0.1
Molar mass of CI (g) 35.45
A;]dlmi_ﬁed Mass Iof Volume of ti(';rant Chloride Chloride Chloride Content (%, by mass of cement)
BN oy mass o | T 7 (by mass of | % by mas cov Error
cement) @) (ml) concrete) of cement) Average | SD %’ Net | Error (%)
3.183 0.139 0.0155 0.056
0.0 3.039 0.127 0.0148 0.054 0.05 0.003| 55 | 0.05 -
3.422 0.134 0.0139 0.050
2.238 0.194 0.0307 0.111
0.075 2.257 0.191 0.0300 0.109 0.11 0.002 1 0.09 | 0.01 18
BS 2.317 0.201 0.0308 0.111
(50%) 2.155 0.686 0.1128 0.409
0.375 2.412 0.766 0.1126 0.408 0.41 0.001 | 0.16 | 0.39 | 0.01 3
2.480 0.790 0.1129 0.409
2.150 2.588 0.4267 1.547
15 2.260 2.711 0.4252 1.542 1.54 0.003 | 0.18 | 1.52 | 0.02 1
2.395 2.875 0.4255 1.543
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Appendix I. Chloride profile results

1.1 Exposure duration: 180 days

PC-0.3W-6m

PC-0.3

Bulk diffusion results - Wet cured

1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
2.6 0.86 1.4 0.89 1.8 0.50
8.2 0.37 6.1 0.50 6.9 0.31
12.5 0.17 10.7 0.25 11.8 0.15
16.8 0.04 15.5 0.05 17.3 0.02
21.1 0.01 20.7 0.01 22.7 0.004
25.7 0.01 25.3 0.004 - -
30.5 0.01 - -- - --
Bulk diffusion results - Plastic cured
1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
1.6 0.75 2.3 0.92 2.3 0.64
6.4 0.37 7.5 0.37 8.2 0.36
11.1 0.21 12.0 0.21 13.2 0.17
16.3 0.05 17.1 0.05 18.0 0.02
21.3 0.01 22.1 0.01 22.9 0.003
25.7 0.005 26.5 0.004 27.5 0.006

%CIl (concrete)

%CIl (concrete)
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Bulk diffusion results - Wet-dry PC-0.3WD-6m

1 2 3 10 v
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.] 038 @1
15 0.71 1.2 0.71 -- -- % o1
o -out
64 | 038 | 61 | 041 - - 5 0.6 -
117 | 017 9.8 0.21 -- - 8 42
17.1 0.03 14.4 0.06 - - 5 04 A 2-out
22.2 0.01 20.7 0.005 -- -- =3 o 3
272 | 001 | 263 | 0.005 - - 0.2
o 3-out
0.0 N — )
30 —Avg. fit
Depth (mm)
PC-0.3-6m
Wet cured  ===sese- Plastic cured - --- Wet-dry
o
&L
2
g
[}
X
25 30

Depth (mm)
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Fitted profiles — overall (PC-0.3)

Wet cured Plastic cured Wet-dry

0.0 0.951 0.0 0.823 0.0 0.9

1.6 0.811 1.6 0.715 1.2 0.770

3.2 0.677 3.2 0.610 2.4 0.673

4.8 0.551 4.8 0.510 3.6 0.580

6.4 0.438 6.4 0.418 4.8 0.492

8.0 0.339 8.0 0.336 6.0 0.411

9.6 0.256 9.6 0.265 7.2 0.339
11.2 0.188 11.2 0.204 8.4 0.275
12.8 0.135 12.8 0.154 9.6 0.219
14.4 0.094 14.4 0.114 10.8 0.172
16.0 0.065 16.0 0.083 12.0 0.133
17.6 0.043 17.6 0.059 13.2 0.102
19.2 0.029 19.2 0.042 14.4 0.076
20.8 0.019 20.8 0.029 15.6 0.057
22.4 0.013 22.4 0.020 16.8 0.042
24.0 0.009 24.0 0.014 18.0 0.030
25.6 0.007 25.6 0.010 19.2 0.022
27.2 0.006 27.2 0.008 20.4 0.016
28.8 0.005 28.8 0.006 21.6 0.012
30.4 0.004 30.4 0.005 22.8 0.009
32.0 0.004 32.0 0.005 24.0 0.007
33.6 0.004 33.6 0.004 25.2 0.006
35.2 0.004 35.2 0.004 26.4 0.005
36.8 0.004 36.8 0.004 27.6 0.005
38.4 0.004 38.4 0.004 28.8 0.004
40.0 0.004 40.0 0.004 30.0 0.004

Cl depth 30 34 29
(mm)
Initial CI content= 0.004
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Overall fit
Curing Da Cs r
W 2.4E-12 1.0 0.96
P 3.0E-12 0.8 0.98
WD 2.2E-12 0.9 0.99
Individual fit
W Da Cs r
Corel | 2.3E-12 1.1 0.99
Core 2 | 2.3E-12 1.1 0.99
Core 3 | 2.5E-12 0.7 0.99
Mean | 2.4E-12 1.0
SD 1.4E-13 0.21
CV, % 6 22
P Da Cs r
Corel | 2.9E-12 0.8 0.99
Core2 | 2.9E-12 0.9 0.99
Core 3 | 2.6E-12 1.0 0.98
Mean | 2.8E-12 0.9
SD 1.7E-13 0.11
CV, % 6 13
WD Da Cs r?
Corel | 2.5E-12 0.8 0.99
Core 2 | 2.0E-12 0.9 1.00
Mean | 2.3E-12 0.9
SD 4.0E-13 0.10
CV, % 18 12




PC-0.4

Bulk diffusion results - Wet cured

1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
1.4 0.78 1.0 0.76 0.6 0.62
6.1 0.51 5.2 0.44 5.1 0.51
10.3 0.33 9.8 0.34 10.8 0.29
14.8 0.17 14.1 0.20 16.2 0.14
20.3 0.07 18.8 0.09 21.3 0.04
25.4 0.01 24.1 0.01 -- -
Bulk diffusion results - Plastic cured
1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
1.4 0.81 1.6 0.60 1.6 0.69
6.6 0.51 6.2 0.38 6.8 0.48
12.1 0.28 11.4 0.31 11.7 0.29
17.2 0.16 16.9 0.17 16.3 0.18
22.0 0.04 21.8 0.08 21.2 0.09
-- -- 26.7 0.01 26.0 0.02

PC-0.4W-6m

%CI (concrete)

Depth (mm)

PC-0.4P-6m

%CI (concrete)

Depth (mm)
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Bulk diffusion
results - Wet-dry

1 2 3
Av.
Av.depth | % Cl | Av.depth | % ClI depth % CI
[mm] [conc.] | [mm] [conc.] | [mm] [conc.]
2.15 0.75 1.94 0.74 - -
8.08 0.49 7.875 0.41 - --
13.63 0.24 13.63 0.27 - -
19.30 0.14 18.84 0.14 - --
25.08 0.03 24.04 0.03 - -
0.00 0.00 29.35 0.00 - --
PC-0.4-6m
Wet cured oo Plastic cured
1 -

%CIl (concrete)

%CI (concrete)

PC-0.4WD-6m

- --- Wet-dry

Depth (mm)
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Depth (mm)

20

25

30

1

1-out

2

2-out

3

3-out
—Auvg. fit

o e b b O B



Fitted profiles - overall (PC-0.4)

Wet cured Plastic cured Wet-dry
0.0 0.817 0.0 0.820 0.0 0.8
2.0 0.706 2.0 0.718 2.0 0.739
4.0 0.6 4.0 0.619 4.0 0.639
6.0 0.499 6.0 0.525 6.0 0.544
8.0 0.406 8.0 0.437 8.0 0.455
10.0 0.324 10.0 0.357 10.0 0.374
12.0 0.252 12.0 0.287 12.0 0.302
14.0 0.193 14.0 0.226 14.0 0.240
16.0 0.144 16.0 0.175 16.0 0.187
18.0 0.105 18.0 0.133 18.0 0.143
20.0 0.075 20.0 0.099 20.0 0.108
22.0 0.053 22.0 0.072 22.0 0.079
24.0 0.036 24.0 0.052 24.0 0.058
26.0 0.025 26.0 0.037 26.0 0.042
28.0 0.017 28.0 0.026 28.0 0.029
30.0 0.012 30.0 0.018 30.0 0.021
32.0 0.008 32.0 0.013 32.0 0.015
34.0 0.006 34.0 0.009 34.0 0.011
36.0 0.005 36.0 0.007 36.0 0.008
38.0 0.004 38.0 0.005 38.0 0.006
40.0 0.004 40.0 0.004 40.0 0.005
42.0 0.003 42.0 0.004 42.0 0.004
44.0 0.003 44.0 0.003 44.0 0.004
46.0 0.003 46.0 0.003 46.0 0.003
48.0 0.003 48.0 0.003 48.0 0.003
50.0 0.003 50.0 0.003 50.0 0.003

Cl depth 42 44 46
(mm)
Initial Cl content= 0.003
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Overall fit
Curing Da Cs r
wW 4.4E-12 0.8 0.99
P 5.2E-12 0.8 0.99
WD 5.5E-12 0.8 0.97
Individual fit
w Da Cs r
Core 1 4.2E-12 0.9 1.00
Core 2 3.9E-12 0.9 0.99
Core 3 4.6E-12 0.8 1.00
Mean 4.2E-12 0.9
SD 3.8E-13 0.09
CV,% 9 10
P Da Cs r
Core 1 4.8E-12 0.9 0.99
Core 2 5.5E-12 0.8 0.98
Core 3 5.5E-12 0.8 1.00
Mean 5.3E-12 0.8
SD 4.1E-13 0.04
CV,% 8 5
WD Da Cs r
Core 1 49E-12 1.0 0.99
Core 2 6.0E-12 0.8 0.98
Mean 5.4E-12 0.9
SD 8.1E-13 0.14
CV,% 15 17




PC-0.5

Bulk diffusion results - Wet cured

1 2
Av. Av. Av.
depth % Cl depth % Cl depth % Cl
[mm] [conc.] [mm] [conc.] [mm] [conc.]
0.2 0.66 0.8 0.63 2.0 0.72
3.9 0.54 5.1 0.58 6.8 0.61
8.3 0.47 9.0 0.45 10.5 0.54
12.3 0.36 13.4 0.40 14.1 0.30
16.4 0.27 19.0 0.24 17.8 0.26
20.8 0.19 23.7 0.15 215 0.22
24.7 0.11 28.0 0.10 28.5 0.11
Bulk diffusion results - Plastic cured
1 2
Av. Av. Av.
depth % Cl depth % Cl depth % Cl
[mm] [conc.] [mm] [conc.] [mm] [conc.]
0.7 0.76 0.5 0.49 1.2 0.86
5.1 0.56 3.9 0.59 5.8 0.66
9.4 0.47 7.9 0.43 10.2 0.47
13.5 0.43 11.9 0.39 13.5 0.43
18.2 0.26 16.3 0.33 17.2 0.29
23.0 0.16 20.4 0.21 21.7 0.23

