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ABSTRACT

Cement based materials such as mortar and concrete are the most widely used building
materials in the global construction industry. Owing to the diverse components such as
hydration products, aggregates and cement-aggregate interfacial zone, they highly reveal a
complicated microstructure. Different varieties of hydration products such as calcium silicate
hydrate (C-S-H), calcium hydroxide, ettringite, hydrotalcite, and AFm phases are formed
depending on the binder composition. The main hydration product, the C-S-H, has a complex
pore structure with high specific area. It is also well-known that C-S-H in hydrated matrix
exists in two different forms namely low-density C-S-H (LD C-S-H) and high-density C-S-
H (HD C-S-H). Moreover, the occurrence of cement-aggregate interface (interfacial transition
zone) is related to the wall-effect initiated by the aggregate surface that disturbs the normal
packing of cement particles. Due to its higher porosity, the interfacial transition zone (ITZ) in
cementitious composite is considered as a weaker phase compared to aggregate and hydrated
matrix in concrete and mortar. The aforementioned microstructure of the cementitious
materials are the utmost significant factors that govern the progress of mechanical and ionic

transport properties.

Predicting the mechanical and transport properties of hydrated matrix are no doubt the most
complicated processes. In most of the previously proposed models, the prediction relies on
number of assumptions and simplifications which limit the application range and further
developments of the models. Needless to say, to realistically simulate the responses of binder,
the model should integrate all the constituents of hydration. Therefore, the purpose of this

research work was to develop a model for reliably predicting the mechanical and transport
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properties from the detailed microstructure.

In the first part of the research work, a two-stage model, called HyMeC (Hydration and
Mechanical properties of Cement-based material), is proposed to predict the mechanical
properties of the cement paste from the micro-structure. Firstly, relative humidity,
thermodynamic, cement hydration and model for volumetric prediction are integrated to
accurately predict the volume fraction of hydration products. Subsequently, a multi-scale

model is developed in three hierarchical levels, that initiates from C—S—H matrix considering
the formation of two types of C—S—H (low- and high-density C—S—H) to cement paste for the

computation of the mechanical properties of cement paste. As the volume fraction of C—S—-H
and capillary porosity are the most significant components which determines the mechanical
properties of cement paste, prime consideration herein is given to C—S—H space ratio. The
proposed model is well verified at the predictions of relative humidity, chemical shrinkage
and capillary porosity, compressive strength, Young’s modulus and Poisson’s ratio with

independent sets of experimental results.

In the next part, the mechanical properties such as Young’s modulus and Poisson’s ratio of
mortar and concrete are evaluated using a multi-scale model developed in five hierarchical
levels: from nano-scale cement hydrates to the scale of concrete. In the proposed model, the
microstructure of mortar/ concrete is considered as a three-phase material: fine/ coarse
aggregates, ITZ of aggregates and bulk paste/ mortar. The primary input is the microstructure
of cement paste and ITZ, which are predicted as the function of curing time using coupled
cement hydration-thermodynamic model. The ITZ volume fraction is analytically computed

based on aggregate particle size distribution. Multi-level homogenization methods (based on
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three-phase sphere model for two-phase composite material) are finally implemented to
predict the effective properties of mortar and concrete. Here, the equivalent matrix consisted
of fine/ coarse aggregate, bulk paste/ mortar and ITZ are obtained with the first and second
levels homogenization procedures for mortar/ concrete. To validate the predictability of the
models for mortar and concrete, predicted values are compared with independent
experimental data sets. The influences of ITZ on properties of mortar and concrete are also

discussed based on the outcomes.

The diffusion of both carbon dioxide and chlorides, in the hydrated cement paste is carried
out in the latter part of the research work. A COMSOL-IPHREEQC interface based on
MATLAB language is developed to simulate a multi-dimensional and multi-species ionic
transport for cement-based materials. The COMSOL Multiphysics is used to perform the ionic
transport calculations, and IPHREEQC carries out the chemical reactions using
thermodynamic database. Based on the thermodynamic insight, the phase-equilibrium model
and the surface complexation model are used to express the physical and chemical
interactions. More importantly, the proposed transport model (COMSOL-IPHREEQC) is
coupled with cement hydration model (HyMeC-COMSOL- IPHREEQC) to continue the
hydration reaction while doing the transport reaction. The transport of carbon dioxide and
chloride are influenced by saturation degree, concentration of exposure solution (chloride ion
and CO; gas in the atmosphere), and porosity of the cement matrix. The proposed model is
verified with different set of experimental results as well as with previously developed model

in order to confirm the predictability of this proposed model.

v



PR

EAZARLAY ) =D A Y FEMEHIMROERER CRDIAHEHI LT L5
BMELICH 5, AV FRMEHIKIY., BM, EBWE L4z v HR—FV MICXVE
MEARMWHIREEZTER L T, XY FOMBICIGE T, Ay v e ) 7 — bRAW (C-S-
H). Kiglbhary v a, = b)Yy HA4 b, N Fr2A3 4, AFmHZAED X F &% fEH
DIKFERD DB E D, FKAEBYITH %5 C-S-H 1, LRI K E  EHE ML
WEAE L, ¥ 5ic C-S-HI3E#E C-S-H (LD C-S-H) & &% C-S-H (HD C-S-H) @ 2>
DR ZBRECHET LRI LAMLNT WS, $72, A v M- RE GEEE) 13, &
AV FRIFIC K ZEE OFRERT SN 5 O BEMRENICE T 28R IC K > TR, &
Bait, BOERKICIVavy 27 ) — FREALZLFOFMPCE AV =Y v 7 RICHART
fegstE & Rz 3 s, BHRD X 5 1ck A v+ ZRMEI O MGG X, #RN S XA 4 v ikice
YBLT b BEAEKCT, /2. AV FEME O PRRER CIREUEZ Pl 2 2 L i
JFEFICEMER T2 %2 o T0d, 20D, INTTIKREINTVEIETLDEL I,
WL O DIGE LML ZIToTH Y., ETAOFEMAHPPC X 52 2HEIHB I LTS,
L7z oT, AV FOMIGEBHEICAHLTCY I 2L — 4377201, KNGO TTD
HREZEZRALEETARLECH S, 2T, AEOHMIZ, Ml E»O LAY PR
OB O BRI & IREUERE 2 TR 2 2T V2B T 2 & TH D,

FH1ETE, AEOER L HIR UG DM - fLiE25 T 2R L 7=,

B2 BTk, AWFRICEET 2O EA L 2 — L, MESZHL2IC L2, RKETIE,
AV, vz )=, WHlE, 1TZ B X ORI 0 FEFEIC O W RIS L 72, 72,
I IERBBELMICBT A4 (ke b DIEAYA v & KAD 5D CO, H R) il
DK & LR D4 + VIBEOZBLIC O WTEH LSS L 7z, ¥Hic, AV MR
PERRD ) R R O HHE % T3 5 SEA TSR 754 DRI & % DIRFUC D0 Tili~ 7z,

% 3 # C¢l¥. HyMeC (Hydration and Mechanical properties of Cement-based material) & FE(Z
2 2AT—VETARREL, MHEE2 O A Y FR—ZFONEREEFHRIL 72, 5.
FORHREE . BAISAAH AT, & X v Kl X MR D € T4 Zfité L CKFIA R D 1R
DEEIEMICTH L7z, HLnT, A Y =2+ OB EZ IS 5 7201c, C-S-H =
MYy 7 ZAoE D, 2O C-S-H (KFHE S L OEHEE C-S-H) OEKzEREL T X
YVIER—ZAMIEZET,IDDMBL RNV S TEATFRT —VETAVERFEL 72, C-S-H
DIFRED R & BME 2RI X 2 2[R IT, ¥ AV FPR—X } ORI EZIRET 2D HE
BRFETH S0, 2 2 CTIEC-S-HOERHUFZEZREL L RELZETMICL o TTFHIL 72,



FIRHEEE, L2, BME 2R, BB, Y v 73 K7 v I3, BUEO FERER &
I =55 2Lzl 72,

B AFETIE, EAAARAV I )= DYV IRBBIORRT Y VIR EDTIFREERF 7 A7
—Apbay 7Y —FECTOPRRTAF AT —VET VT L o Tl L 72, REL 2w AT R
F—NVETATE, EALXL -2y ) — b OWHINEEIX. EME FllEM s X CHEM). &
MREICH 2 ITZH., =2+ - A ZAMMD 3L RSN, EARANEHIZ, AV b
R—=2 } & ITZ OWHIFETH O | & A v bIKFI-BA e 7 v % v CEA R o BI% &
LTrillxdn, ITZ offEsRit. BMoREMIcE S CErficE I ns, Erx0
Lavy ) — o YT 3 20 ice L F LA ELE 2 HEAMEO 3 ke
FNCHDL) BEELA, TTTIE, BAZL - a2 ) —FDE I LRABLIOE 2 LN
NOEEFEICL D R=Z B ZAEXNITZ TR E W%~ ) v 7 235505,
EAENEAY Y= bDOETAD VAT 5 720, THIE Z B O FEERFER & kL 72,
72, BALALE YY) — PORFEIC ITZ T THEIC O W T O RET 2 1T - 72,

B5EETIE, AV P =X A A v = &mrﬁ®#ﬁmomf@ﬁ%ﬁoko
€AY FZMBIDOLRIC A A VigikE s T aL— T 57201, MATLAB 5% R — R
eLk(I»EOLWHMEQC4/&—7l—x%%%tto4ﬁ/%%ﬁﬁmuCDMﬂn
Multiphysics Z{HH L. #1%7 — &2 X— 2% T IPHREEQC I X o T{LERIEZ ~ 2 =
L — b L7z, B2 RICE D % | YR - LA M A E 2 KBS 2 - o, i<
TN EREEEKET A EH W2, REL 4 4 vEkE 7 v (COMSOL-IPHREEQC) i3+
A v bR T A (HyMeC-COMSOL-IPHREEQC) & #i& & . Wk b6 % £\ 722 28 5 /KAl
RIGZY Iab— 352 ERAMREL LTz, KIEEA R LIELIA A v ofiE, BafIBEE, BEEE
“ﬁ(ﬁm%4ﬁvakﬁ¢@%MﬁX)®%F AV ET Y v ROERRICHEEIN
2, MELIZETNLVOZYEARERT S720 BEICHFEIN-ET LV EFRERIC, B bHE
Bl R & v COREE % 1T - 72,

FHOoTTIE, AWEDOKREZMIGE L, SROFEICONTE~T, #’RE L HyMeC €T L &
HyMeC—COMSOL €7V ic & o TPl L 225t AR 1T EFRT R E I —&F 32 LRL. #E
RRE IV 12— FTELILERLE, IHIC, EALZXALET Y)Y — |+ OEMEET
W, srzrlay s ) —r0%HA VIR HL BRI ORER L0 T AILRE 5D
WFgEifE e LR L 72,

vi



ACKNOWLEDGEMENTS

I am extremely grateful to Prof. Yogarajah ELAKNESWARAN. He has always been a great
supervisor during my three years graduate career at Hokkaido University, and his continuous
encouragement, guidance and mentorship have been instrumental to the success of this
research journey. He has greatly impacted my professional and personal growth; his expertise
and his emphasis on quality and dedication in works had been my inspirations, which also
had let me realize the true academic passion. I really would hope to persevere the lessons I
have learned from him throughout my academic career and would like to covey them to my

future students.