PC-0.5W-6m

1.0 -
A08 T (] 1
[
5 06 - o 1l-out
S A 2
O 041 A 2-out
X

0.2 - e 3

0.0 . . . . , O 3-out

0 10 15 20 25 30 ——Auvg.fit
Depth (mm)
PC-0.5P-6m

%CIl (concrete)
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Depth (mm)



%CIl (concrete)

PC-0.5-6m

Wet cured e Plastic cured

10 15 20 25 30
Depth (mm)
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Fitted profiles - overall (PC-0.5)

Wet cured Plastic cured
0.0 0.738 0.0 0.738
2.8 0.652 2.8 0.656
5.6 0.568 5.6 0.576
8.4 0.487 8.4 0.499
11.2 0.412 11.2 0.427
14.0 0.342 14.0 0.360
16.8 0.28 16.8 0.299
19.6 0.226 19.6 0.244
22.4 0.179 22.4 0.197
25.2 0.139 25.2 0.157
28.0 0.107 28.0 0.123
30.8 0.081 30.8 0.095
33.6 0.06 33.6 0.072
36.4 0.044 36.4 0.054
39.2 0.032 39.2 0.040
42.0 0.023 42.0 0.030
44.8 0.017 44.8 0.022
47.6 0.012 47.6 0.016
50.4 0.009 50.4 0.012
53.2 0.007 53.2 0.009
56.0 0.005 56.0 0.007
58.8 0.004 58.8 0.005
61.6 0.004 61.6 0.005
64.4 0.004 64.4 0.004
67.2 0.003 67.2 0.004
70.0 0.003 70.0 0.003
Cl depth 67 70
(mm)
Initial CI content= 0.003
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Overall fit
Curing Da Cs r
W 1.2E-11 0.7 0.94
P 1.3E-11 0.7 0.95
WD 0.0E+00 0.0 0.00
Individual fit
W Da Cs r
Core 1 1.2E-11 0.7 0.99
Core 2 1.2E-11 0.7 0.99
Core 3 9.7E-12 0.9 0.95
Mean 1.1E-11 0.8
SD 1.2E-12 0.11
CV, % 11 15
P Da Cs r
Core 1 1.3E-11 0.7 0.97
Core 2 1.3E-11 0.7 0.98
Core 3 1.2E-11 0.8 0.98
Mean 1.3E-11 0.7
SD 5.3E-13 0.08
CV, % 4 10




PC-0.6

Bulk diffusion results - Wet cured

1 2
Depth % ClI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
1.7 0.70 2.8 0.61 1.2 0.55
7.0 0.41 8.5 0.47 5.8 0.41
12.0 0.33 12.5 0.36 10.3 0.30
17.2 0.28 16.2 0.28 14.3 0.27
22.0 0.17 19.6 0.24 18.5 0.28
26.0 0.14 23.1 0.19 22.9 0.20
29.7 0.13 27.1 0.17 27.1 0.14
Bulk diffusion results - Plastic cured
1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
2.2 0.50 1.2 0.64 2.0 0.56
7.4 0.44 5.1 0.53 7.4 0.55
11.6 0.42 8.6 0.49 12.1 0.35
16.3 0.30 12.4 0.41 16.8 0.25
21.1 0.23 16.7 0.33 215 0.20
25.5 0.18 20.7 0.20 25.9 0.18

%CI (concrete)

%CI (concrete)
© o o o
N IR (e} oo

o
o

263

PC-0.6W-6m

5 10 15 20 25 30

Depth (mm)

PC-0.6P-6m

o e > > O =

5 10 15 20 25

Depth (mm)

1
1-out
2
2-out
3
3-out

30 —Avg. fit



%CIl (concrete)

0.8

PC-0.6-6m

Wet cured  =xeeeeee- Plastic cured

10 15 20 25 30
Depth (mm)
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Fitted profiles - overall

Wet cured Plastic cured
0.0 0.529 0.0 0.656
3.6 0.469 3.2 0.583
7.2 0.411 6.4 0.511
10.8 0.355 9.6 0.441
14.4 0.302 | 12.8 | 0.376
18.0 0.253 | 16.0 | 0.316
21.6 0.208 | 19.2 | 0.261
25.2 0.169 | 22.4 | 0.213
28.8 0.135 | 25.6 | 0.171
32.4 0.106 | 28.8 | 0.135
36.0 0.082 | 32.0 | 0.104
39.6 0.063 | 35.2 | 0.080

43.2 0.047 | 38.4 | 0.060
46.8 0.034 | 416 | 0.044
50.4 0.025 | 44.8 | 0.032
54.0 0.018 | 48.0 | 0.023
57.6 0.012 | 51.2 | 0.016
61.2 0.008 | 54.4 | 0.011
64.8 0.006 | 57.6 | 0.007
68.4 0.004 | 60.8 | 0.005
72.0 0.002 | 64.0 | 0.003
75.6 0.002 | 67.2 | 0.002
79.2 0.001 | 70.4 | 0.001
82.8 0.001 | 73.6 | 0.001
86.4 0.000 | 76.8 | 0.000
90.0 0.000 | 80.0 | 0.000
Cl depth 86 77
(mm)
Initial Cl content= 0
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Overall fit
Curing Da Cs r?
wW 2.1E-11 0.5 0.90
P 1.7E-11 0.7 0.95
Individual fit
W Da Cs r
Corel 19E-11 0.5 0.98
Core 2 1.6E-11 0.6 0.97
Core 3 2.6E-11 0.5 0.90
Mean 2.0E-11 0.5
SD 5.3E-12 0.09
CV, % 26 17
P Da Cs r
Core 1 1.9E-11 0.6 0.98
Core 2 1.8E-11 0.7 0.97
Core 3 1.4E-11 0.7 0.95
Mean 1.7E-11 0.7
SD 2.9E-12 0.05
CV, % 17 8




PC-0.7

Bulk diffusion results - Wet cured

1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
1.8 0.69 2.5 0.72 2.0 0.77
6.7 0.46 8.2 0.59 7.2 0.55
11.2 0.38 12.4 0.44 11.3 0.45
15.2 0.33 16.9 0.35 15.1 0.34
18.8 0.28 21.1 0.26 19.1 0.26
22.9 0.23 25.1 0.27 23.5 0.22
27.7 0.19 29.5 0.21 28.0 0.23
Bulk diffusion results - Plastic cured
1 2
Depth % CI Depth % CI Depth % Cl
[mm] [conc.] [mm] [conc.] [mm] [conc.]
2.0 0.58 0.7 0.34 1.6 0.50
6.9 0.39 4.5 0.50 6.1 0.41
10.9 0.36 8.3 0.32 9.6 0.33
15.2 0.37 11.9 0.34 14.2 0.42
19.4 0.30 16.1 0.45 194 0.34
23.7 0.24 20.9 0.36 23.6 0.27

PC-0.7W-6m

08
m 1
73\0.6
] o 1l-out
(&)
504 A 2
q A 2-out
S 02 0 3
I o 3-out
0.0 T T T T T 1 .
0 5 10 15 20 25 30 ——Avgfit
Depth (mm)
PC-0.7P-6m
08 -
—~ = 1
@
@ o 1-out
o
to) A 2-out
2 o 3
i o 3-out
0-0 T T T T T 1 -
0O 5 10 15 20 25 30 Avg. it

Depth (mm)
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Bulk diffusion results - Wet-dry PC-0.7WD-6m

1 2 3

Depth | % Cl Depth % Cl Depth % Cl 08 1
[mm] | [conc.] [mm] [conc.] [mm] [conc.] L
4.3 0.49 4.4 0.57 - -- . @1
14.9 0.36 13.9 0.32 - -- 2 O 1-out
25.6 0.21 23.1 0.19 - - g
35.2 0.10 32.4 0.12 - - 8 A 2
44.4 0.04 41.1 0.03 - -- S A 2-out
52.5 0.02 50.9 0.03 - -- X

e 3

o 3-out

80 —Avg. fit
Depth (mm)
PC-0.7
Wet cured  «eeeeeeee Plastic cured - --- Wet-dry
0.8

%CI (concrete)

Depth (mm)
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Fitted profiles — overall (PC-0.7)

Wet cured Plastic cured Wet-dry
0.0 0.662 0.0 0.643 0.0 0.6
4.0 0.579 8.0 0.513 3.6 0.541
8.0 0.499 16.0 0.392 7.2 0.470
12.0 0.422 24.0 0.285 | 10.8 | 0.403
16.0 0.351 32.0 0.197 | 144 | 0.340
20.0 0.287 40.0 0.129 | 18.0 | 0.282
24.0 0.23 48.0 0.080 | 21.6 | 0.231
28.0 0.181 56.0 0.047 | 25.2 | 0.185
32.0 0.139 64.0 0.026 | 28.8 | 0.146
36.0 0.105 72.0 0.014 | 324 | 0.113

40.0 0.078 80.0 0.007 | 36.0 | 0.086
44.0 0.056 88.0 0.003 | 39.6 | 0.064
48.0 0.04 96.0 0.001 | 43.2 | 0.047
52.0 0.028 104.0 0.001 | 46.8 | 0.034
56.0 0.019 112.0 0.000 | 50.4 | 0.024
60.0 0.012 120.0 0.000 | 54.0 | 0.017
64.0 0.008 128.0 0.000 | 57.6 | 0.011
68.0 0.005 136.0 0.000 | 61.2 | 0.008
72.0 0.003 144.0 0.000 | 64.8 | 0.005
76.0 0.002 152.0 0.000 | 68.4 | 0.003
80.0 0.001 160.0 0.000 | 72.0 | 0.002
84.0 0.001 168.0 0.000 | 75.6 | 0.001
88.0 0 176.0 0.000 | 79.2 | 0.001
92.0 0 184.0 0.000 | 82.8 | 0.000
96.0 0 192.0 0.000 | 86.4 | 0.000
100.0 0 200.0 0.000 | 90.0 | 0.000

Cl depth 88 112 83
(mm)
Initial ClI content= 0
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Overall fit

Curing Da Cs r
W 2.1E-11 0.7 0.88
P 3.1E-11 0.6 0.76
WD 1.9E-11 0.6 0.98
Individual fit
W Da Cs r
Corel 2.5E-11 0.6 1.00
Core 2 2.1E-11 0.7 0.95
Core 3 1.4E-11 0.7 0.99
Mean 2.0E-11 0.7
SD 5.3E-12 0.10
CV, % 26 15
P Da Cs r
Core 1 4.4E-11 0.5 0.77
Core 2 3.1E-11 0.7 0.98
Core 3 2.5E-11 0.7 1.00
Mean 3.4E-11 0.6
SD 9.7E-12 0.11
CV, % 29 17
WD Da Cs r
Core 1 1.9E-11 0.7 1.00
Core 2 1.9E-11 0.6 0.99
Mean 1.9E-11 0.6
SD 1.8E-13 0.08
CV, % 1 13




FA(15)-0.4

Bulk diffusion results - Wet cured

1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
1.0 1.05 13 0.83 14 0.84
5.3 0.63 5.5 0.46 6.7 0.47
9.1 0.36 9.5 0.32 12.1 0.22
12.5 0.24 13.8 0.18 17.1 0.05
16.9 0.07 17.9 0.05 25.8 0.00
22.0 0.00 21.8 0.01 85.1 0.03
0.0 0.00 26.4 0.00 0.0 0.00
Bulk diffusion results - Plastic cured
1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
1.6 0.96 1.7 0.93 1.7 0.83
6.8 0.52 6.5 0.49 6.2 0.55
11.2 0.23 10.4 0.21 9.9 0.34
15.6 0.13 14.6 0.15 14.1 0.16
20.3 0.02 19.4 0.03 18.5 0.04
83.6 0.03 87.3 0.01 26.6 0.00

1.2
1.0
0.8
S 0.6
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FA(15)-0.4W-6m

1
1-out
2
2-out
3
3-out

o e > > O =

0 5 10 15 20 25 30 —Auvg.fit

Depth (mm)

FA(15)-0.4P-6m

Depth (mm)



Bulk diffusion results - Wet-dry

1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.] .
1.61 0.62 1.3 0.77 = = 2
6.96 0.48 6.5 0.50 - - S
11.36 0.27 12.0 0.20 - - S
15.69 0.08 17.0 0.04 - - G
21.26 0.01 -- -- - - X
27.20 0.004 -- -- - -
Wet cured

%CI (concrete)

FA(15)-0.4WD-6m

5]
O 1-out
A
A 2-out
e
o

3-out

. . . . —— — Ayg. fit
0 5 10 15 20 25 30

Depth (mm)
FA(15)-0.4-6m

--------- Plastic cured - --- Wet-dry
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Fitted profiles - overall (FA(15)-0.4)

Wet cured Plastic cured Wet-dry
0.0 0.935 0.0 1.064 0.0 1.1
1.6 0.816 1.6 0.918 1.6 0.928
3.2 0.701 3.2 0.777 3.2 0.782
4.8 0.591 4.8 0.644 4.8 0.644
6.4 0.489 6.4 0.522 6.4 0.519
8.0 0.397 8.0 0.414 8.0 0.408
9.6 0.316 9.6 0.321 9.6 0.314
11.2 0.247 | 11.2 | 0.243 11.2 0.235
12.8 0.189 | 12.8 | 0.180 12.8 0.172
14.4 0.142 | 144 | 0.130 14.4 0.123
16.0 0.105 | 16.0 | 0.092 16.0 0.086
17.6 0.076 | 17.6 | 0.064 17.6 0.059
19.2 0.054 | 19.2 | 0.043 19.2 0.039
20.8 0.038 | 20.8 | 0.029 20.8 0.026
22.4 0.026 | 22.4 | 0.019 22.4 0.017
24.0 0.018 | 24.0 | 0.013 24.0 0.012
25.6 0.013 | 25.6 | 0.009 25.6 0.008
27.2 0.009 | 27.2 | 0.007 27.2 0.006
28.8 0.007 | 28.8 | 0.005 28.8 0.005
30.4 0.005 | 30.4 | 0.004 30.4 0.004
32.0 0.004 | 32.0 | 0.004 32.0 0.003
33.6 0.004 | 33.6 | 0.003 33.6 0.003
35.2 0.003 | 35.2 | 0.003 35.2 0.003
36.8 0.003 | 36.8 | 0.003 36.8 0.003
38.4 0.003 | 38.4 | 0.003 38.4 0.003
40.0 0.003 | 40.0 | 0.003 40.0 0.003

Cl depth 35 34 32
(mm)
Initial CI content= 0.003
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Overall fit

Curing Da Cs r
W 3.2E-12 0.9 0.97
P 2.8E-12 1.1 0.98
WD 2.6E-12 1.1 0.99
Individual fit
w Da Cs r
Corel 2.9E-12 1.1 0.99
Core 2 3.8E-12 0.8 0.98
Core 3 2.9E-12 1.0 0.99
Mean 3.2E-12 0.9
SD 4.7E-13 0.16
CV, % 15 17
P Da Cs r
Corel 2.7E-12 11 0.99
Core 2 2.6E-12 1.0 0.97
Core 3 2.9E-12 1.1 1.00
Mean 2.7E-12 11
SD 1.3E-13 0.06
CV, % 5 6
WD Da Cs r
Corel 2.8E-12 11 0.99
Core 2 2.4E-12 11 1.00
Mean 2.6E-12 11
SD 2.9E-13 0.04
CV, % 11 4




FA(15)-0.5

Bulk diffusion results - Wet cured

1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
0.6 0.55 1.8 0.68 1.6 0.76
4.7 0.60 7.6 0.44 5.9 0.43
9.0 0.38 12.7 0.26 9.6 0.33
12.6 0.25 175 0.11 13.6 0.22
16.0 0.13 22.4 0.02 175 0.12
20.0 0.05 0.0 0.00 22.4 0.04
24.4 0.01 0.0 0.00 27.4 0.00
Bulk diffusion results - Plastic cured
1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
1.6 0.82 1.8 0.78 1.6 0.96
6.2 0.49 7.1 0.58 6.5 0.59
10.5 0.42 12.0 0.38 11.1 0.39
14.9 0.30 17.0 0.27 15.8 0.27
19.2 0.20 21.7 0.14 20.6 0.16
23.1 0.13 26.3 0.08 25.4 0.09

%CI (concrete)

%CI (concrete)
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Bulk diffusion

results - Wet-dry

FA(15)-0.5WD-6m

1 2 3 12 7

Depth % ClI Depth % ClI Depth % ClI
[mm] | [conc.] [mm] [conc.] [mm] [conc.] o)

1.8 0.778 1.8 0.840 -- -- 2

7.3 0.476 7.4 0.486 -- -- o
121 | 0.238 11.9 0.280 - - =

16.5 0.109 16.2 0.142 - -- %

21.5 0.032 21.6 0.037 - -- °

27.2 0.003 26.6 0.004 -- --

%Cl (concrete)

0 5 10 15 20 25 30
Depth (mm)

FA(15)-0.5-6m

Wet cured ~ ==seeeee- Plastic cured - --- Wet-dry

Depth (mm)
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Fitted profiles — overall (FA(15)-0.5)

Wet cured Plastic cured Wet-dry

0.0 0.871 | 0.0 0.861 0.0 1.0

2.0 0.753 | 2.4 0.757 1.6 0.874
4.0 0.638 | 4.8 0.655 3.2 0.757

6.0 0.53 7.2 0.558 4.8 0.646

8.0 0431 | 9.6 0.467 6.4 0.542
10.0 0.343 | 12.0 | 0.384 8.0 0.447
12.0 0.267 | 144 | 0.311 9.6 0.362
14.0 0.203 | 16.8 | 0.247 11.2 0.288
16.0 0.151 | 19.2 | 0.192 12.8 0.225
18.0 011 | 216 | 0.147 14.4 0.173
20.0 0.078 | 24.0 | 0.111 16.0 0.130
22.0 0.054 | 26.4 | 0.082 17.6 0.097
24.0 0.037 | 28.8 | 0.059 19.2 0.070
26.0 0.025 | 31.2 | 0.042 20.8 0.050
28.0 0.016 | 33.6 | 0.030 22.4 0.036
30.0 0.011 | 36.0 | 0.021 24.0 0.025
32.0 0.007 | 38.4 | 0.014 25.6 0.017
34.0 0.005 | 40.8 | 0.010 27.2 0.012
36.0 0.004 | 43.2 | 0.007 28.8 0.008
38.0 0.003 | 45.6 | 0.005 30.4 0.006
40.0 0.003 | 48.0 | 0.004 32.0 0.004
42.0 0.002 | 50.4 | 0.003 33.6 0.003
44.0 0.002 | 52.8 | 0.003 35.2 0.003
46.0 0.002 | 55.2 | 0.002 36.8 0.002
48.0 0.002 | 57.6 | 0.002 38.4 0.002
50.0 0.002 | 60.0 | 0.002 40.0 0.002

Cl depth 42 55 37
(mm)
Initial CI content= 0.002
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Overall fit

Curing Da Cs r
W 4.4E-12 0.9 0.99
P 7.9E-12 0.9 1.00
WD 3.6E-12 1.0 0.99
Individual fit
w Da Cs r
Core 1l 3.9E-12 0.9 1.00
Core 2 5.2E-12 0.8 0.98
Core 3 4.4E-12 0.8 0.99
Mean 4.5E-12 0.9
SD 6.5E-13 0.04
CV, % 14 5
P Da Cs r
Core 1 9.0E-12 0.8 1.00
Core 2 7.8E-12 0.9 1.00
Core 3 7.5E-12 0.9 1.00
Mean 8.1E-12 0.8
SD 7.9E-13 0.05
CV, % 10 6
WD Da Cs r2
Core 1l 3.3E-12 1.0 1.00
Core 2 3.8E-12 1.0 1.00
Mean 3.6E-12 1.0
SD 3.3E-13 0.01
CV, % 9 1




FA(15)-0.6

Bulk diffusion results - Wet cured

1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
0.8 0.53 1.8 0.64 1.7 0.67
5.1 0.58 6.5 0.43 7.3 0.53
10.3 0.45 10.9 0.37 12.3 0.39
15.7 0.28 15.7 0.26 16.8 0.23
21.1 0.15 20.4 0.17 22.1 0.15
26.1 0.08 24.8 0.09 27.0 0.09
31.0 0.03 30.0 0.04 31.1 0.04
Bulk diffusion results - Plastic cured
1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
2.1 0.67 2.0 0.61 1.7 0.70
8.0 0.46 7.2 0.58 6.8 0.49
13.4 0.35 11.2 0.30 11.8 0.36
18.1 0.22 15.5 0.27 16.1 0.23
22.6 0.13 20.6 0.14 20.3 0.17
27.5 0.05 25.1 0.07 24.7 0.09