I am thankful to have Professors Tsutomu SATO, Ryoma KITAGAKI and Takafumi
SUGIYAMA as members of the dissertation evaluation committee. Their vast knowledge and
experience in their respective areas could be undoubtedly helpful to improve my research
work and dissertation. I am extremely appreciative for all their time and thoughtful comments

throughout.

I would also like to express the sincere appreciation to the Shimizu Institute of Technology,
Center for Construction Engineering, Japan, for providing the research opportunity and
supporting in funding (full-funded). The appreciation would also go to D-DRIVE for partially

supporting in funding.

I would also like to acknowledge the laboratory research team; it was really a wonderful

company and had been interactive and supportive throughout the three years.

Finally, I would like to thank my great family. My husband, whose love and care have kept

vil



me always strong and inspired, and whose encouragements have kept me always motivated.
I am so blessed to have wonderful parents and lovely sister and brother; they have always
emphasized strong educational goals since my childhood, encouraged to follow my academic

passion. I am eternally grateful and thank you all for your love and support.

viil



CONTENTS

ABSTRACT ..uuiiiiiinninnnsinssnssenssesssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss ii
ACKNOWLEDGEMENTS .....ccoiniiniinninnninnnissssssssisssssssssssssssssssssssssssssssssssssssssssssssses vii
TABLE OF CONTENT ....ciutitiitiiiiiiiiiitiieiitiitiaiieiietitietieciecessssssscncensnses ix
LIST OF FIGURES e Xiii
LIST OF TABLES ....uuoouiitiiiiinnuinensissaissesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns Xvi
CHAPTER L....cuuieiiiininnicensecsnicssnsesssicsssssessssssssssssssesssssssssssssssssssssssssssssssssssssssassssssss 1
INTRODUCTION OF DISSERTATION ....ccicnviinreissncssansssnssssssssssssssssssssssssssssssassssassns 1
1.1 General background..........c.ccoceiiiiiiiiiiiiniiiee e 1
1.2 Scope and objective of the research..........ccoocvvevieriieiiieniiceeece e 4
1.3 Originality and significance of the Work ..........cc.ccoeoiiiiiiiiniiiie 5
1.4 Organization of DiSSertation .........c.cccveevuieriieeiierieiieerie et see e 7
CHAPTER 2u.uucuuineierninninsensnsssisssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 9
LITERATURE REVIEW 9
2.1 INErOAUCTION ...t 9
2.2 IMICTOSIIUCEUT® ...ttt ettt ettt ettt et et e bt e e b e esseeeateenaeeenne 10

2.2.1 Hydration PrOQUCES ......cccueieiiieeiiieeiiee ettt eieeeeiee e e e e e sereeesareesnnaee e 10

2.2.2 Interfacial Transition Zone (ITZ) ......ccoovvveeiiiieiiieeieeeeeeeee e 13
2.3 Existing models for cementitious materials...........cccceeveeiiiieniiiiiienieeeee 19

2.3.1 CEMHYD3D ...ttt et 20

232 HYMOSTRUC ...ttt ettt e 21

2.3 3 DUCOM ..ottt sttt ettt sttt 22

2.3.4 Other existing MOAEIS........cooiiiiiiiiiiiieie et 23
2.4 Durability of cementitious material ............cceeeveeeiieeriiieeriie e 25
2.5 Existing model for transportation ProCess ..........ccueevveereeerireereeenueennessreeneeenne 29
2.6 Limitations in the existing ModelS...........cccveriiiiiriiieniiiieee e 30

1X



CHAPTER 3...auuririeiineinnnennennnesssnssssessssssssesssssssssssssssssssssssssssssssssssssssssssssssassssseses 34
A TWO-STAGE MODEL FOR THE PREDICTION OF MECHANICAL

PROPERTIES OF CEMENT PASTE ......ucouiinininnuinennensnecssisesssecssissesssessssssssessans 34
3.1 INETOAUCTION ...ttt 34
3.2 MoOdel dESCTIPLION .....eeueieeiiieiiieiieeite ettt ettt e be et e e e seneebeeseee e 39
3.2.1 Relative humidity (RH) model ..........coccvviieiiiiiiieieeeeeee e 40
3.2.2 Thermodynamic model............ccoooiiiiiiiiiiiiiie e 41
3.2.3 Cement hydration model ...........ccveeiieriiiiiiiiieeiieeece e 42
3.2.4 Prediction of volume fraction of the hydrates .............cceevveviieiieniiiniiennene, 44
3.2.5 Multi-scale model for predicting mechanical properties............cccceeevueennnenne. 47
33 Results and diSCUSSION .......eeruiiriiiiiieiieiie et 56
3.3.1 Verification of RH model ..........cocoiiiiiiiiiiiiiieeeeeeee e 56
3.3.2 Prediction of volume fraction of hydrates ...........ccccceeviiiiiiniiiiinieee 57
3.3.3 Prediction and verification of compressive strength ... 62
3.3.4 Prediction and verification of Young’s modulus ..........c.cceeeveeeiiiriniieinieenne, 67
3.3.5 Prediction and verification of PoisSOn’s ratio.......ccccceevuerieenieeieenicniieennene 69
34 CONCIUSIONS .....eeiie ettt ettt ettt e ettt e et e e bt e enbeeseeas 71
CHAPTER AQ......uuonuenririnrinnisinsinssissssssessssssssssssssissssssssssssssssssssssssssssssssssssssssssssssssssass 73
PROPOSING A THREE-PHASE MODEL FOR PREDICTING THE
MECHANICAL PROPERTIES OF MORTAR AND CONCRETE ..........cccceeureeee. 73
4.1 INErOAUCTION ...t 73
4.2 MOdEIING SrALEZY ..veeeerieeiiieeiiie et e et ettt e et eeetee e e eesbee e aeeesaseessnseessneeens 78
4.2.1 Properti€s OF ITZ ....c..oouiieiiieeeeee et 80
4.2.2 Multi-scale MmOdel...........cooiiiiiiiiiiiiii e 83
43 Results and diSCUSSION .......eevuiiiiiiiiiiiieiieee e 93
4.3.1 Sensitivity analysis Of ITZ.......cccoeeiieiiiiiiiiiieeeeee e 93
4.3.2 Young’s modulus of MOTAT ........cceeeviiieiieeeiieeeie e e 95



4.3.3 P01SSON’S Tat10 OF NOTTAT .....cccuviieiieeeiiieeiie ettt eieeeeeeeetee e e eseveeesaeeeaneeens 98
4.3.4 Young’s modulus of CONCIELE .......cceeevvierieiiiieiieeiierie e 100

4.3.5 POISSON’S TAt1I0 OF CONCIELE ...ttt eeeeeeenenes 105

.............................................................................................................................. 107
4.4 CONCIUSIONS ...ttt sttt et be et st e bt et ebe e e enee 111
CHAPTER S....uuiviiirinninensaissanssensssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssass 113
MODEL FOR MULTI-IONIC TRANSPORT PROPERTIES OF CEMENT PASTE
DURING THE CHLORIDE INGRESSION AND CARBONATION.......cccceceeuueee 113
5.1 INETOAUCTION ...ttt 113
52 MEthOOLOZY ....coneiieniieie ettt st 118
5.2.1 Cement hydration model ............ccceeeiieiiiiiiiiiieeieeee e 119
5.2.2 Thermodynamic model...........ccccooiiiiiiiiiiiiii e 120
5.2.3 Volume fraction of hydration products...........ccceeceeeiiieniinieeniieniieieeeeee, 122
5.2.4 TransSport MO ........oeeeiuiiieiieeeiieeeieeee et e e e e aaeeeaaee e 123
5.2.5 Coupling apProaCh.......cc.eeeecuieeeiiieeiiie ettt et 125
53 Results and DiSCUSSION ......ccueiiiiiiiiiiiieiie ettt 127
5.3.1 Model validation with PHREEQC transport model .............ccccceevvirnnnnnne 127
5.3.2 Verification of chloride profile with experimental results.............ccccccuueeen. 132
5.3.3 Verification of carbon dioxide diffusion...........ccccceeeieviiiiiiniiiiieiieeeeee, 140
54 CONCIUSION ..ttt ettt sttt et s 142
CHAPTER G.....uuuoaeenrennninnninenuinsnisesssissansesssssssissessssssssssssssssssssssssssssssssssssssssssssssssssss 143
CONCLUSIONS AND RECOMMENDATIONS ....cucininvensnicsnnsnnssccsansncssesasssassns 143
6.1 INErOAUCLION ...ttt s 143
6.2 Summary of CONCIUSIONS........uviiiiiieiiiieeiie e 144

6.2.1 A new model for predicting the mechanical properties of cement paste

X1



6.2.2 A three-phase model for simulating the mechanical properties of mortar and

COTICTEEE ..o eeeeeeeee ettt e ettt e e e et eea e eeseeee et aaaa e sesee et eaasaneseseeerenaannnaseseeesennnnnnnas 145

6.2.3 An integrated model (HyMeC-COMSOL) to perform the durability and

mechanical properties of cement past due to the transport of ion and gas............ 146
6.3 Suggestions for future WOrks ..........ccccveeeiiiiiriiiieciie e 147
REFERENCES ....uuouiiientiiinnniisninsensecssissssssesssessssssssssssssssssssssssssssssssesssssssssssssssssssss 149
Appendix A: Material and Experimental Methodology ............ccueiecvueicnveercnnenene 165

Xii



LIST OF FIGURES

Figure 1.1: Outline of the scope of the research Work ............ccccceeeeiiiiiiiinciiicieeee 5
Figure 2.1: Formation of two types of C-S-H.........ccccooviieiiiiiiiiiiceeeeee e, 12
Figure 2.2: Illustration of formation of ITZ within concrete/ mortar-...............cccueneee. 14

Figure 2.3: Variation of (a) clinker content and (b) effective w/c with distance from
AZETEEALE SUTTACE ...vveiiuiiieiiieeciieeeieeeetee et e e rte e et e e e taeesteeesteeessseeessseeessseeensseeensseesssens 15
Figure 2.4: Variation of hydration degree with distance from aggregate surface.......... 16

Figure 2.5: Variations of the volume fraction of (a) porosity, (b) portlandite and (c) other

hydration ProQUECES .......c.eoiiieiiee ettt et ettt e 18
Figure 2.6: Formation of a hydrated matrix microstructure in HYMOSTRUC............. 21
Figure 2.7: Microstructure of hydrated matrix in DuCOM model............cccooveienneee. 22
Figure 2.8: Schematic diagram for chloride ion transport in hydrated matrix .............. 27
Figure 3.1: Schematic diagram for the proposed model.............cccccovieniniiniininninnene. 40

Figure 3.2: Three levels of the multi-scale model: from C-S-H matrix to cement paste47

Figure 3.3: Conceptual illustration of homogenizing the material (Part I of Level 3).. 54