%CIl (concrete)

%CIl (concrete)
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FA(15)-0.6W-6m

1
1-out
2
2-out
3
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Bulk diffusion results - Wet-dry

FA(15)-0.6WD-6m

1 2 3

Depth % CI Depth % ClI Depth % CI

[mm] [conc.] [mm] [conc.] [mm] [conc.] .
2.0 0.588 0.6 0.658 -- -- 2
8.4 0.374 5.1 0.693 - - S
15.1 0.205 10.2 0.453 -- -- 8
21.5 0.102 15.9 0.242 -- -- G
27.6 0.032 22.0 0.106 -- -- 3
335 0.008 27.4 0.047 -- --

%CIl (concrete)

0 5 10 15 20 25 30
Depth (mm)

FA(15)-0.6-6m

Wet cured ~ =eeeeeees Plastic cured - --- Wet-dry

Depth (mm)
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Fitted profiles — overall (FA(15)-0.6)

Wet cured Plastic cured Wet-dry
0.0 0.797 | 0.0 0.825 0.0 0.9
2.4 0.704 | 24 0.724 2.4 0.783
4.8 0.612 | 4.8 0.625 4.8 0.656
7.2 0525 | 7.2 0.531 7.2 0.537
9.6 0443 | 9.6 0.444 9.6 0.429
12.0 0.368 | 12.0 | 0.364 12.0 0.335
14.4 0.3 14.4 | 0.293 14.4 0.254
16.8 0.241 | 16.8 | 0.232 16.8 0.188
19.2 0.19 19.2 | 0.180 19.2 0.135
21.6 0.147 | 216 | 0.137 21.6 0.095
24.0 0.112 | 24.0 | 0.102 24.0 0.065
26.4 0.084 | 26.4 | 0.074 26.4 0.043
28.8 0.061 | 28.8 | 0.053 28.8 0.028

31.2 0.044 | 312 | 0.037 31.2 0.017
33.6 0.031 | 33.6 | 0.026 33.6 0.010
36.0 0.022 | 36.0 | 0.017 36.0 0.006
38.4 0.015 | 38.4 | 0.011 38.4 0.004
40.8 0.01 | 40.8 | 0.007 40.8 0.002
43.2 0.006 | 43.2 | 0.005 43.2 0.001
45.6 0.004 | 45.6 | 0.003 45.6 0.001
48.0 0.003 | 48.0 | 0.002 48.0 0.000
50.4 0.002 | 50.4 | 0.001 50.4 0.000
52.8 0.001 | 52.8 | 0.001 52.8 0.000
55.2 0.001 | 55.2 | 0.000 55.2 0.000
57.6 0 57.6 | 0.000 57.6 0.000
60.0 0 60.0 | 0.000 60.0 0.000

Cl depth 58 55 48
(mm)
Initial CI content= 0
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Overall fit

Curing Da Cs r
W 8.5E-12 0.8 0.99
P 7.8E-12 0.8 0.98
WD 5.7E-12 0.9 0.96
Individual fit
w Da Cs r?
Core l 8.8E-12 0.8 0.99
Core 2 8.9E-12 0.7 0.99
Core 3 8.7E-12 0.8 0.99
Mean 8.8E-12 0.8
SD 9.7E-14 0.05
CV, % 1 6
P Da Cs r
Core 1l 7.1E-12 1.0 1.00
Core 2 6.7E-12 0.9 1.00
Core 3 8.6E-12 0.7 1.00
Mean 7.5E-12 0.9
SD 9.9E-13 0.13
CV, % 13 15
WD Da Cs r
Core 1 7.0E-12 0.7 1.00
Core 2 6.1E-12 1.0 1.00
Mean 6.6E-12 0.8
SD 6.4E-13 0.22
CV, % 10 27




FA(30)-0.4

Bulk diffusion results - Wet cured

FA(30)-0.4W-6m

1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
1.1 0.67 1.3 0.65 1.2 0.62
55 0.52 5.7 0.46 5.6 0.50
10.1 0.25 9.7 0.25 10.4 0.21
14.5 0.09 13.8 0.09 15.1 0.06
19.3 0.01 18.4 0.01 18.8 0.00
- - - - 22.8 0.00
Bulk diffusion results - Plastic cured
1 2
Depth % CI Depth % CI Depth % Cl
[mm] [conc.] [mm] [conc.] [mm] [conc.]
1.0 0.83 0.9 0.77 1.5 0.91
4.9 0.69 5.1 0.72 6.2 0.60
9.0 0.32 9.8 0.31 10.3 0.32
13.4 0.15 14.2 0.09 14.1 0.17
17.9 0.04 18.6 0.01 18.1 0.03
22.4 0.01 23.6 0.002 23.8 0.004

Depth (mm)

FA(30)-0.4P-6m

10 15
Depth (mm)

30

1-out

2-out

3-out
—Auvg. fit



Bulk diffusion results - Wet-dry

FA(30)-0.4WD-6m

1 2
Depth % CI Depth % CI Depth % CI 14 +
[mm] [conc.] [mm] [conc.] [mm] [conc.] 12 1
1.6 0.699 1.9 0.665 -- -- '
6.3 0.414 73 0.302 - - 2 1.0 =
10.9 0.152 12.3 0.067 -- -- ® m]
155 | 0.025 | 17.2 | 0.004 - - 208 R
20.1 0.005 21.8 0.002 -- -- L06
o A
S 04 °
0.2 o}
0.0 . ]
0 5 10 15 20 25 30
Depth (mm)
FA(30)-0.4-6m
Wet cured ~ =eeeeeees Plastic cured - --- Wet-dry

%CI (concrete)

25 30

Depth (mm)
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Fitted profiles — overall (FA(30)-0.4)

Wet cured Plastic cured Wet-dry
0.0 0.996 0.0 1.269 0.0 1.2
1.2 0.881 1.2 1.126 1.2 0.990
2.4 0.769 2.4 0.986 2.4 0.832
3.6 0.661 3.6 0.852 3.6 0.685
4.8 0.56 4.8 0.725 4.8 0.550
6.0 0.467 6.0 0.608 6.0 0.432
7.2 0.384 7.2 0.502 7.2 0.331
8.4 0.31 8.4 0.409 8.4 0.247
9.6 0.246 9.6 0.327 9.6 0.180
10.8 0.192 | 10.8 | 0.258 10.8 0.128
12.0 0.148 | 12.0 | 0.200 12.0 0.088
13.2 0.112 | 13.2 | 0.152 13.2 0.060
14.4 0.083 | 144 | 0.114 14.4 0.040
15.6 0.061 | 15.6 | 0.085 15.6 0.026
16.8 0.044 | 16.8 | 0.062 16.8 0.017
18.0 0.031 | 18.0 | 0.044 18.0 0.011
19.2 0.022 | 19.2 | 0.031 19.2 0.007
20.4 0.016 | 20.4 | 0.022 20.4 0.005
21.6 0.011 | 21.6 | 0.016 21.6 0.004
22.8 0.008 | 22.8 | 0.011 22.8 0.003
24.0 0.006 | 24.0 | 0.008 24.0 0.002
25.2 0.004 | 25.2 | 0.006 25.2 0.002
26.4 0.003 | 26.4 | 0.004 26.4 0.002
27.6 0.003 | 27.6 | 0.003 27.6 0.002
28.8 0.002 | 28.8 | 0.003 28.8 0.002
30.0 0.002 | 30.0 | 0.002 30.0 0.002
Cl depth 29 30 24
(mm)
Initial CI content= 0.002
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Overall fit

Curing Da Cs r?
W 2.2E-12 1.0 1.00
P 2.3E-12 1.3 0.99
WD 1.5E-12 1.2 0.99
Individual fit
w Da Cs r?
Core 1 2.3E-12 1.0 1.00
Core 2 2.2E-12 0.9 1.00
Core 3 2.0E-12 1.0 1.00
Mean 2.2E-12 1.0
SD 1.5E-13 0.05
CV, % 7 5
P Da Cs r
Core 1l 2.2E-12 1.2 1.00
Core 2 2.0E-12 14 1.00
Core 3 2.7E-12 1.2 0.99
Mean 2.3E-12 1.3
SD 3.9E-13 0.10
CV, % 17 8
WD Da Cs r
Core 1 1.7E-12 1.1 1.00
Core 2 1.3E-12 1.2 1.00
Mean 1.5E-12 1.2
SD 2.7E-13 0.08
CV, % 18 7




FA(30)-0.5

Bulk diffusion results - Wet cured

1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
1.0 0.67 1.1 0.60 0.2 0.51
55 0.57 54 0.59 3.8 0.57
9.4 0.25 9.9 0.36 8.6 0.42
12.4 0.28 14.4 0.21 12.9 0.28
16.1 0.16 18.3 0.09 16.7 0.16
20.3 0.06 21.8 0.05 20.0 0.05
24.3 0.01 25.4 0.01 23.1 0.03
Bulk diffusion results - Plastic cured
1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
0.2 0.51 1.7 0.64 0.6 0.79
4.0 0.52 6.5 0.39 4.5 0.60
8.7 0.38 10.6 0.31 9.6 0.41
12.8 0.24 14.0 0.16 14.1 0.18
16.9 0.12 17.5 0.12 16.9 0.12
214 0.03 21.7 0.04 20.1 0.04

%CIl (concrete)

%CIl (concrete)
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FA(30)-0.5W-6m

Depth (mm)

FA(30)-0.5P-6m

1

1-out

2

2-out

3

3-out
—Avg. fit

O e > b O =
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Depth (mm)



Fitted profiles - overall (FA(30)-0.5)

Wet cured Plastic cured
0.0 0.848 0.0 0.782
2.0 0.737 2.0 0.677
4.0 0.63 4.0 0.575
6.0 0.527 6.0 0.478
8.0 0.433 8.0 0.390
10.0 0.349 10.0 0.311
12.0 0.275 12.0 0.242
14.0 0.212 14.0 0.185
16.0 0.16 16.0 0.137
18.0 0.118 18.0 0.100
20.0 0.085 20.0 0.071
22.0 0.06 22.0 0.049
24.0 0.041 24.0 0.033
26.0 0.028 26.0 0.022
28.0 0.018 28.0 0.014
30.0 0.012 30.0 0.009
32.0 0.007 32.0 0.005
34.0 0.004 34.0 0.003
36.0 0.003 36.0 0.002
38.0 0.002 38.0 0.001
40.0 0.001 40.0 0.001
42.0 0 42.0 0.000
44.0 0 44.0 0.000
46.0 0 46.0 0.000
48.0 0 48.0 0.000
50.0 0 50.0 0.000

Cl depth 42 42
(mm)
Initial Cl content= 0
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Overall fit
Curing Da Cs | r?
W 4.8E-12 | 0.8 | 0.99
P 45E-12 | 0.8 | 0.96
Individual fit
wW Da Cs r
Core 1l 44E-12 | 0.9 | 1.00
Core 2 4.1E-12 | 0.9 | 1.00
Core 3 5.4E-12 | 0.8 | 0.98
Mean 46E-12 | 0.9
SD 6.7E-13 | 0.08
CV, % 15 10
P Da Cs r
Corel 5.0E-12 | 0.7 | 0.98
Core 2 49E-12 | 0.7 | 0.97
Core 3 4.1E-12 | 09 | 0.98
Mean 47E-12 | 0.8
SD 5.0E-13 | 0.12
CV, % 11 16




FA(30)-0.6

Bulk diffusion results - Wet cured

1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
0.7 0.48 0.7 0.53 1.7 0.47
4.9 0.53 4.0 0.50 6.0 0.37
9.8 0.38 7.6 0.37 9.8 0.39
14.4 0.22 11.4 0.28 13.8 0.25
18.5 0.09 15.2 0.17 17.6 0.14
22.1 0.04 18.9 0.08 21.5 0.08
25.7 0.01 22.8 0.06 25.3 0.04
Bulk diffusion results - Plastic cured
1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
0.7 0.60 1.3 0.45 0.7 0.53
5.1 0.52 5.9 0.49 4.1 0.44
95 0.44 10.0 0.49 8.4 0.50
134 0.30 144 0.35 125 0.35
17.1 0.16 22.4 0.15 16.9 0.27
20.5 0.16 27.2 0.08 22.0 0.14

%CIl (concrete)

%Cl (concrete)
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FA(30)-0.6W-6m

Depth (mm)

FA(30)-0.6P-6m

Depth (mm)



%CI (concrete)

FA(30)-0.6-6m

Wet cured  =xeeeeees Plastic cured

Depth (mm)
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Fitted profiles - overall (FA(30)-0.6)

Wet cured Plastic cured
0.0 0.713 0.0 0.832
2.0 0.629 2.4 0.734
4.0 0.546 4.8 0.639
6.0 0.468 7.2 0.548
8.0 0.394 9.6 0.462
10.0 0.326 12.0 0.384
12.0 0.266 14.4 0.314
14.0 0.213 16.8 0.252
16.0 0.167 19.2 0.199
18.0 0.129 21.6 0.154
20.0 0.098 24.0 0.117
22.0 0.073 26.4 0.088
24.0 0.053 28.8 0.064
26.0 0.038 31.2 0.046
28.0 0.027 33.6 0.033
30.0 0.018 36.0 0.023
32.0 0.012 38.4 0.015
34.0 0.008 40.8 0.010
36.0 0.005 43.2 0.007
38.0 0.003 45.6 0.004

40.0 0.002 48.0 0.003
42.0 0.001 50.4 0.002
44.0 0.001 52.8 0.001
46.0 0 55.2 0.001
48.0 0 57.6 0.000
50.0 0 60.0 0.000
Cl depth 46 58
(mm)
Initial Cl content= 0
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Overall fit

Curing Da Cs r
W 5.8E-12 0.7 0.97
P 8.5E-12 0.8 0.98
Individual fit
W Da Cs r
Corel 5.1E-12 0.8 0.99
Core 2 5.9E-12 0.7 0.99
Core 3 5.2E-12 0.9 1.00
Mean 5.4E-12 0.8
SD 4.3E-13 0.12
CV,% 8 15
P Da Cs r
Core 1 9.0E-12 0.8 0.99
Core 2 8.4E-12 0.9 1.00
Core 3 8.2E-12 0.8 0.99
Mean 8.5E-12 0.8
SD 4.0E-13 0.08
CV,% 5 10




BS(25)-0.4

Bulk diffusion results - Wet cured

1 2

Depth % CI Depth % CI Depth % CI

[mm] [conc.] [mm] [conc.] [mm] [conc.]
1.4 0.90 0.5 0.94 1.0 1.00
6.0 0.51 4.0 0.80 4.2 0.61
9.4 0.17 8.1 0.33 7.7 0.36
12.6 0.08 11.9 0.10 11.9 0.10
17.0 0.01 15.9 0.01 15.5 0.01
21.6 0.01 19.6 0.01 19.6 0.00
26.3 0.01 23.2 0.00 24.7 0.00

Bulk diffusion results - Plastic cured
1 2

Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
0.5 0.63 0.6 0.84 1.5 0.71
4.4 0.67 4.1 0.82 5.8 0.48
9.1 0.25 8.0 0.37 9.5 0.20
12.9 0.09 12.3 0.08 13.5 0.04
16.7 0.01 16.9 0.01 17.9 0.01
21.6 0.01 21.2 0.00 22.3 0.01
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10 15 20 25 30
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%CIl (concrete)

BS(25)-0.4-6m

Wet cured  =xeeeeee- Plastic cured

Depth (mm)
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Fitted profiles - overall (BS(25)-0.4)

Wet cured Plastic cured
0.0 1.337 0.0 1.432
1.2 1.146 1.2 1.223
2.4 0.961 2.4 1.021
3.6 0.788 3.6 0.832
4.8 0.631 4.8 0.662
6.0 0.493 6.0 0.513
7.2 0.376 7.2 0.387
8.4 0.279 8.4 0.285
9.6 0.202 9.6 0.204
10.8 0.143 10.8 0.142
12.0 0.098 12.0 0.096
13.2 0.066 13.2 0.064
14.4 0.044 14.4 0.042
15.6 0.028 15.6 0.027
16.8 0.018 16.8 0.017
18.0 0.012 18.0 0.011
19.2 0.008 19.2 0.008
20.4 0.006 20.4 0.005
21.6 0.005 21.6 0.004
22.8 0.004 22.8 0.004
24.0 0.003 24.0 0.003
25.2 0.003 25.2 0.003
26.4 0.003 26.4 0.003
27.6 0.003 27.6 0.003
28.8 0.003 28.8 0.003
30.0 0.003 30.0 0.003

Cl depth 24 24
(mm)
Initial Cl content= 0.003
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Overall fit

Curing Da Cs r
W 1.4E-12 1.3 0.98
P 1.4E-12 1.4 0.99
Individual fit
W Da Cs r2
Core 1l 1.1E-12 1.6 1.00
Core 2 1.4E-12 15 1.00
Core 3 1.7E-12 1.1 0.99
Mean 1.4E-12 1.4
SD 3.0E-13 0.26
CV,% 21 19
P Da Cs r
Core 1 1.6E-12 1.3 1.00
Core 2 1.4E-12 15 1.00
Core 3 1.4E-12 1.3 1.00
Mean 1.5E-12 1.4
SD 1.1E-13 0.16
CV, % 7 12




BS(25)-0.5

Bulk diffusion results - Wet cured

1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
1.3 0.83 0.9 0.57 1.1 0.82
5.2 0.47 5.3 0.53 5.6 0.53
9.2 0.34 10.4 0.21 10.3 0.30
13.9 0.13 15.5 0.07 15.3 0.09
18.0 0.03 20.0 0.01 20.2 0.02
21.7 0.01 23.5 0.00 24.7 0.00
0.0 0.00 0.0 0.00 29.8 0.00
Bulk diffusion results - Plastic cured
1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
1.7 0.72 1.5 0.79 0.7 0.84
6.9 0.47 6.2 0.65 4.7 0.63
11.7 0.23 10.2 0.24 8.5 0.33
16.4 0.07 13.8 0.14 11.9 0.22
24.1 0.00 17.6 0.05 16.5 0.06
29.8 0.00 22.2 0.01 21.7 0.01

%CIl (concrete)
© o o o o =B K
o N IS (e} (ee] o N

%CIl (concrete)
© © o 9 9o kB ¥
o N SN [op] (o] o N
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BS(25)-0.5W-6m
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%CIl (concrete)
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Fitted profiles - overall (BS(25)-0.5)

Wet cured Plastic cured
0.0 0.991 0.0 1.148
1.6 0.852 1.6 0.980
3.2 0.717 3.2 0.818
4.8 0.59 4.8 0.666
6.4 0.475 6.4 0.529
8.0 0.373 8.0 0.410
9.6 0.286 9.6 0.309
11.2 0.214 11.2 0.227
12.8 0.156 12.8 0.162
14.4 0.111 14.4 0.113
16.0 0.077 16.0 0.076
17.6 0.053 17.6 0.050
19.2 0.035 19.2 0.033
20.8 0.023 20.8 0.021
22.4 0.015 22.4 0.013
24.0 0.01 24.0 0.008
25.6 0.006 25.6 0.006
27.2 0.005 27.2 0.004
28.8 0.003 28.8 0.003
30.4 0.003 30.4 0.003
32.0 0.002 32.0 0.002
33.6 0.002 33.6 0.002
35.2 0.002 35.2 0.002
36.8 0.002 36.8 0.002
38.4 0.002 38.4 0.002
40.0 0.002 40.0 0.002
Cl depth 32 32
(mm)
Initial Cl content= 0.002
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Overall fit

Curing Da Cs r?
W 2.6E-12 1.0 0.99
P 2.4E-12 11 0.98
Individual fit
wW Da Cs r
Corel 2.2E-12 1.3 0.99
Core 2 2.2E-12 1.0 1.00
Core 3 2.9E-12 1.0 0.99
Mean 2.4E-12 11
SD 4.2E-13 0.17
CV, % 17 15
P Da Cs r
Core 1 2.7E-12 11 1.00
Core 2 1.8E-12 1.6 0.99
Core 3 2.5E-12 1.1 1.00
Mean 2.4E-12 1.2
SD 4.7E-13 0.29
CV, % 20 24