Figure 3.4: Conceptual illustration of homogenized cement paste ...........ccccceeeeeuennee. 55
Figure 3.5: Validation of RH with hydration period for w/c ratio of 0.2-0.5. ............... 57
Figure 3.6: Mineral assemblage of hydrated OPC with hydration period for w/c of 0.4.
........................................................................................................................................ 58
Figure 3.7: Validation of chemical shrinkage with hydration period for W/C ratio of (A)
0.4 and (B) 0.55. e ettt et 59
Figure 3.8: Variation of capillary porosity with hydration period for w/c of (A) 0.4 and
(B) 0.5 ettt 61
Figure 3.9: Development of the compressive strength for w/c 0.3 — 0.6. ..................... 63
Figure 3.10: Development of the compressive strength for w/c 0.4 and 0.55............... 64

Figure 3.11: Comparison of compressive strengths predicted in the proposed model and
EXISHING MOUECIS ..ot et e e e e st e e st e e s b e e e snaeeensseeeenseeenneas 65
Figure 3.12: Comparison of predicted compressive strength under sealed and saturated

COTMATTION. 1eeeieeieieiee et 67

xiil



Figure 3.13: Comparison of Young’s modulus of cement paste for w/c (A) 0.4 and (B)

0.8 ettt ettt et h et ettt b e et e bt nees 69
Figure 3.14: Evolution of Poisson’s ratio of cement paste for w/c (A) 0.4 and (B) 0.55.
........................................................................................................................................ 71
Figure 4.1: Flow diagram of the model proposed for mortar and concrete................... 79

Figure 4.2: Schematic diagram indicating three-phase of modelled mortar/ concrete.. 80
Figure 4.3: Representation of hierarchical model proposed for concrete ..................... 84

Figure 4.4: Flow diagram illustrating the procedure used to develop the cement paste

Figure 4.5: Two step homogenization procedure of mortar: (a) the first step
homogenization of fine aggregates and ITZ and (b) the second step homogenization of
equivalent inclusion and bulk paste..........ccccecvviieiiiieiiieeeeee e 87
Figure 4.6: Two step homogenization procedure for concrete: (a) the first step
homogenization of coarse aggregates and ITZ and (b) the second step homogenization of
equivalent inclusion and MOTtAr MALIIX .....cc.eeevieruierireeriieeieerieeere e ereeseeeereeseeeereenenes 91
Figure 4.7: Variation of Young’s modulus with hydration period for different ITZ
thickness (a) for mortar and (b) for CONCIete........c.cevveeviieiiiiiiiiieceeee e, 94
Figure 4.8: Validation of Young’s modulus with hydration period for w/c ratio of 0.4 and
. ettt ettt ettt e bttt et et e e bt e nt e he et e et e e tee bt enteeneentes 96
Figure 4.9: Development of Young’s modulus of the mortar for w/c 0.35-0.5 and volume
fraction of aggregate 0.35-0.55....c..ooiiiiiiii s 97
Figure 4.10: Comparison of predicted Young’s modulus plotted against the experiment
TESULES ..ttt ettt et h e ettt e bt et enaees 98
Figure 4.11: Validation of Poisson’s ratio of the mortar for w/c 0.3-0.5 with volume
fraction of aggregate 0.3 and 0.0 .........cocoeviiiiiiiiiiiiieeee e 100
Figure 4.12: Validation of Young’s modulus with hydration period for w/c ratio of 0.4 and
025 TSROSO 102
Figure 4.13: Validation of Young’s modulus of concrete of (a) and (b) for Type I cement
and (c) and (d) for Type V CeMENL........cccueviiiiiiiiiieiieeiieee et 103

Xiv



Figure 4.14: Validation of Young’s modulus of concrete ...........ccceeeevveeviieenieeennneenne, 103
Figure 4.15: Comparison of predicted Young’s modulus plotted against the experiment
TESULES 1.ttt ettt h et st b ettt b et sate bt et 104
Figure 4.16:Validation of Poisson’s ratio with hydration period for w/c ratio of 0.4 and
025 TSRS 106
Figure 4.17: Validation of Poisson’s ratio of concrete with hydration period............. 107
Figure 4.18: Comparison of predicted Young’s modulus of (a) mortar and (b) concrete
for the cases of with and without ITZ for w/c 0.3-0.6.........ccceeiiiiiiiiiiiieeeee 109
Figure 4.19: Comparison of predicted Poisson’s ratio of (a) mortar and (b) concrete for
the cases of with and without ITZ for w/c 0.3-0.6 .......cccevierieiiniiiieeeeee 111
Figure 5.1: Structure of developed transport model............cccoeevveriiiiiienciiiniienieeiene, 119

Figure 5.2: Validation of ionic concentration in the pore solution with PHREEQC model

Figure 5.3: Validation of hydration products with PHREEQC model ........................ 131
Figure 5.4: Comparison of predicted chloride ion profile with experimental results for
W/C0F0.3,0.4and 0.5 ..o e 133
Figure 5.5: Three types of chloride ion exist in the hydrated cement matrix for w/c from
0.3-0.5 (a) Free Cl- in pore solution, (b) Cl- in F-S and (c¢) Adsorbed Cl- by C-S-H .. 138
Figure 5.6: Variation of (a) effective diffusion coefficient, (b) porosity, (c) weight % of
portlandite and (d) pH for w/c of 0.3, 0.4 and 0.5 with distance from the exposed surface

...................................................................................................................................... 139
Figure 5.7: Variation of weight % of (a) Friedel’s salt, (b) Monosulfate, (c) Ettringitre
and (d) C-S-H for w/c 0f 0.3, 0.4 and 0.5........ooeeiiieeiiieeeeeeeee e 139

Figure 5.8: Variation of weight percentage of porlandite with carbonation period..... 140
Figure 5.9: Variation of volume fraction of hydration products with distance from the

exposure surface (a) before carbonation and (b) after 3 years of carbonation ............. 141

XV



LIST OF TABLES

Table 3.1: The values of constants for the calculations of hydration degree of clinker

TNINETALS ..ttt sttt et a ettt sttt et b et 44
Table 3.2: Chemical shrinkage coefficients..........ccoceevierciieriiniieiecee e, 46
Table 3.3: The Young’s modulus and Poisson’s ratio of all the constituents of hydrated
CEIMEIE TNALTIX 1.vveeiuviieiiieeeieeesteeesteeesreeesaseeessseeassseeasseeasseeassseessseeesssesessseeessseesssseesnsses 52
Table 5.1: C-S-H surface site reactions and equilibrium constants .............c.cccueenenee. 121
Table 5.2: Diffusion Coefficient of ions in free water at 20 °C.........cccceeververieneennen. 124

Xvi



CHAPTER 1

INTRODUCTION OF DISSERTATION

1.1 General background

Cement composites are the utmost popular and extensively used construction materials all
over the world, particularly due to their desirable mechanical characteristics. Their
applicability in the field of Civil Engineering is diverse including the construction of
buildings, roads, dams, harbors, airports, and so on (Wriggers and Moftah, 2006; Krishnya,
Elakneswaran and Yoda, 2021; Sun et al., 2021). However, these cement based materials
always reveal a complex behavior with varying properties that are controlled by the
characteristics of components, their microstructure and their interfaces (Bernard and Kamali-
Bernard, 2015). In the exposure to water, the cement is hydrated into calcium silicate hydrate
(C—S—H) and other hydration products (Elakneswaran et al., 2016). The C—S—H typically
forms to around 50-70% of the hydrated cement paste (Krishnya, Yoda and Elakneswaran,
2021; Sun et al., 2021). As the most important binding phase, formation of C-S-H gel
determines the final properties of cement-based materials. In addition, it tends to bind the
steel reinforcements, aggregates, sand and other hydration products with each other in
hydrated cement/concrete. Initially, the porosity of the cement matrix is apparently high, and
when hydration is taken place, the development of hydration products continues to fill the
existing voids system, leading to a denser microstructure with decreasing porosity (Sant,
Bentz and Weiss, 2011; Krishnya, Yoda and Elakneswaran, 2021). This porosity network is

known as one of the weakest zones in the hydrated matrix.



At the macroscale, the cementitious composites (concrete and mortar) are often viewed as
three phase material, i.e., having bulk paste (or cement paste), aggregate and interfacial
transition zone (ITZ) (Sharma and Bishnoi, 2020a; Krishnya, Elakneswaran and Yoda, 2021).
The formation of ITZ around the aggregate is due to size discrepancy between cement grains
and aggregates (Gao et al., 2014). When the cement is mixed with aggregates, the normal
packing of cement grains disrupts due to the geometrical wall effect (i.e., small cement grains
pack more easily in the vicinity of aggregate compared to large ones). Consequently, within
the zone close to the aggregate surface, the volume fraction of cement grain is lower compared
to zones further out (Jiang et al., 2016; Sharma and Bishnoi, 2020). The porosity of the ITZ
is therefore approximately 1.2-2.5 times higher than that of bulk paste. In fact, ITZ is not a
definite zone, but a region of transition, and a thickness ranging between 10 and 50 um is
known for typical mortars and concrete (Nadeau, 2002; Sharma and Bishnoi, 2020). Because
of its high porosity compared to bulk paste matrix, ITZ is considered to reveal adverse effects

on the performance of mortars and concretes.

It is admitted that the microstructure determines the progression of mechanical and transport
properties. The abovementioned microstructure of the cement-based materials (i.e., C-S-H,
porosity, other hydration products, aggregate and ITZ) depends mainly on clinker
composition, water to cement ratio (w/c), aggregate properties and its content, curing
condition (temperature and curing method) and hydration periods. The mechanical properties
are important for the structures which are subjected to the boundary conditions of restrained
displacements, particularly when the deformation is restrained from a very young age on
pavements, dams, concrete slabs of composite structures, massive parts poured in successive

layers, etc. The evolution of intrinsic properties in time is one of the most critical material-



to-structural mechanical design parameters (Bernard, Ulm and Lemarchand, 2003).
Furthermore, many deterioration processes of concrete structures are reported to be related
with transport processes in material such as moisture transfer, diffusion of carbon dioxide,
and penetration of chloride into the material (Jiang et al., 2016). The transport of ions,
moisture and gas causes adverse effects on the concrete structure such as reinforcement
corrosion, leaching of calcium ions, dissolution of C-S-H and other hydration products, thus
increasing the porosity of the cement matrix (Sugiyama, Ritthichauy and Tsuji, 2003). The
mechanical properties are also affected by the transport process due to the changes in the

hydration products and porosity of the matrix.

Owing to the significant use of cement-based material and constantly increasing expectations
of the users, an enormous effort, both experimentally and numerically, has been undertaken
to study the progression of mechanical and transport properties of cementitious materials.
Specifying material properties and model parameters is crucial for the structural analysis.
Particularly, this is very important, if the influence of mix composition, processing steps and
environmental conditions during the construction stage on the long-term durability of the
structure needs to be evaluated. The parameters of concrete can possibly be determined by
experiments; however, this is a time-consuming and tedious process that can considerably
hold up the design work (Vorel, Smilauer and Bittnar, 2012). Therefore, developing a virtual
testing tool, i.e., integrated set of models, algorithms and procedures for predicting the
mechanical and durability characteristics of materials, can be a better alternative. However,
the scientific understanding and predicting the mechanical and transport properties of
concrete is no doubt the most complicated processes, as the microstructure of the concrete

falls across nano-scale (C-S-H) to macro-scale (aggregate). In most of the previously



proposed models, the progression of microstructure could be predicted with certain
assumptions and simplifications (van Breugel, 1995a; Bentz, 1999; Koichi Maekawa, Ishida
and Kishi, 2009; Stefan et al., 2010). There is still a great need to develop novel model with

reduced assumption and simplification to predict the concrete properties in a reliable manner.