BS(25)-0.6

Bulk diffusion results - Wet cured

1 2
Depth % CI Depth % ClI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
1.2 0.66 1.5 0.81 1.6 0.63
6.1 0.49 5.8 0.44 6.1 0.38
11.1 0.26 9.6 0.33 10.1 0.28
16.0 0.11 13.2 0.16 14.3 0.13
21.0 0.02 17.4 0.06 19.0 0.04
25.5 0.005 22.5 0.01 23.6 0.004
Bulk diffusion results - Plastic cured
1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
11 0.87 1.7 0.85 1.6 0.84
5.4 0.69 6.7 0.52 6.5 0.47
9.8 0.39 11.1 0.25 11.3 0.29
14.2 0.20 15.4 0.15 15.8 0.13
18.6 0.07 20.2 0.05 20.1 0.06
23.2 0.01 25.1 0.01 24.6 0.01

%CI (concrete)

BS(25)-0.6W-6m

' —Auvg. fit
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%CIl (concrete)

BS(25)-0.6-6m

Wet cured  =xeeeeee- Plastic cured

30

Depth (mm)
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Fitted profiles - overall

Wet cured Plastic cured
0.0 0.792 0.0 1.046
1.6 0.696 1.6 0.916
3.2 0.602 3.2 0.789
4.8 0.513 4.8 0.668
6.4 0.429 6.4 0.555
8.0 0.353 8.0 0.453
9.6 0.285 9.6 0.363
11.2 0.226 11.2 0.285
12.8 0.176 12.8 0.220
14.4 0.135 14.4 0.166
16.0 0.101 16.0 0.123
17.6 0.074 17.6 0.089
19.2 0.053 19.2 0.063
20.8 0.038 20.8 0.044
22.4 0.026 22.4 0.030
24.0 0.018 24.0 0.020
25.6 0.012 25.6 0.013
27.2 0.008 27.2 0.008
28.8 0.005 28.8 0.005
30.4 0.003 30.4 0.003
32.0 0.002 32.0 0.002
33.6 0.001 33.6 0.001
35.2 0.001 35.2 0.001
36.8 0 36.8 0.000
38.4 0 38.4 0.000
40.0 0 40.0 0.000

Cl depth 37 37
(mm)
Initial CI content= 0
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Overall fit

Curing Da Cs r
W 3.5E-12 0.8 0.98
P 3.4E-12 1.0 0.98
Individual fit
w Da Cs r
Core 1 3.3E-12 0.9 1.00
Core 2 3.6E-12 0.8 0.98
Core 3 3.8E-12 0.7 0.98
Mean 3.6E-12 0.8
SD 2.4E-13 0.10
CV, % 7 13
P Da Cs r
Core 1l 3.3E-12 1.2 1.00
Core 2 3.3E-12 1.0 0.99
Core 3 4.1E-12 0.9 0.99
Mean 3.5E-12 1.0
SD 4.6E-13 0.16
CV, % 13 16




BS(50)-0.4 BS(50)-0.4W-6m
1.8
Bulk diffusion results - Wet cured 1.6
1 14 =
[3]
Depth % ClI Depth % CI Depth % ClI T 1.2 O 1-out
[mm] [conc.] [mm] [conc.] [mm] [conc.] © 10
18 0.81 2.1 0.78 1.2 0.75 Sos8 a2
6.6 0.24 7.5 0.22 5.6 0.40 S 06 A 2-out
10.7 0.03 12.0 0.03 10.1 0.05 L 04 o 3
15.0 0.01 16.5 0.01 14.5 0.01 0'2
19.5 0.01 21.1 0.01 19.1 0.01 0'0 i o 3-out
24.3 0.01 25.4 0.01 24.0 0.01 0 5 10 15 20 25 30 —Avg.fit
Depth (mm)
- ) BS(50)-0.4P-6m
Bulk diffusion results - Plastic cured
Depth [ %Cl Depth | %Cl | Depth | %Cl 16
[mm] | [conc] | [mm] | [conc] | [mm] | [conc.] =14 m1
1.3 0.68 0.9 0.72 1.2 0.76 T 1.2 O 1-out
6.0 0.39 5.2 0.51 5.8 0.40 %’1.0 A 2
10.6 0.05 10.1 0.07 10.2 0.07 0.8
14.9 0.01 15.2 0.00 19.3 0.01 S 06 A 2-out
19.7 0.01 20.4 0.01 - - S04 ° 3
0.2 o 3-out
0.0 ap . . .
0O 5 10 15 20 25 30 —Avg.fit
Depth (mm)
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Bulk diffusion results - Wet-dry BS(50)-0.4WD-6m

1 2 3
Depth | % CI | Depth % CI Depth | %Cl 1.0 1
[mm] | [conc.] | [mm] [conc.] [mm] [conc.] I
24 | 0744 | 18 0.773 - - _ 08 T A m 1
[¢5] L
7.2 0.130 7.2 0.431 -- -- o 06 1o O 1-out
15.1 0.014 12.0 0.097 -- -- o v
191 | 0014 | 164 0.025 - - 8 R A2
239 | 0.009 | 210 0.012 - - 5 04 1 A 2-out
- - 25.8 0.008 - - X °
0.2 + e 3
*Few data points and high scatter resulted in a poor fit. As a i . ol O 3-out
result, the data was discarded. 0.0 . . PA—BA—BA— Avg. fit
0 5 10 15 20 25 30 '
Depth (mm)
BS(50)-0.4-6m
Wet cured ~ =eeeeeees Plastic cured - --- Wet-dry
:G_?‘
[«5)
S
g
[}
NS
5 10 15 20 25 30

Depth (mm)

296



Fitted profiles - overall (BS(50)-0.4)

Wet cured Plastic cured
0.0 1.635 0.0 1.788
1.2 1.31 1.2 1.438
2.4 1.004 2.4 1.109
3.6 0.735 3.6 0.817
4.8 0.513 4.8 0.575
6.0 0.34 6.0 0.385
7.2 0.214 7.2 0.246
8.4 0.128 8.4 0.149
9.6 0.073 9.6 0.086
10.8 0.04 10.8 0.048
12.0 0.021 12.0 0.025
13.2 0.011 13.2 0.013
14.4 0.006 14.4 0.007
15.6 0.004 15.6 0.004
16.8 0.003 16.8 0.003
18.0 0.002 18.0 0.002
19.2 0.002 19.2 0.002
20.4 0.002 20.4 0.002
21.6 0.002 21.6 0.002
22.8 0.002 22.8 0.002
24.0 0.002 24.0 0.002
25.2 0.002 25.2 0.002
26.4 0.002 26.4 0.002
27.6 0.002 27.6 0.002
28.8 0.002 28.8 0.002
30.0 0.002 30.0 0.002

Cl depth 18 18
(mm)
Initial Cl content= 0.002
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Overall fit
Curing Da Cs r2
w 7.3E-13 1.6 0.99
P 7.5E-13 1.8 1.00
Individual fit

*Curve-fitting was not possible for individual data
set due to few data points




BS(50)-0.5 BS(50)-0.5W-6m
Bulk diffusion results - Wet cured
1 2 3 m 1
Depth % CI Depth % CI Depth % CI
[mm] | [conc] | [mm] | [conc.] | [mm] | [conc.] 0 1-out
0.8 0.61 2.0 0.91 1.0 0.49 A 2
5.2 0.57 6.5 0.50 5.6 0.50 A 2-out
10.4 0.14 10.4 0.14 10.5 0.14 o 3
14.5 0.03 15.1 0.01 15.3 0.02
18.4 0.01 20.3 0.00 20.1 0.01 o 3-out
230 | 001 25.1 0.00 25.0 0.00 : ' — Avg. fit
275 0.00 29.6 0.00 29.9 0.00 0 > 10 1 20 2 0
Depth (mm)
o . BS(50)-0.5P-6m
Bulk diffusion results - Plastic cured
1 2 3
Depth % CI Depth % CI Depth % CI
[mm] | [conc.] [mm] | [conc] | [mm] | [conc.] E1
1.9 0.60 1.4 0.66 1.2 0.58 O 1-out
7.0 0.40 6.3 0.49 55 0.52 A 2
115 0.15 11.0 0.13 9.8 0.18
20.5 0.01 15.6 0.02 14.0 0.01 A 2-out
25.6 0.01 20.6 0.01 18.4 0.01 e 3
31.0 0.01 25.6 0.01 22.2 0.01
O 3-out
—Auvg. fit

0 5 10 15 20 25 30
Depth (mm)
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%CIl (concrete)

BS(50)-0.4-6m

Wet cured  =xeeeeee- Plastic cured

Depth (mm)
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Fitted profiles - overall (BS(50)-0.5)

Wet cured Plastic cured
0.0 1.402 0.0 1.308
1.2 1.193 1.6 1.063
2.4 0.991 3.2 0.831
3.6 0.803 4.8 0.624
4.8 0.634 6.4 0.449
6.0 0.487 8.0 0.309
7.2 0.364 9.6 0.203
8.4 0.264 11.2 0.127
9.6 0.186 12.8 0.076
10.8 0.127 14.4 0.043
12.0 0.084 16.0 0.023
13.2 0.054 17.6 0.012
14.4 0.034 19.2 0.006
15.6 0.02 20.8 0.003
16.8 0.012 22.4 0.001
18.0 0.007 24.0 0.000
19.2 0.004 25.6 0.000
20.4 0.002 27.2 0.000
21.6 0.001 28.8 0.000
22.8 0 30.4 0.000
24.0 0 32.0 0.000
25.2 0 33.6 0.000
26.4 0 35.2 0.000
27.6 0 36.8 0.000
28.8 0 38.4 0.000
30.0 0 40.0 0.000

Cl depth 23 24
(mm)
Initial Cl content= 0
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Overall fit

Curing Da Cs r
w 1.3E-12 14 0.99
P 1.5E-12 1.3 0.99
Individual fit
W Da Cs r
Corel 1.3E-12 14 1.00
Core 2 1.0E-12 2.0 1.00
Core 3 1.3E-12 1.3 1.00
Mean 1.2E-12 1.6
SD 1.5E-13 0.35
CV, % 13 22
P Da Cs r
Core 1 1.9E-12 1.1 1.00
Core 2 1.3E-12 15 1.00
Core 3 1.3E-12 1.3 0.99
Mean 1.5E-12 1.3
SD 3.3E-13 0.19
CV, % 22 14




BS(50)-0.6

Bulk diffusion results - Wet cured

1 2
Depth % ClI Depth % ClI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
0.7 0.68 1.2 0.59 1.0 0.63
5.3 0.52 5.6 0.45 5.3 0.53
10.2 0.22 9.6 0.25 9.5 0.25
14.5 0.05 13.6 0.08 13.3 0.07
19.0 0.01 18.0 0.02 17.0 0.02
23.2 0.01 22.1 0.01 20.7 0.01
27.2 0.01 26.6 0.01 24.0 0.01
Bulk diffusion results - Plastic cured
1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
0.4 0.64 1.1 0.65 3.6 0.56
3.6 0.60 5.1 0.55 7.5 0.28
7.5 0.38 9.2 0.26 10.8 0.13
11.9 0.17 13.1 0.12 14.1 0.06
16.1 0.05 17.0 0.04 17.8 0.02
19.9 0.01 21.6 0.01 22.7 0.01