1.2 Scope and objective of the research

The objective of the research presented in this dissertation is to develop a new model, capable
of determining the mechanical and transport properties of cementitious material from its
evolution of microstructure with less assumption. From the perspective of Material
Engineering, yet significant effort has been given on understanding microstructural responses,
mechanical responses and durability responses by considering different factors such as
different type of cement (clinker composition), w/c, aggregate content, hydration, exposure

period and etc.

Firstly, the microstructure of the cement paste is determined using thermodynamic calculation,
and by considering the microstructure of the cement paste in multi-scales, the mechanical
properties are predicted using the three hierarchical levels of multi-scale model. These three
levels of multi-scale model are then extended up to the concrete (i.e., five levels) to simulate
the mechanical properties of mortar and concrete. In the subsequent part, by coupling the
microstructure of cement paste with COMSOL-Multiphysics, the ions concentration in the
pore solutions and hydration products after the transport are precisely predicted. The scope

of the research work is summarized in Figure 1.1.
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Figure 1.1: Outline of the scope of the research work

1.3 Originality and significance of the work

Currently, increased attention is paid on the prediction behavior of cement-based materials
due to high demand in construction industry. This research work focuses on introducing a

novel model for the prediction of mechanical and transport behavior of cementitious materials.

Most of the previous model for cement paste were developed based on certain assumptions
such as (i) assuming cement paste as three phase material consisted of only the unhydrated
clinker, hydration products and porosity; (ii) ignoring the volume of C—S—H, but alternatively,
considered only capillary porosity or gel space ratio to predict the mechanical properties; (ii1)
only employing the C—S—H and portlandite as hydration products in the cement matrix; (iv)
assuming C—S—H as a single matrix with constant gel porosity, ignored the two types of C—
S—H formation. The proposed model addresses the limitations found in the currently available

models and tends to predict the mechanical properties of cement paste realistically by



considering the detail microstructure of the hardened matrix (two types of C-S-H, portlandite,
ettringite, monosulfate, hydrotalcite, Fe-siliceous hydrogarnet, capillary pores and chemical

shrinkage which are depending on the clinker composition and w/c).

As the ITZ is the weakest zone in mortar and concrete, the prime consideration needs to be
given on it when predicting the mechanical properties of mortar and concrete. In the proposed
model, mortar and concrete are represented as three phase materials (aggregate, ITZ and bulk
paste/ mortar). Unlike most of the previously proposed models (wherein constant properties
of ITZ and bulk paste were used), the computations of mechanical properties of ITZ and bulk
paste are herein based on the detailed microstructure of hydrated cement paste including two
types of C-S-H, capillary porosity, chemical shrinkage and other hydration products. Since
the microstructure of cement matrix varies depending on curing time, chemical composition
of clinker, w/c and curing temperature, the realistic computations of ITZ and bulk paste are

emphasized in this proposed framework.

Moreover, as the transport of ions, moisture and gas cause adverse effects on the concrete
structure, a new model is developed to predict the ion concentration, hydration products and
mechanical properties during the exposure conditions. The proposed transport model
(COMSOL-IPHREEQC) is coupled with cement hydration model to continue the hydration
reaction while doing the transport reaction, while the ion concentration in the pore solution
and hydration products after 28 days of hydration are involved as additional input parameters

to the previously developed transport model.



14 Organization of Dissertation

This dissertation is organized into a total of seven chapters.

Chapter 1 describes the objective, scope and significance of this study.

Chapter 2 presents a review of relevant literature on various aspects. Early sections of this
chapter discuss the fundamentals of cement and concrete, microstructure, ITZ and hydration
products for the basic understanding. Latter sections discuss the details and limitation of the
previously developed models to predict the mechanical properties of cementitious materials.
Finally, the changes in the hydration products and ion concentration in the pore solution after
the transport of ions from different environment (chloride ion from the sea water and CO>

from the atmosphere) are discussed.

Chapter 3 details all procedures adopted in the proposed model to predict the mechanical
properties such as compressive strength, Young’s modulus and Poisson’s ratio of cement paste
from its microstructure. In addition, the predictability of the proposed model is verified with
different set of experimental results as well as previously developed model. Moreover, the
newly proposed relative humidity model to predict the relative humidity with hydration

period insight the cement paste is discussed by using the predicted compressive strength.

Chapter 4 describes the method to determine the volume fraction of ITZ, and hence predict
the mechanical properties of mortar and concrete using the homogenization method and
multi-scale model of the cement paste. In addition, the capability of the proposed model for
mortar and concrete is verified with different set of experimental results reported in the

previous work. Finally, the effect of ITZ on the mechanical properties of mortar and concrete



1s discussed.

Chapter 5 presents model description for the ion transport and gas transport using coupled
MATLAB and COMSOL Multiphysics. Also, the proposed model for the transport of ions
and gas is validated with previously developed model and experimental results reported in

the literatures.

Chapter 6 presents the overview of the findings and conclusions drawn in this work, along

with the recommendations for the future works.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Concrete is the utmost consumed material in the world due to its low cost and growing
demand for infrastructure, in which cement is the active ingredient (Bauchy et al., 2015). This
cement commodity is manufactured by the mixture of pure limestone (60-75 %) and clay (25-
40 %) at the temperature approximately 1450 °C for between 8 and 20 hours which
chemically transforms the mixture into hard nodules called clinker (Varas, De Buergo and
Fort, 2005). During the clinker making process, alite (C3S or 3Ca0.Si0O»), belite (C2S or
2Ca0.S810;), aluminate (C3A or 3Ca0.Al203) and alumina ferrite (C4AF or 4CaO.(Al,
Fe)>03) form at different temperature. Finally, the clinker is mixed with gypsum and ground

to make final cement product (Varas, De Buergo and Fort, 2005).

In the presence of water (known as hydration reaction), immediately after the mixing, the
microstructure of cement-based material undergoes a marked transformation from a viscous
suspension into a solid skeleton due to variety of complex chemical reactions and physical
changes in the matrix. The early reaction of the cement is rapid, and the initial progression of
stiffness i1s crucial for constructability. It is also known that the reactions may gradually
continue for years, and the evolving microstructure determines the long-term mechanical and
transport properties that govern the durability responses of the material. Within several hours
after setting, however, the rate of hydration reaches the peak, begins to decrease, and

continues to decrease with time. It should be noted that most of the hydration solid products



that exist in mature cement paste have nucleated already, presenting in considerable contents
by the time the maximum rate is achieved. In latter stage, the dissolution rates of initially-
formed cement phases tent to decrease significantly due to less surface area for dissolution

(as that would be covered partly by hydration products). (Bullard et al., 2017).

2.2 Microstructure
2.2.1 Hydration products

During the hydration process, number of products would form depending on the clinker
composition and mixing condition. Calcium silica hydrate (C-S-H), portlandite (CH),
ettringite, monosulfate, hydrogarnet and hydrotalcite are constitutive phases existing in the
Ordinary Portland Cement (OPC) (Krishnya, Yoda and Elakneswaran, 2021). The simple
stoichiometric reactions for the hydration of four phases in clinker are detailed in Eq. (2.1) -
Eq. (2.6). Alite and belite mainly produce C-S-H and CH (Eq. 2.1 and 2.2), while ettringite
form due to reaction of aluminate and gypsum (CSH,) as shown in Eq. (2.3). Besides,
additional aluminate reacts with ettringite to produce monosulfoaluminate (see Eq. 2.4). Eq.
(2.5) presents the continued hydration of aluminate after the consumption by
monosulfoaluminate, and the formation of hydrogarnet from the reaction of alumina ferrite is

shown in Eq. (2.6).

C3S+ H ->C—S—H+CH (2.1
C,S+H ->C—-S—H+CH (2.2)
C3A+ CSH, + H - C4AS3Hs, (2.3)

10



CsA + C4AS3Hsy + H — CLASHy, (2.4)

CsA+ CH+H > C,AH,5 2.5)

C,AF + CH + H - C3(A, F)H, (2.6)

Among these hydration products, C-S-H phase (the prime bonding agent and having high
specific area with internal pore structure) governs the mechanical properties (Jennings et al.,
2005; Thomas, Jennings and Allen, 2010) The molar ratio of calcium to silica (Ca/Si) is one
of the important parameters for the structure of C—S—H, and that ranges approximately
between 0.7— 2.(Thomas, Jennings and Allen, 2010; Papatzani, Paine and Calabria-Holley,
2015). The higher values may be obtained under extreme hydration or curing conditions,
while the lower values can be obtained in the presence of supplementary cementitious
materials. The Ca/Si ratio of 1.6 is typically considered for the OPC hydration reaction

(Tennis and Jennings, 2000).

Many previous studies have confirmed that the formation of C—S—H in the cement matrix
occurs in two stages with different intrinsic characteristics (Tennis and Jennings, 2000;
Jennings et al., 2005). At the early stage of the hydration process, the progression of C—S—H
occurs on the surface of cement particles, and with the time, the cement particles are partially/
fully covered by C—S—H layer as shown in Figure 2.1. Subsequently, the formation of new C—
S—H is induced within the space confined by the existing C—S—H, as the diffusion process
continues to be occurred through the previously formed C—S—H layer (refer Figure 2.1). The
C—S—H formed under the confinement has higher density (hereafter referred to be HD C—-S—
H) compared to the C—S—H formed at the early stage as the outer product (hereafter referred

to be LD C-S—H). Each of them forms not only with different densities, but also forms with
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different volume fractions and gel porosity (Tennis and Jennings, 2000; Thomas and Jennings,
2006). The LD C-S-H is formed as a stable structure with 36 % of porosity, while HD C-S-H

are formed with 26 % of porosity (Jennings et al., 2007).

Figure 2.1: Formation of two types of C-S-H

The porosity of the hydrated matrix is also one of the significant microstructures, which
establishes at different scales. This porosity network (and its connectivity) is the governing
factor for the development of mechanical and durability properties of hardened matrix. In
particular, capillary porosity is known as the weakest part in the hydrated matrix. The
hydration products themselves have to tolerate most of the applied load, whereas the
neighboring capillary porosity remains almost unstressed (Pichler et al., 2013). As well
established, the porosity of the hardened matrix reduces with increasing hydration time due
to the formation of hydration products. It should be highlighted that the matrix becomes more
susceptible when the capillary pores are evolved to be connected compared to that progress

separately (Krishnya, Yoda and Elakneswaran, 2021).
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2.2.2 Interfacial Transition Zone (ITZ)

The aggregate-cement interface, so called the interfacial transition zone (ITZ) in the previous
studies, is considered as the third phase introduced by the presence of aggregates in mortar
and concrete. The ITZ is often referred to be the most mysterious region and critical in
progressing material properties (Gao et al., 2014; Jebli et al., 2018; Krishnya, Elakneswaran
and Yoda, 2021). Nevertheless, the microstructure and thickness of ITZ are still not fully
understood that how far it differs from the bulk paste. One of the major reasons can be that
the ITZ is not a definite phase within cementitious composite, as no clear discrete boundary
exists between the ITZ and the bulk paste (Scrivener, Lyon and Laugesen, 2004). Typically,
it has been studied as a specific property profile (for instance, ITZ was defined as the zone
with an excess of porosity) (Gao et al., 2014). The ITZ thickness ranging between 10 and 50
pum is documented for mortars and concrete (Crumbie, 1994; Krishnya, Elakneswaran and
Yoda, 2021). However, the thickness is found to be influenced by various casting factors such
as curing age, w/c ratio, aggregates properties (type, roughness, shape and size), aggregate
content and supplementary cementitious materials (Nadeau, 2002; Scrivener, Lyon and

Laugesen, 2004; Gao et al., 2013).

Various mechanisms such as wall effect, formation of water film around the particles, micro
bleeding, filtration effect etc. have been reported for the formation of ITZ (Sharma and
Bishnoi, 2020). A general viewpoint in the concrete research is that ITZ is formed due to the
size discrepancy between cement particles and aggregates (Li, Zhao and Pang, 1999), as the
diameter of aggregates is considerably larger than that of cement grains. While cement mix
with aggregates, due to the geometrical wall effect, the regular packing of cement grains can

be dislocated, i.e., small cement grains pack more easily near to the aggregate surface
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compared to large ones. Thus, inside the region adjacent to the aggregate surface, the volume
fraction of cement is lower compared to zones further out as illustrated in Figure 2.2. As the

result, the excess amount porosity exist in the ITZ layer compared to that of bulk paste.

0/)0
Bulk paste\7
AL~

Figure 2.2: Illustration of formation of ITZ within concrete/ mortar

The microstructure of hydrated matrix in the ITZ also considerably vary with distance from
aggregate due to bleeding and segregation effects during the setting of concrete/ mortar
(Crumbie, 1994). The microstructure of the ITZ generally can be described in terms of
hydration reaction and porosity. Hydration reaction adjacent to the aggregate surface varies
from the reaction which takes place in the bulk paste due to excess amount water in ITZ. In
the past, Nadeau (2002) proposed a model to predict the clinker content in the ITZ and bulk

paste based on experimental results of Scrivener and Pratt (1996). Figure 2.3 shows the

14



variation of clinker content and effective w/c with the distance from aggregate surface based
on the proposed model by Nadeau (2002). Similar tendency of experiment results were also
observed by Crumbie (1994). As explained above, the clinker content is low near to the
aggregate surface, while the effective w/c is high due to wall effect. This tendency is clearly

captured by the proposed model for unreacted clinker and effective w/c as revealed in Figure
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Figure 2.3: Variation of (a) clinker content and (b) effective w/c with distance from

aggregate surface
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The reaction degree of clinker is high at the zone closer to the aggregate surface due to the
higher w/c compared to bulk paste (Figure 2.4). As depicted in Figure 2.4, cement particles
adjacent to aggregates (first 15 pm distance) reacts rapidly and shows approximately 20 %
higher degree of hydration than that of cement particles at the distance further away about 20
um after one day of hydration. However, the variation between the degree of reaction of both
clinkers (i.e., near to aggregate and away from aggregate) decrease with hydration period.
The variation after 1 year is only around 5 % (refer Figure 2.4). This is because, after 28 days
of hydration, larger cement particles which are away from the aggregates remain dominant,
while smaller size particles located near to the aggregate surface had already reacted during

earlier hydration (Crumbie, 1994).
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Figure 2.4: Variation of hydration degree with distance from aggregate surface (modified

from Crumbie, 1994)

The variations of the microstructure in terms of (a) porosity, (b) formation of portlandite and
(c) other hydration products with the distance from aggregate surface are illustrated in Figure

16



2.5, which are based on the experimental results of Scrivener, Lyon and Laugesen (2004).
Porosity, which is the volume that does not consist of solid skeleton in the hydrated matrix,
is much higher close to aggregates compared to the bulk paste due to the excess amount of
water and low amount of clinker. After the first day of hydration, the porosity adjacent to the
aggregate is approximately 20 % higher than that of bulk paste (away from the aggregate).
However, with increasing hydration periods (i.e., after 28 days and 1 year), the porosity in
ITZ decreases by approximately an equivalent amount that reduced in the bulk paste. This
could be attributed to the hydration reaction in the ITZ as well as in the bulk paste (refer

Figure 2.5(a)).

The formation main hydration products such as portlandite and C-S-H also shows different
behavior due to the inclusion of aggregates. During the hydration process, silica concentration
is very low, as clinker consists of low amount of silica (mainly consumed by C-S-H around
the cement grains). On the other hand, the concentration of calcium is much higher in the pore
solution. Due to the high mobility of calcium ion and silica prevents the nucleation of calcium
hydroxide around cement grain, calcium hydroxide (portlandite) forms far away from the
cement grains which is close to the aggregate surface (more porous zone) (Scrivener, Lyon
and Laugesen, 2004b). Therefore, high amount of portlandite precipitates in the zone close to
aggregate surface as shown in Figure 2.5(b). However, a little amount of clinker exists in
the ITZ, and high amount of portlandite forms in the ITZ due to the calcium ions coming from
the reaction of clinker away from aggregate. The variation in the formation of other hydration
products (mainly C-S-H) with distance from aggregate is depicted in Figure 2.5(c). It can be
seen that considerably low amount of C-S-H precipitates near to the aggregate surface

because of low amount of clinker and low mobility of silica. The formation of hydration
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products increases with the time due to the hydration reaction in the ITZ and bulk paste.
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Figure 2.5: Variations of the volume fraction of (a) porosity, (b) portlandite and (c) other

hydration products (modified from Scrivener, Lyon and Laugesen, 2004)
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During the application of loads, the adhesive bonds (ITZ) between the aggregate and hydrated
matrix are damaged and leads to the weakening of the concrete structure, and eventually the
cracks develop and propagate either through the particles or around them (Erdem, Dawson
and Thom, 2012). Due to the excess porosity, the ITZ behaves as preferential pathway for the
ingression and diffusion of ions, liquids and gases and leaching of ions from the hydrated
matrix (Crumbie, 1994). Therefore, a clear understanding on the relationship between the
microstructure of cement-based material and their properties is required to allow the design

and analysis of the systems with improved accuracy.

23 Existing models for cementitious materials

As mentioned earlier, the understanding and predicting the microstructure of cement paste
are no doubt the most complicated processes. However, with the aid of newly developed
computer-based packages/models, the prediction of microstructure of hydrated cement could
be reasonably achievable in the recent decades. CEMHYD3D model (Bentz, 1999),
HYMOSTRUC model (van Breugel, 1995b) and DuCOM model (Koichi Maekawa, Ishida
and Kishi, 2009) are the well-known models proposed for the prediction of microstructure
and intrinsic properties of cementitious materials. And also, several simplified empirical and
analytical models have also been proposed for the predictions of volume of phases, hence
linked to the mechanical properties of cement-based (Constantinides and Ulm, 2004; Haecker
et al., 2005; Stefan et al., 2010; Zheng et al., 2010; Wu et al., 2012; Duplan et al., 2014;
Aouissi et al., 2016; Chen et al., 2016; Das, Maroli and Neithalath, 2016; Hlobil, Smilauer

and Chanvillard, 2016; Bahafid et al., 2018; Lavergne et al., 2018; Mazaheripour et al., 2018).
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2.3.1 CEMHYD3D

CEMHYD3D is one of the utmost extensively-used package for the prediction of the
microstructure of cementitious material. The mechanism is based on the voxel approach
which is similar to the finite element method (Bentz, 1999). In this approach, the whole
volume of the hydrated matrix is filled with smaller elements (referred as voxel), positioned
with their faces in contact, whereas every individual element can be separately assigned shape,
size and material properties. The selection of the size of this voxel needs to be adequate to
capture the important fundamental processes such as reaction, transport, dissolution, and
diffusion. The main factors involving in hydration process such as particle size distribution
of cement grain, chemical composition, temperature and curing conditions are considered in
this model. Initially, random 3D microstructure which mainly consists of four phases of
clinker and gypsum, is built using the autocorrelation functions. The hydrates are precipitated
around the cement particles which are exposed to water contact. Based on the predicted
hydration products and porosity, the compressive strength is estimated using the gel space

ratio theory as detailed in Eq. (2.7) and (2.8).

o, = goX" 2.7)

where, o, is compressive strength, X is gel-space ratio, o, is intrinsic strength which
depends on the chemical composition of the cement and particle size distribution, and n is

commonly an assumed value between 2.6 and 3.

0.68a
032a+%
c

(2.8)

where, a is the hydration degree and % is water to cement ratio.
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2.3.2 HYMOSTRUC

The HYMOSTRUC model was developed by van Breugel in 1995 to simulate the growth of
hydration and microstructural properties as a function of chemical composition and particle
size distribution of cement, w/c and reaction temperature using the vector approach. In the
three-dimensional microstructure of the developed HYMOSTRUC model, cement grains are
displayed as arbitrarily distributed spheres, whereas hydrates are exhibited as growing
spheres in the outward direction of the cement particles (Ye, Van Breugel and Fraaij, 2003).
In HYMOSRUC, clinker tends to dissolve during the hydration process, forming a porous
shell of hydrates around the unreacted particles. Small and remote clusters evolve initially
around clinker particles by the progression of hydration; big clusters are then formed once
the outer shell of other particles are surrounded by small grains, which leads to the

development of hydrates in the outward direction (refer to Figure 2.6).

Embedded particles

Growth caused by
embedded particles

Outer products

Inner products

Unreacted clinker

Figure 2.6: Formation of a hydrated matrix microstructure in HYMOSTRUC (modified

from Ye, Van Breugel and Fraaij, 2003)

The properties such as development of hydration and microstructure, thermodynamic
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equilibrium, volume changes in hydrated cement and the effect of geometrical changes of the
microstructure on the creep behavior of hardening concrete can be obtained from the

HYMOSTRUC.

2.3.3 DuCOM

DuCOM model was developed in the Concrete Laboratory of the University of Tokyo to
predict the early age properties of concrete such as cement heat hydration, thermal conduction,
moisture equlibrium and pore structure formation, and durability characteristics such as
chloride ion transport, carbonation, corrosion of steel rebar and calcium ion leaching
(Maekawa, Ishida and Kishi, 2009). The microstructure of the hydrates in the DuCOM model
is predicted by using the heat generation during the hydration process, hence the mechanical
properties are analytically evaluated. The predictions of this model are based on unhydrated

core, inner products, C—S—H and free pore spaces as shown in Figure 2.7.

Clinker

1
|

Inner products C-S-H Capillary pores

Figure 2.7: Microstructure of hydrated matrix in DuCOM model (modified from Maekawa,

Ishida and Kishi, 2009)
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2.3.4 Other existing models

Hlobil, Smilauer and Chanvillard (2016) proposed an analytical multi-scale model to air-
entrained cement by approximating the finite element simulation, in which the volume
fractions of hydrates are occupied from the abovementioned CEMHYD3D model and
CemBase. A similar multi-scale model was developed by using the vector approach to predict
the Young’s modulus and Poisson’s ratio of oil well cement (API class G) with varying
temperatures (Bahafid et al., 2018). In the meantime, Mazaheripour et al. (2018) developed a
model to predict the elastic behavior of hydrated cement paste using the lattice approach. The
aforesaid HYMOSTRUC is used to simulate the microstructure of the cement paste in this
model by considering the C-S-H and portlandite as the hydration products. The elastic
modulus was finally predicted at the macroscale by establishing the properties to the lattice

elements and by incorporating homogenization technique for upscaling.