%ClI (concrete)
© o o o L
N N » 0 0] o

o
o

%ClI (concrete)
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BS(50)-0.6W-6m
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Depth (mm)

BS(50)-0.6P-6m
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%CIl (concrete)

BS(50)-0.4-6m

Wet cured  =xeeeeee- Plastic cured

25

Depth (mm)

302

30



Fitted profiles - overall (BS(50)-0.5)

Wet cured Plastic cured
0.0 1.017 0.0 0.946
1.2 0.894 1.2 0.836
2.4 0.775 2.4 0.728
3.6 0.66 3.6 0.625
4.8 0.553 4.8 0.528
6.0 0.456 6.0 0.439
7.2 0.369 7.2 0.359
8.4 0.293 8.4 0.288
9.6 0.229 9.6 0.228
10.8 0.175 10.8 0.177
12.0 0.131 12.0 0.135
13.2 0.097 13.2 0.101
14.4 0.07 14.4 0.074
15.6 0.049 15.6 0.054
16.8 0.034 16.8 0.038
18.0 0.023 18.0 0.026
19.2 0.015 19.2 0.018
20.4 0.01 20.4 0.012
21.6 0.006 21.6 0.008
22.8 0.004 22.8 0.005
24.0 0.002 24.0 0.003
25.2 0.001 25.2 0.002
26.4 0.001 26.4 0.001
27.6 0 27.6 0.001
28.8 0 28.8 0.000
30.0 0 30.0 0.000
Cl depth 28 29
(mm)
Initial CI content= 0.004
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Overall fit

Curing Da Cs r?
w 2.0E-12 1.0 0.99
P 2.2E-12 0.9 0.98
Individual fit
W Da Cs r
Corel 2.0E-12 11 1.00
Core 2 2.3E-12 0.9 0.99
Core 3 1.9E-12 1.1 1.00
Mean 2.0E-12 1.0
SD 2.4E-13 0.11
CV,% 12 11
P Da Cs r
Core 1 2.7E-12 0.9 1.00
Core 2 2.1E-12 1.0 1.00
Core 3 1.9E-12 0.8 1.00
Mean 2.2E-12 0.9
SD 3.8E-13 0.11
CV,% 17 12




BS(75)-0.4

Bulk diffusion results - Wet cured

1 2 3
Depth % ClI Depth % CI Depth % CI
[mm] [conc.] | [mm] [conc.] | [mm] [conc.]
1.9 0.67 14 0.79 1.0 0.66
7.0 0.17 5.6 0.29 5.6 0.31
11.4 0.08 9.6 0.10 10.6 0.08
15.7 0.05 14.6 0.05 15.3 0.04
20.8 0.02 20.3 0.03 20.4 0.03
0.0 0.00 0.0 0.00 0.0 0.00
0.0 0.00 0.0 0.00 0.0 0.00
Bulk diffusion results - Plastic cured
1 2 3
Depth % Cl | Depth % CI Depth % CI
[mm] [conc.] | [mm] [conc.] | [mm] [conc.]
1.3 0.53 15 0.69 15 0.53
5.4 0.31 6.2 0.24 6.2 0.25
9.2 0.07 10.3 0.09 10.8 0.10
13.2 0.03 14.1 0.04 15.8 0.04
17.6 0.03 19.1 0.04 20.8 0.04
22.7 0.03 25.2 0.03 0.0 0.00
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Bulk diffusion results - Wet-dry BS(75)-0.4WD-6m

1 2 1.0 T
Depth | % Cl Depth | %Cl I
[mm] | [conc] | [mm] | [conc] = B 1
2.0 0.592 1.3 0.673 © o 1-out
6.8 0.203 6.1 0.194 = s 2
10.9 0.079 11.2 0.065 e
16.0 0.033 15.9 0.050 o A 2-out
213 0.027 20.4 0.011 > o 3
26.6 0.041 25.4 0.017 o 30Ut

—Avg. fit

0 5 10 15 20 25 30
Depth (mm)

BS(25)-0.4-6m
Wet cured  =eeeeeees Plastic cured - --- Wet-dry

%CI (concrete)

20 25 30

Depth (mm)
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Fitted profiles - overall (BS(75)-0.4)

Wet cured Plastic cured Wet-dry
0.0 0.86 0.0 0.924 0.0 0.8
1.2 0.725 1.2 0.764 1.2 0.677
2.4 0.596 2.4 0.612 2.4 0.551
3.6 0.476 3.6 0.475 3.6 0.435
4.8 0.369 4.8 0.358 4.8 0.333
6.0 0.278 6.0 0.262 6.0 0.247
7.2 0.203 7.2 0.187 7.2 0.177
8.4 0.143 8.4 0.132 8.4 0.122
9.6 0.098 9.6 0.093 9.6 0.081
10.8 0.065 | 10.8 | 0.068 10.8 0.052
12.0 0.041 | 12.0 | 0.051 12.0 0.032
13.2 0.026 | 13.2 | 0.042 13.2 0.019
14.4 0.015 | 144 | 0.036 14.4 0.011
15.6 0.009 | 156 | 0.033 15.6 0.006
16.8 0.005 | 16.8 | 0.031 16.8 0.003
18.0 0.003 | 18.0 | 0.031 18.0 0.002
19.2 0.001 | 19.2 | 0.030 19.2 0.001
20.4 0.001 | 20.4 | 0.030 20.4 0.000
21.6 0 216 | 0.030 21.6 0.000
22.8 0 22.8 | 0.030 22.8 0.000
24.0 0 24.0 | 0.030 24.0 0.000
25.2 0 25.2 | 0.030 25.2 0.000
26.4 0 26.4 | 0.030 26.4 0.000
27.6 0 27.6 | 0.030 27.6 0.000
28.8 0 28.8 | 0.030 28.8 0.000
30.0 0 30.0 | 0.030 30.0 0.000

Cl depth 22 19 20
(mm)
Initial CI
content=

306

Overall fit

Curing Da Cs r
W 1.2E-12 0.9 0.98
P 1.2E-12 0.7 0.97
WD 1.1E-12 0.8 0.99

*Better fit was obtained with the inclusion of first
points. Otherwise, lower Cs was obtained than the
first points.

Individual fit

*Curve-fitting was not possible for individual data
set due to few data points




1.2 Exposure duration: 365 days

PC-0.4
Bulk diffusion results - Wet cured
1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
2.0 1.01 0.8 0.97 0.0 0.00
8.1 0.65 6.1 0.76 0.0 0.00
13.8 0.44 12.6 0.46 0.0 0.00
19.1 0.27 18.4 0.28 0.0 0.00
24.9 0.14 23.7 0.15 0.0 0.00
30.7 0.06 29.2 0.05 0.0 0.00
36.6 0.01 35.0 0.01 0.0 0.00
Bulk diffusion results - Plastic cured
1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
1.5 1.07 2.0 0.73 3.6 0.98
6.7 0.72 7.6 0.44 9.7 0.53
12.3 0.47 13.3 0.37 14.4 0.35
17.8 0.26 18.8 0.25 19.3 0.26
22.9 0.15 23.2 0.13 23.8 0.15
28.3 0.07 27.4 0.07 30.1 0.08

PC-0.4W-365d
1.2 -
Al.O m 1
(5]
© 0.8 o 1-out
(&)
506 A2
004 A& 2-out
= e 3
0.2
o 3-out
0.0 T T T T T 1 -
0 5 10 15 20 25 30 — Avefit
Depth (mm)
PC-0.4P-365d

©c = =
o o N
]

o
~

%CIl (concrete)
o
»

©
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o
o
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%CIl (concrete)

PC-0.4-365d

Wet cured  =xeeeeees Plastic cured

Depth (mm)
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Fitted profiles - overall (PC-0.4)

Wet cured Plastic cured
0.0 1.078 0.0 1.054
2.4 0.95 2.4 0.924
4.8 0.825 4.8 0.796
7.2 0.705 7.2 0.674
9.6 0.593 9.6 0.561
12.0 0.491 12.0 0.459
14.4 0.399 144 0.368
16.8 0.319 16.8 0.290
19.2 0.251 19.2 0.224
21.6 0.194 21.6 0.170
24.0 0.147 24.0 0.126
26.4 0.11 26.4 0.092
28.8 0.08 28.8 0.066
31.2 0.058 31.2 0.047
33.6 0.041 33.6 0.033
36.0 0.029 36.0 0.023
38.4 0.021 38.4 0.016
40.8 0.015 40.8 0.011
43.2 0.01 43.2 0.008
45.6 0.008 45.6 0.006
48.0 0.006 48.0 0.005
50.4 0.005 50.4 0.004
52.8 0.004 52.8 0.004
55.2 0.004 55.2 0.003
57.6 0.003 57.6 0.003
60.0 0.003 60.0 0.003
Cl depth 58 55
(mm)
Initial Cl content= 0.003
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Overall fit

Curing Da Cs r
W 8.2E-12 1.1 1.00
P 7.6E-12 1.1 0.99
Individual fit
w Da Cs r
Core 1 8.7E-12 1.1 1.00
Core 2 7.8E-12 1.1 1.00
Core 3 0.0E+00 0.0 0.00
Mean 5.5E-12 0.7
SD 4.8E-12 0.62
CV, % 87 87
P Da Cs r2
Corel 7.2E-12 1.1 1.00
Core 2 7.7E-12 1.0 0.99
Core 3 9.2E-12 0.9 0.99
Mean 8.0E-12 1.0
SD 1.0E-12 0.09
CV, % 13 9




FA(30)-0.4

Bulk diffusion results - Wet cured

1 2

Depth % CI Depth % CI

[mm] [conc.] [mm] [conc.]
2.2 0.71 1.6 0.71
7.8 0.44 7.0 0.58
13.5 0.19 12.8 0.21
19.6 0.02 18.5 0.01
25.2 0.00 23.8 0.06
30.7 0.00 29.1 0.01
36.0 0.01 34.5 0.01

Bulk diffusion results - Plastic cured

1 2
Depth % CI Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.] [mm] [conc.]
1.7 0.72 2.1 0.88 2.4 0.64
7.1 0.42 7.4 0.66 6.8 0.57
13.0 0.17 12.4 0.26 10.8 0.37
18.7 0.01 17.6 0.004 14.7 0.14
23.9 0.01 33.1 0.005 18.9 0.03
29.4 0.004 38.6 0.004 23.2 0.004