Stefan et al., (2010) developed a model to compute the elastic properties of cement paste
considering porosity, unreacted clinker and hydration products in the hydrated matrix. The
volume fraction of each phase was calculated using empirical relationship (considering
degree of hydration and w/c), and the mechanical properties of each phase was measured via
nanoindentation techniques at the microscopic scale and via resonance frequencies techniques
at macroscopic scale. The results obtained therein from finite element method and
homogenization approach were compared and discussed. Similarly, by considering inner
product, outer product and clinker as hydration products, Zheng et al. (2010) developed a

simple model to compute the elastic modulus of cement paste using homogenization method.

A model to predict elastic properties such as elastic modulus and Poisson’s ratio of mortar
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was proposed by Wu et al., (2012) using the four hierarchical levels of multi-scale model
consist of C-S-H solids, HD and LD C-S-H, hydrated cement matrix and finally mortar. The
required elastic properties in nano and micro level solid phases were obtained using the
molecular dynamics, and the volume fraction of each phase was derived from analytical
relationships. In this model, the final property at macroscale was calculated using the
homogenization technique. Furthermore, a multiphase micromechanical model for hybrid
fiber reinforced concrete was suggested by Chen et al. (2016) to compute the elastic properties
by considering concrete as three phase material (aggregate, ITZ and bulk paste). The volume
fraction of ITZ was calculated using the relationship proposed by Lu and Torquato, (1992),
and based on the previous studies, the elastic properties of each phase were assumed. At last,
using the homogenization method, the elastic modulus and Poisson’s ratio of hybrid fiber
reinforced concrete was computed by assuming the ITZ as a single shell with constant

uniform properties throughout the hydration process.

Moreover, a micro-mechanical modeling approach was proposed by Duplan et al., (2014).
Based on the assumed and experimental values for elastic properties of different types
aggregates (clay, sand and rubber), ITZ and cement paste, the elastic modulus of mortar was
predicted using two different ways of homogenization method such as Mori—Tanaka method
and self-consistent approach and compared with experimental results. A two-dimensional
plane strain microstructural finite element model by considering the local stress concentration
around the inclusions was developed by Das, Maroli and Neithalath, (2016) to predict the
elastic behavior of the matrix. By considering the elastic properties of each phase in mortar
such as hardened cement paste, quartz, ITZ for quartz, light weight aggregate and ITZ for

light weight aggregate and generated representative element area consisted of
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abovementioned phases, were numerically analyzed using finite elements by invoking
periodic boundary conditions. Finally, the predicted results were compared with experimental

results as well as the results of different homogenization methods.

2.4  Durability of cementitious material

Assessing the durability performance of both new and existing concrete structures remains
one of the most significant challenges, particularly while considering the effective longevity
of the structure. In turn, this is dictated by the capability of the concrete structures for a large
extent to resist numerous deterioration processes such as transportation of ions, gas (mainly
carbon dioxide) and moisture, alkali-aggregate reactions and frost damage (Hatanaka et al.,
2003; Gasch, Eriksson and Ansell, 2019). Worth to note that among the varying processes,
chloride ingression and carbonation are most serious degradation process in reinforced
concrete structures, specifically for those exposed to such environments as air-bone chlorides
in marine regions and deicing salts in cold regions (Chindaprasirt, Rukzon and Sirivivatnanon,
2008; Q. F. Liu et al., 2014; Xie, Dangla and Li, 2021). Under these environments, the
abovementioned processes occur concurrently, thus leading to increase the risk of
reinforcement corrosion. Additionally, the transport of ions involves chemical reactions
between hydration products and pore solution, causing dissolution and precipitation in the

hydrated matrix.

The microstructural changes due to the chloride ion ingression is conceptually shown in
Figure 2.8. During the exposure condition (NaCl solution is considered herein for example),
chloride ion enters the concrete structure through adsorption on the surface of the hydration

products and diffusion through the pore network. The pH of the hydrated matrix is high
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(approximately above 13), yet the pH of the exposure solution is typically neutral (pH 7).
Therefore, pH of the exposed surface reduces due to the leaching out of OH- ion from the
matrix. To maintain the chemical equilibrium in the exposed surface and solution, other ions
such as Ca*™?, K* also leach out from the matrix as shown in Figure 2.8. However, because of
low concentration of Ca™ ion in the pore solution and low pH in the exposed surface,
portlandite and C-S-H dissolve to maintain the concentration Ca*2. As the result, the porosity
of the hydrated matrix increases with exposure time. In addition, the chloride ion penetration
increases due the increased porosity, hence raises the risk of reinforcement corrosion.
Chloride solid phases such as Friedel’s salt also forms near to the exposed surface, while some
part of the chloride ions are adsorbed by the surface area of the C-S-H (Song et al., 2021).
The bound chloride by precipitation of Friedel’s salt or adsorbed by C-S-H has no effect on
the corrosion of steel bars. However, the free chloride in the pore solution causes the

reinforcement corrosion in the concrete structure.
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Figure 2.8: Schematic diagram for chloride ion transport in hydrated matrix

Carbonation of cement-based material is another complex process, altering the

microstructural properties and performance of material underneath atmospheric conditions.
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Decreasing the pH in carbonation is the utmost significant effect in the hydrated matrix, as
the corrosion of reinforcement is accelerated by low pH due to the dissolution of thin oxide
passive layer protecting the steel bars at lower alkaline conditions (Phung et al., 2016).
Alternatively, carbonation shows in positive effects in cement basted material. During the
carbonation process, the deposition of carbonation products (mainly calcite and silica gel)
occurs in pores, benefits to matrix densification, and contributing to the development of
mechanical properties and to the decrease of the transportation of hazardous ions (Phung et

al., 2016; Song et al., 2021).

The structures near to marine environment undergo complicated chemical and physical
reactions due to the combined ingression of chloride and carbonation. As previously indicated,
the bound chloride phases such as Friedel’s salt and adsorbed chloride by C-S-H have no
effect on the reinforcement corrosion. However, most of the hydration products such as
portlandite and C-S-H dissolve in the alkaline condition, which reduces the bound chloride
phases in the hydrated matrix. Because, the portlandite and monosulfate which are essential
to form the Friedel’s salt, are dissolved by the carbonation, and due to the dissolution of C-S-
H, only low amount of chloride would be adsorbed by C-S-H surface (Song et al., 2021).
During the transportation of carbon dioxide gas, carbonates in the pore solution react with
monosulfate to form carboaluminate phases such as hemi carboaluminate and mono
carboaluminate. Incorporating the chloride ions into these carboaluminates phases are more
difficult than monosulfate (Song et al., 2021). Thus, the chloride binding capacity in the
hydrated matrix is decreased, leading to have more free chloride ions in the solution which
triggers rapid corrosion of the reinforcement. It is manifest that the coupled reactive-transport

models are necessary to understand the effect of transportation of ions and gas on
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microstructure and mechanical properties of hydrated matrix for long-term analysis.

2.5  Existing model for transportation process

A coupled reactive transport model using COMSOL and GEMS packages coupled by Java
interface was developed by Azad et al., in 2016 to simulate the ionic transport of porous
matrix under the saturated condition. COMSOL was used for ions transportations using the
Nernst—Planck equation, and GEMS was used for geochemical calculations supported by
thermodynamic database of CEMDATA for cementitious material. The developed model was
validated with OpenGeoSys-GEMS model and HYTEC model. Another COMSOL-
PHREEQC model was developed via a multi-dimensional and multi species transport model
for cement based materials (Guo et al., 2018). The open-source geochemical package called
PHREEQC was used herein to calculate the thermodynamic calculations including the phase-
equilibrium and surface complexation reactions, and Nernst-Planck Equation in COMSOL
was used to predict the ions transportations under the saturated condition of the hydrated
matrix based on the defined exposure conditions. The required input parameters such as ion
concentrations in the pore solutions, amount of hydration products and porosity of the
hydrated matrix were taken from the previous studies. The model was verified with

experimental results of chloride ion penetration reported in the previous studies.

Furthermore, to simulate the multi-ionic transport through hydrated matrix, a combined
model consisted of phase-equilibrium model, a surface complexation model, and a multi-
component diffusion model was developed using PHREEQC (Elakneswaran et al., 2010).
The adsorptions of chloride, potassium, and sodium on the surface of C-S-H were considered

in this model. The predicted chloride profile was verified with raw experimental results of the

29



hardened cement paste exposed to sea water and the experiment results reported in previous

studies.

Phung et al., (2016) has proposed a one-dimensional reactive transport model combined
advection and diffusion to simulate the carbonation under controlled CO2 pressure. The
carbonation degree, carbon dioxide uptake, amount of portlandite, porosity and transport
properties over time as well as space could be able to predict based on the considered
hydration products such as C-S-H and portlandite and calcite as carbonate phases. Very
recently, a reactive transport model to concurrent chloride diffusion and carbonation of the
concrete was developed by Xie, Dangla and Li, (2021). Here, similar to the assumptions made
by Phung et al., (2016), portlandite and C-S-H were considered as hydration products, and
calcite was taken as product from the carbonate phases. Moreover, in order to avoid the
complications, they assumed that the binding of chloride ion occurs only on the surface of C-
S-H. Another numerical model for combined transport of chloride ion and carbon dioxide gas
was analytically developed by Shen et al., (2019), wherein the effects of temperature, relative

humidity and concentration of carbon dioxide in the air were studied.

2.6  Limitations in the existing models

Based on the presented comprehensive literature review, it is clearly perceived that in most
of the previously proposed models, the progression of microstructure could be predicted with
certain assumptions and simplifications. In fact, the realistic capturing of cement
microstructure is an intricate process, and by definition, the models represent an
approximation of the reality. But apparently, more assumptions and simplifications possibly

limit the application range and further developments of the models. There are also models,
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with certain assumptions and simplifications, reasonably predicting the responses of cement
materials. For example, better predictions have been reported to the models which only
employed the C-S-H and portlandite as hydration products (Constantinides and Ulm, 2004;
Koichi Maekawa, Ishida and Kishi, 2009; Zheng et al., 2010; Wu et al., 2012; Mazaheripour
et al., 2018). In some models, detailed microstructure has been predicted by considering the
cement paste as three phase material consisted of only the unhydrated clinker, hydration
products and porosity (Stefan et al., 2010). Few proposed models have ignored the volume of
C-S-H, but alternatively, considered only capillary porosity or gel space ratio to predict the
mechanical properties such as compressive strength (Bentz, 1999; Termkhajornkit et al.,
2014). For simplifying the computations, several studies have assumed the C-S-H matrix as
a single matrix with constant gel porosity ignoring the two types of C-S-H formation (Bentz,
1999; Haecker et al., 2005; Koichi Maekawa, Ishida and Kishi, 2009; Lavergne et al., 2018).
Moreover, the complex chemical reaction in the cement paste matrix is not considered in the

previous works (van Breugel, 1995a; Koichi Maekawa, Ishida and Kishi, 2009).

Furthermore, while predicting the mechanical properties of mortar and concrete through
microstructure, modelling the ITZ realistically into the concrete composite was continuously
a challenging process. For instance, during the prediction of Young’s modulus of concrete, Li
et al. (Li et al., 1999) failed to capture the overlapping between ITZs, which inevitably
affected the accuracy of the prediction. It is admitted that the unavailability of experimental
data on ITZ is the major hurdle that limits the developments of reliable and insightful
simulations of concrete, which consequently leads the researchers to deal with lot of
assumptions on properties of ITZ (Duplan et al., 2014; Aouissi et al., 2016; Chen et al., 2016;

Das, Maroli and Neithalath, 2016). Particularly, in most of the existing models, the ITZ layer

31



was assumed to be uniform with constant mechanical properties (Ramesh, Sotelino and Chen,
1996; Hashin and Monteiro, 2002; Aouissi et al., 2016). But, in real case, the clinker content
in ITZ reveals a gradient increase with the distance from aggregate surface (Nadeau, 2002).
Moreover, by ignoring time-dependent effects, the mechanical properties of ITZ were
assumed to be a specific ratio/ function of cement paste properties (Duplan et al., 2014; Das,

Maroli and Neithalath, 2016).

For modelling the transport properties, incorporation of hydration process, chemical reaction,
transportation process and appropriate coupling among them are essential. However, due the
complexity of the coupling process, most of the previously developed models did not consider
the hydration reaction simultaneously with transportation process (Phung et al., 2016; Guo et
al., 2018; Shen et al., 2019; Xie, Dangla and Li, 2021). Also, in most of them, hydrated matrix
was assumed to be fully saturated and gas phase was assumed to be nil in the pore solution
(Phung et al., 2016; Guo et al., 2018). Moreover, the models did not consider the detail
chemical reaction occurring inside the hardened cement matrix, instead C-S-H and portlandite
were assumed as hydration products and calcite was as carbonate phase (Phung et al., 2016;
Shen et al., 2019; Xie, Dangla and Li, 2021). Yet in reality, there are several other hydration
products including C-S-H, portlandite, ettringite, monosulfate, silicious hydrogarnet,
Friedel’s salt (from as chloride phase), calcite, carboaluminate phases (mono carboaluminat
and hemicarboaluminate), silica gel and alumina gel forming during the reaction of carbon
dioxide with hydration products. Their progression influences the pore structure of the matrix

and the ion concentration in pore solution.

The outcomes of above studies evidence that the assumptions and simplifications do not

necessarily affect the model outcomes as long as the consequences of the approach are
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covered appropriately. However, to simulate the properties of cement-based material more
realistically, the model should integrate all the constituents of hydration as well as
transportation comprehensively. Also, to make the model valid for wide range of applications
(i.e., generalization), the possible assumptions must be eliminated. Considering the previous
limitations in mind, the present doctoral study has been undertaken to develop a new model
to more realistically predict both mechanical and transport properties of cementitious

materials.
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CHAPTER 3

A TWO-STAGE MODEL FOR THE PREDICTION OF

MECHANICAL PROPERTIES OF CEMENT PASTE

3.1 Introduction

The microstructure is one of the most important factors that governs the evolution of
mechanical and transport properties of the Ordinary Portland Cement (OPC). When the OPC
reacts with water, various hydration products are formed, filling the pore structure and leading
to the formation of stiff product. Among the constituents, calcium silicate hydrate (C-S-H)
and capillary porosity are two important factors which contributes to the strengthening
(S"milauer and Bittnar, 2006; Jennings et al., 2007; Al-Ostaz et al., 2010; Wang and
Subramaniam, 2011; Termkhajornkit et al., 2014; Bahafid et al., 2018; Liu et al., 2019). The
C-S-H matrix has a high specific surface area, and that typically forms to around 50 — 60 %
of the hydrated cement paste; as the prime bonding agent, it tends to bind the steel
reinforcements, aggregates, sand and other hydration products with each other in hydrated
cement/ concrete (Papatzani, Paine and Calabria-Holley, 2015). Using scanning electron
microscopy and nitrogen absorption methods, several researchers have demonstrated that the
formation of C-S-H in the cement matrix occurs namely in two stages with different intrinsic
characteristics (Lawrence and Young, 1973; Tennis and Jennings, 2000). At the early stage
of the hydration process, the development of C-S-H occurs on the surface of cement particles,
and with the time, the cement particles are partially/ fully covered by C-S-H layer.

Subsequently, the formation of new C-S-H is induced within the space confined by the
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existing C-S-H, as the diffusion process continues to be occurred through the previously
formed C-S-H layer. The C-S-H formed under the confinement has higher density (hereafter
referred to be HD C-S-H) compared to the C-S-H formed at the early stage as the outer
product (hereafter referred to be LD C-S-H). Each of them forms not only with different
densities, but also forms with different volume fractions (Tennis and Jennings, 2000; Bernard,
Ulm and Lemarchand, 2003). As known, the porosity of the cement matrix decreases with
increasing hydration time due to the formation of hydration products. During the hydration,
however, the capillary porosity network establishes with different length scales depending on
the water to cement ratio (w/c) (Wang and Subramaniam, 2011). The cement matrix becomes
more susceptible when the capillary pores are evolved to be connected compared to that

progress individually.

The understanding and predicting the microstructure of cement paste are no doubt the most
complicated processes. However, with the aid of newly developed computer-based packages/
models, the prediction of microstructure of hydrated cement could be reasonably achievable
in the recent decades. CEMHYD3D model (Bentz, 1999), HYMOSTRUC model (van
Breugel, 1995b) and DuCOM model (Koichi Maekawa, Ishida and Kishi, 2009) are the well-
known models for the prediction of microstructure and intrinsic properties of cementitious
materials. The CEMHYD3D model is based on discretization approach, in which the
microstructure of the cement matrix has been represented as a grid of discrete cubic elements.
The prediction of this model is bounded to the microstructure and compressive strength, and
the gel space ratio has been used for the prediction of compressive strength. In the
HYMOSTRUC model, vector approach is used for the prediction of microstructure,

simulating the cement hydration as growth of spherical particles with overlapping. In this
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model, the C-S-H and portlandite (CH) (prime components by weight) have been considered
for the determination of microstructure. On the other hand, the microstructure of the hydrates
in the DuCOM model is predicted by using the heat generation during the hydration process,
hence the mechanical properties are analytically evaluated. The predictions of this model are
based on unhydrated core, inner products, C-S-H and free pore spaces. In the recent past,
several simplified empirical and analytical models have also been proposed for the
predictions of volume of unreacted clinker, hydration products and capillary porosity, hence
linked to the mechanical properties of cement paste (Constantinides and Ulm, 2004; Haecker
et al., 2005; Stefan et al., 2010; Zheng et al., 2010; Wu et al., 2012; Hlobil, Smilauer and
Chanvillard, 2016; Bahafid et al., 2018; Lavergne et al., 2018; Mazaheripour et al., 2018).
Among them, Hlobil, Smilauer and Chanvillard (2016) have proposed an analytical multi-
scale model to air-entrained cement by approximating the finite element simulation, in which
the volume fractions of hydrates had been occupied from the abovementioned CEMHYD3D
model and CemBase. A similar multi-scale model has also been developed by using the vector
approach to predict the Young’s modulus and Poisson’s ratio of oil well cement (API class G)
with varying temperatures (Bahafid et al., 2018); as the reaction mechanisms of oil well

cement differ from that of OPC, this model could not fit well for the simulations on OPC.

In most of the previously proposed models, the progression of microstructure could be
predicted with certain assumptions and simplifications. In fact, the realistic capturing of
cement microstructure is an intricate process, and by definition, the models represent an
approximation of the reality. But apparently, more assumptions and simplifications possibly
limit the application range and further developments of the models. There are also models,

with certain assumptions and simplifications, reasonably predicting the responses of cement
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materials. For example, better predictions have been reported to the models which only
employed the C-S-H and portlandite as hydration products (Constantinides and Ulm, 2004;
Koichi Maekawa, Ishida and Kishi, 2009; Zheng et al., 2010; Wu et al., 2012; Mazaheripour
et al., 2018). In some models, detailed microstructure has been predicted by considering the
cement paste as three phase material consisted of only the unhydrated clinker, hydration
products and porosity (Stefan et al., 2010). Few proposed models have ignored the volume of
C-S-H, but alternatively, considered only capillary porosity or gel space ratio to predict the
mechanical properties such as compressive strength (Bentz, 1999; Termkhajornkit et al.,
2014). For simplifying the computations, several studies have assumed the C-S-H matrix as
a single matrix with constant gel porosity ignoring the two types of C-S-H formation (Bentz,
1999; Haecker et al., 2005; Koichi Maekawa, Ishida and Kishi, 2009; Lavergne et al., 2018).
The outcomes of above studies evidence that the assumptions and simplifications do not
necessarily affect the model outcomes as long as the consequences of the approach are
covered appropriately. However, to simulate the cement responses more realistically, the
model should integrate all the constituents of hydration comprehensively. Also, to make the
model valid (generalization) for wide range of applications, the possible assumptions must be
eliminated. Therefore, addressing the limitations found in the currently available models, a
two-stage model is proposed here to predict the volume fraction and mechanical properties

of OPC more appropriately.

The model proposed in this research work consists of two stages, Stage-1: prediction of
volume fraction of hydrates and Stage-2: multi-scale model. Thermodynamic model coupled
with cement hydration model is used to predict the detailed microstructure of the hydrated

cement. For the prediction of volume fraction of the hydrates, two types of C-S-H are
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considered into account in a more realistic manner. The multi-scale model is proposed to
predict the mechanical properties such as compressive strength, Young’s modulus and
Poisson’s ratio using the hydration results. As C-S-H and capillary porosity are the most
dominant components for the development of mechanical properties, C-S-H space ratio is
incorporated in the place of gel space ratio. Finally, all the model predictions at each stage

are validated using the experimental results available in the literature.

Significance and originality

The study presented herein fills several research gaps found in the previous models as outlined
in the previous section. The formation of two types of C-S-H with the distinct properties is
originally considered in the model. Unlike most of the previously proposed models (in which
the simplified gel space ratio concept has been used, eliminated the vital role of C-S-H), the
computation of mechanical properties herein is based on the detailed microstructure of
hydrated cement paste. Besides, among the hydration products, the priority is given to the
volume fraction of two types of C-S-H and capillary porosity, which could realistically
simulate the responses of the cement paste. Moreover, the detailed computation for the
prediction of chemical shrinkage is carried out using the reaction rate of clinker mineral from
the cement hydration model, and subsequently, the capillary porosity is predicted more
accurately by considering the two types of C-S-H, chemical shrinkage and other possible
hydration products. In the application point of view, the Stage-1 model can be used to predict
the volume fraction of hydration products, hence it can be effectively related to the
mechanical and transport properties of cementitious material. The proposed Stage-2 model
can potentially be used for the selection of construction material, designs and structural

analysis with the time dependent material properties, while reducing the waste of time, cost,
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material and manpower compared to that in the conventional approaches.