FA(30)-0.4W-365d

=
~
1

Depth (mm)

FA(30)-0.4P-365d

Depth (mm)
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%CIl (concrete)

FA(30)-0.4-760d

Wet cured  =xeeeeee- Plastic cured

30

Depth (mm)
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Fitted profiles - overall (FA(30)-0.4)

Wet cured Plastic cured
0.0 1.248 0.0 1.282
2.0 1.028 2.0 1.059
4.0 0.819 4.0 0.846
6.0 0.629 6.0 0.653
8.0 0.466 8.0 0.486
10.0 0.332 10.0 0.349
12.0 0.227 12.0 0.240
14.0 0.15 14.0 0.160
16.0 0.095 16.0 0.102
18.0 0.058 18.0 0.063
20.0 0.034 20.0 0.037
22.0 0.02 22.0 0.022
24.0 0.011 24.0 0.013
26.0 0.007 26.0 0.007
28.0 0.004 28.0 0.005
30.0 0.003 30.0 0.003
32.0 0.002 32.0 0.003
34.0 0.002 34.0 0.002
36.0 0.002 36.0 0.002
38.0 0.002 38.0 0.002
40.0 0.002 40.0 0.002
42.0 0.002 42.0 0.002
44.0 0.002 44.0 0.002
46.0 0.002 46.0 0.002
48.0 0.002 48.0 0.002
50.0 0.002 50.0 0.002

Cl depth 32 34
(mm)
Initial C_I 0.002
content=
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Overall fit

Curing Da Cs r
W 1.3E-12 1.2 0.98
P 1.3E-12 1.3 0.94
Individual fit
w Da Cs r
Core 1l 1.4E-12 1.1 0.99
Core 2 1.2E-12 1.4 0.98
Core 3 -- -- --
Mean 1.3E-12 1.2
SD 1.6E-13 0.20
CV, % 12 17
P Da Cs r
Core 1l 1.3E-12 1.0 0.99
Core 2 1.0E-12 1.9 0.99
Core 3 1.5E-12 1.2 0.99
Mean 1.3E-12 1.4
SD 2.3E-13 0.47
CV, % 18 35




BS(50)-0.4

Bulk diffusion results - Wet cured

1 2

Depth % ClI Depth % CI
[mm] [conc.] [mm] [conc.]
2.3 0.86 1.3 0.83
8.6 0.30 6.4 0.37
14.7 0.02 11.9 0.04
20.2 0.01 17.2 0.01
25.1 0.01 22.9 0.01
29.5 0.01 28.8 0.01
34.7 0.01 34.0 0.01

©C o =om
o o o N

| (concrete)

G 0.4
=~

0.2

0,

0.0
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BS(50)-0.4W-365d

15 20 25 30
Depth (mm)

m
O 1-out
A
N

2-out
— Avg. fit



Fitted profiles - overall (BS
Wet cured
0.0 1.145
2.0 0.877
4.0 0.631
6.0 0.426
8.0 0.268
10.0 0.157
12.0 0.086
14.0 0.044
16.0 0.021
18.0 0.01
20.0 0.005
22.0 0.003
24.0 0.002
26.0 0.002
28.0 0.002
30.0 0.002
32.0 0.002
34.0 0.002
36.0 0.002
38.0 0.002
40.0 0.002
42.0 0.002
44.0 0.002
46.0 0.002
48.0 0.002
50.0 0.002
Cl depth 24
(mm)

Initial Cl content=

50)-0.4)

0.002
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Overall fit

Curing Da Cs r’

W 7.1E-13 1.1 0.96
Individual fit

W Da Cs r

Core 1 0.0E+00 0.0 0.00
Core 2 0.0E+00 0.0 0.00
Core 3 0.0E+00 0.0 0.00
Mean 0.0E+00 0.0

SD 0.0E+00 0.00

CV, % #DIV/0! | #DIV/0!




1.3 Exposure duration: 760 days

PC-0.4
Bulk diffusion results - Wet cured
1 2
Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.]
1.9 0.93 2.2 0.88
7.8 0.81 8.9 0.64
13.7 0.50 15.2 0.38
20.5 0.37 21.3 0.31
28.3 0.21 27.2 0.21
37.4 0.10 32.7 0.14

Bulk diffusion results - Plastic cured

1 2

Depth % CI Depth % CI

[mm] [conc.] [mm] [conc.]
1.6 0.95 1.7 1.06
6.7 0.73 7.6 0.65
12.2 0.51 14.2 0.46
18.8 0.33 20.4 0.29
25.9 0.22 26.6 0.21
34.3 0.11 33.8 0.12

12 1

te)

[<B]
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02 |
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0.0
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15 20 25 30
Depth (mm)



%CIl (concrete)

12

PC-0.4-760d

Wet cured  =xeeeeee- Plastic cured

10 15 20 25 30
Depth (mm)
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Fitted profiles - overall (PC-0.4)

Overall fit

Curing D, Cs r

W 3.4E-12 1.0 0.95
P 3.4E-12 0.9 0.99
Individual fit

w D. Cs r

Core 1 3.3E-12 1.1 0.98
Core 2 3.6E-12 0.9 0.97
Mean 3.5E-12 1.0

SD 2.0E-13 0.14

CV, % 6 14

P D. Cs r

Core 1 3.3E-12 1.0 0.99
Core 2 3.6E-12 0.9 1.00
Mean 3.5E-12 0.9

SD 1.9E-13 0.04

CV, % 6 5

Wet cured Plastic cured
0.0 1.014 0.0 0.925
3.2 0.892 3.2 0.814
6.4 0.772 6.4 0.706
9.6 0.658 9.6 0.603
12.8 0.552 12.8 0.506
16.0 0.455 16.0 0.418
19.2 0.368 19.2 0.340
22.4 0.293 22.4 0.271
25.6 0.229 25.6 0.213
28.8 0.176 28.8 0.164
32.0 0.132 32.0 0.124
35.2 0.098 35.2 0.092
38.4 0.072 38.4 0.068
41.6 0.051 41.6 0.049
44.8 0.036 44.8 0.035
48.0 0.026 48.0 0.025
51.2 0.018 51.2 0.018
54.4 0.013 54.4 0.013
57.6 0.009 57.6 0.009
60.8 0.007 60.8 0.007
64.0 0.005 64.0 0.005
67.2 0.004 67.2 0.004
70.4 0.004 70.4 0.004
73.6 0.003 73.6 0.003
76.8 0.003 76.8 0.003
80.0 0.003 80.0 0.003
Cl depth 74 74
(mm)
Initial Cl content= 0.003




FA(30)-0.4
Bulk diffusion results - Wet cured
1 2
Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.]
2.2 0.77 1.9 0.95
8.1 0.62 7.1 0.73
135 0.34 125 0.47
18.6 0.11 17.6 0.13
23.9 0.01 22.1 0.003
29.6 0.03 - --

Bulk diffusion results - Plastic cured

1 2
Depth % CI Depth % CI
[mm] [conc.] [mm] [conc.]
15 0.77 14 0.61
7.2 0.50 6.9 0.58
13.1 0.36 13.4 0.34
17.9 0.15 19.3 0.04

1.6
1.4

1.0

ncrete

(c

C

0.0 +

12

=124

5084
=06 4
S04 4
0.2

FA(30)-0.4W-760d

204 1

Depth (mm)

FA(30)-0.4P-760d

Depth (mm)
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%CIl (concrete)

FA(30)-0.4-760d

Wet cured  =xeeeeee- Plastic cured

Depth (mm)
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Fitted profiles - overall (FA(30)-0.4)

Wet cured Plastic cured
0.0 1.428 0.0 0.945
2.0 1.222 2.0 0.829
4.0 1.023 4.0 0.717
6.0 0.837 6.0 0.610
8.0 0.668 8.0 0.510
10.0 0.52 10.0 | 0.419
12.0 0.395 | 12.0 | 0.338
14.0 0.292 | 140 | 0.268
16.0 0.21 16.0 | 0.208
18.0 0.147 | 18.0 | 0.159
20.0 0.101 | 20.0 | 0.119
22.0 0.067 | 22.0 | 0.087
24.0 0.044 | 24.0 | 0.063
26.0 0.028 | 26.0 | 0.045
28.0 0.018 | 28.0 | 0.032
30.0 0.011 | 30.0 | 0.022
32.0 0.007 | 32.0 | 0.015
34.0 0.005 | 34.0 | 0.010
36.0 0.004 | 36.0 | 0.007
38.0 0.003 | 38.0 | 0.005
40.0 0.002 | 40.0 | 0.004
42.0 0.002 | 42.0 | 0.003
44,0 0.002 | 44.0 | 0.003
46.0 0.002 | 46.0 | 0.002
48.0 0.002 | 48.0 | 0.002
50.0 0.002 | 50.0 | 0.002
Cl depth 40 46
(mm)
Initial Cl content= 0.002
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Overall fit

Curing Da Cs r
wW 9.2E-13 1.4 0.97
P 1.3E-12 0.9 0.91
Individual fit
W Da Cs r
Corel 9.3E-13 14 0.99
Core 2 9.3E-13 15 0.96
Mean 9.3E-13 1.4
SD 3.0E-15 0.08
CV,% 0 5




BS(50)-0.4 BS(50)-0.4W-760d

14 -
Bulk diffusion results - Wet cured 12
1
Depth | %Cl g0
[mm] | [conc.] § 0.8 m 1
14 0.67 S06 -
6.5 0.51 Qs 0 1-out
S 0. ,
115 0.21 — Avg. fit
165 | 0.06 0.2 1
22.7 0.00 0.0 B
28.6 0.01 30
81.3 0.02 Depth (mm)
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Fitted profiles - overall (BS(50)-0.4)

Wet cured
0.0 1.172
1.2 1.039
2.4 0.909
3.6 0.784
4.8 0.666
6.0 0.558
7.2 0.46
8.4 0.373
9.6 0.298
10.8 0.234
12.0 0.181
13.2 0.138
14.4 0.103
15.6 0.076
16.8 0.055
18.0 0.04
19.2 0.028
20.4 0.02
21.6 0.014
22.8 0.01
24.0 0.007
25.2 0.005
26.4 0.004
27.6 0.003
28.8 0.003
30.0 0.002
Cl depth 30
(mm)

Initial Cl content=

0.002

322

Curing

Da

Cs

W (core 1)

5.4E-13

1.2

1.00
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