3.2  Model description

Figure 3.1 presents the entire outline of the two-stage model proposed in this research work
(called HyMeC). As illustrated, the fundamental characteristics such as clinker compositions,
physical properties, boundary conditions and mixture recipe are the required input parameters
of this model. The hydrated OPC matrix typically consists of C-S-H, portlandite, ettringite,
monosulfate, hydrotalcite, Fe-siliceous hydrogarnet, capillary pores and etc. The volumetric
prediction of the hydrates is envisioned in Stage-1 of this model. The basis of Stage-1 includes
the relative humidity model, thermodynamic model, cement hydration model and model for
the volumetric prediction, and those models are described in the subsequent sections. In
Stage-2, the mechanical properties of cement paste have been systematically predicted from
the volume fractions of the hydrates computed in Stage-1. The overall modelling approach is

comprehensively described below.
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Figure 3.1: Schematic diagram for the proposed model

3.2.1 Relative humidity (RH) model

40

RH significantly influences the formation of hydration products and mechanical properties,
as the rate of hydration reaction decreases with decreasing RH of the cement paste (Jiang,
Sun and Wang, 2006; Wyrzykowski and Lura, 2016). Moisture diffusion and self-desiccation
are the main reasons for the decreasing of internal RH of hydrated cement paste especially in
low w/c paste. Due to the decrease in internal RH (in the pore spaces) of the hydrated cement

paste, the reaction of hydration would occur at slower rates and, development of material



properties may be hampered, particularly in cement with low w/c compared to that with fully
saturated condition (Chen et al., 2013). Therefore, the proposed two-stage model required to
employ the appropriate evolution of RH with hydration process for accurate prediction of
hydrates and mechanical properties. As a preliminary step, simple empirical formulas were
developed (by regression method, wherein the outcome variable was RH, and the predictor
variables were hydration period and w/c ratio) for sealed conditions using experimental
results reported in the previous studies, to predict the internal RH of hydrated cement paste

with different w/c as presented in Eq. (3.1) and (3.2).

For w/c > 0.4,

w
c

RH (%) = 100 (007 (5)-00435) (3.1)
For w/c <0.4,

(0.375 (%)2—0.0375 (%)—0.0625)

RH (%) = 100 ¢t 3.2)

where, w/c is water cement ratio, and t is hydration period. As the RH rapidly decreases in
low w/c paste (w/c < 0.4) under the sealed condition compared to that at high w/c paste (w/c
> 0.4), two formulas were derived herein to predict the realistic behavior of internal RH with

different w/c ratio.
3.2.2 Thermodynamic model

Several studies have revealed that the thermodynamic model linked with complete set of
precise thermodynamic databases, could reliably predict phase assemblages of hydrated

cement and chemical compositions (Feng, Miao and Bullard, 2014; Lothenbach et al., 2019).
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Herein, the thermodynamic calculations were performed using Geochemical software
PHREEQC (an open-source package). This software has also been used previously by several
researchers to predict the hydration products of cementitious material (Elakneswaran et al.,
2016, 2019; Zhang et al., 2017). The thermodynamically stable solid phases and pore solution
composition in the hydrated cement matrix (with hydration time) are predicted from the
reaction of clinker mineral using the phase equilibrium module in PHREEQC. The
equilibrium calculations in phase-equilibrium module in PHREEQC are based on the solving
the law of mass action (LMA) equations (Lothenbach and Zajac, 2019). The Cemdatal8
(Lothenbach et al., 2019) along with PHREEQC default thermodynamic database (Parkhurst

and Appelo, 1999) were used in this work.

3.2.3 Cement hydration model

The popular cement hydration model developed by Parrot and Killoh (L.J. Parrot and Killoh,
1984) was adopted in this study. As previously demonstrated by several researchers
(Lothenbach, Matschei, et al., 2008; Feng, Miao and Bullard, 2014; Lavergne et al., 2018)
this model could accurately predict the realistic dissolution rate of individual clinker minerals
as a function of hydration time. The prediction of this model is based on set of empirical
formulas described in Eq. (3.3) — Eq. (3.9). Initially, nucleation and growth rate (Eq. 3.3),
diffusion rate (Eq. 3.4) and hydrates shell formation rate (Eq. 3.5) are calculated as a function
of previous hydration rate of the specific clinker minerals. Afterwards, the controlling rate of
hydration is selected based on the minimum of nucleation and growth rate (Eq. 3.3), diffusion
rate (Eq. 3.4) and hydrates shell formation rate (Eq. 3.5). Finally, hydration degree (a{*) for
the time t and mineral m is computed from Eq. (3.6) for the time interval At by considering

the specific surface area, water cement ratio, temperature and relative humidity of the cement
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paste.

Nucleation and growth rate (R{’}
RYY = (1 —a)(=In(1 — &)=
1

Diffusion rate (R,

2
_ K(-aM?
Rz =—""—"%
1-(1-a")'3

Hydrates shell formation (R{’s
0y = K3(1—a™)"

Hydration degree of a clinker mineral (a{")

. A Ef* (1 1
af* = oy + At min (RY3, R, RYS) - Bwy, - Ap - exp (T‘j(T_o_;))

where,
Buwj. = (1+3333- (H™ -2 —a,_,))* forae, > H™-2
pw,, =1 fora,_; < H™ %

RH—0.55
Arn = ( 0.45 )t

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

where, w/c is the water cement ratio, a;_; is the total degree of hydration at the previous

time step, RH is relative humidity, A is the Blaine surface area of the cement (m?/kg), Ao is

the reference surface area of cement (385 m?/kg), EM™ is the apparent activation energy of
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clinker mineral, TO is the reference temperature (293.15 K), T is the temperature, and Ki, Ny,
K>, K3, N3, H are equation constants related to the type of clinker mineral. The values of
constants used for the calculations (Eq. 3.3 — 3.9) are tabulated in Table 3.1 (Lothenbach, Le

Saout, et al., 2008; Lothenbach, Matschei, et al., 2008).

Table 3.1: The values of constants for the calculations of hydration degree of clinker

minerals

CsS Ca:S CsA C4AF
Ki 1.5 0.5 1 0.37
N1 0.7 1 0.85 0.7
K2 0.05 0.006 0.04 0.015
K3 1.1 0.2 1 0.4
N3 33 5 3.2 3.7
H 1.8 1.35 1.6 1.45

Ea (J/mol) 41,570 20,785 54,040 34,087

Herein, to predict the solid assemblage of hydration products and dissolution of clinker
minerals by weight percentage with hydration period, the coupled thermodynamic and cement
hydration model (Elakneswaran et al., 2016) was used. As the next step, the model was
expanded to predict the volume fraction of hydrates which are the input parameters for the

multi-scale model i.e., Stage-2 (Figure 3.1).

3.2.4 Prediction of volume fraction of the hydrates

As discussed earlier, the formation of two types of C-S-H (LD C-S-H and HD C-S-H) were

considered in this model to predict the volume fraction of hydrates more accurately. The total
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weight of C-S-H matrix predicted from the thermodynamic model was further distinguished
as LD C-S-H and HD C-S-H using the relationship (Eq. 10) proposed by Tennis and Jennings
(Tennis and Jennings, 2000). In their experimental work, surface area of C-S-H was measured
by nitrogen adsorption, hence the Eq. 3.10 was developed through multiple linear regression.
Here, the proposed relationship directly pronounces the mass ratio of LD C-S-H, as the
surface area that had been measured by nitrogen adsorption was only contributed by the LD

C-S-H.
M, = 3.017.%. a —1.347.a + 0.538 (3.10)

where Mr is ratio of the mass of LD C-S-H to the total mass of C-S-H, w/c is water cement
ratio and a is degree of hydration. The average densities of both C-S-H were obtained from
the literature (Jennings et al., 2007), 2000 kg/m* and 1700 kg/m® for HD and LD C-S-H
respectively. Basically, the total volume of gel porosity in the cement is reliant to the volume
of C-S-H matrix. As the thermodynamic model could not predict the gel porosity, the reliable
porosity values for LD C-S-H and HD C-S-H were obtained from the literatures, which are

36% and 26 % respectively (Jennings et al., 2007).

Due to molar volume difference of the hydration products and clinker minerals, there is a
reduction in the sum of reaction products compared to reactants during the hydration process,
and this difference can be defined as chemical shrinkage. This shrinkage typically causes self-
desiccation and autogenous shrinkage, leading to cracking and failure in low water cement
paste (Zhutovsky and Kovler, 2009; Chen et al., 2013; Hu et al., 2018). In the previous
research works, the chemical shrinkage was either neglected or assumed to be constant

percentage of reacted cement for simplifying the computations (Termkhajornkit et al., 2014),
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(Bentz, 2006). However, those assumptions made for chemical shrinkage would considerably
affect the volume prediction of capillary porosity. Therefore, in this proposed model, the
detail calculation for the prediction of chemical shrinkage were carried out. The chemical
shrinkage coefficients of each type of clinker minerals are shown in Table 3.2 (Bentz, Lura

and Roberts, 2005).

Table 3.2: Chemical shrinkage coefficients

Coefficient/
Cement phase
(g water/ g solid cement phase)

CsS 0.0704
C2S 0.0724
C3A (Convert all C3A to ettringite) 0.171
C3A (Convert all C3A to Monosulfoaluminate) 0.115
C4AF (Convert all C4AF to ettringite) 0.117
C4AF (Convert all C4AF to Monosulfoaluminate) 0.086

The volume of all the other hydration products was computed by using their molar volumes.
Finally, the capillary porosity of the cement matrix was estimated as balance of the system,
obtained from the difference between initial volume and final volume of hydration products,

chemical shrinkage and unreacted clinker minerals as described in Eq. (3.11).
Degp = Vi — Vye + Vp + Ves) (3.11)

where, ®cqp is volume of capillary porosity, Ves is chemical shrinkage, V; is initial
volume of cement paste, Vy. is volume of unreacted clinker and Vyp is volume of

hydration products.
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3.2.5 Multi-scale model for predicting mechanical properties

In the proposed two-stage model, Stage-2 incorporates the multi-scale model (Figure 3.1),
systematically correlating the nano structural properties of C-S-H to micro performance of
cement paste in three hierarchical levels as conceptually illustrated in Figure 3.2. In Level 1,
the C-S-H matrix consists of LD C-S-H and HD C-S-H was considered at the characteristic
scale of 1 - 100 nm. Capillary porosity was included with C-S-H matrix in Level 2 at the scale
of 100 nm - 10 pm, referred as C-S-H foam (Figure 3.2). Finally, unreacted clinker minerals
and other hydration products were added to the model at Level 3. The characteristic scale of
the cement paste (Level 3) ranges 10 - 100 pm. In order to predict the mechanical properties
of the cement paste (compressive strength, Young’s modulus and Poisson’s ratio) from the
nano C-S-H matrix, the volume fraction of hydration products, clinker minerals and capillary

porosity obtained from the Stage-1 analysis, were used as the input parameters.

LD C-S-H
Clinker

C-S-H Matrix
LD + HD C-S-H

S~

C-S-H
globule

Capillary porosity

26 % gel porosity

Level 1 Level 2 Level 3
C-S-H matrix C-S-H foam Cement paste

Figure 3.2: Three levels of the multi-scale model: from C-S-H matrix to cement paste

Compressive strength

As per the hierarchical flow, the compressive strength of cement paste was predicted from the
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compressive strength of C-S-H matrix, from Level 1 to Level 3 (Figure 3.2). The volume
fraction of HD C-S-H existing in total C-S-H (® sy _pp) Was calculated by using Eq. (3.12).
The volume fraction of HD C-S-H (Vyp csy) and total volume fraction of C-S-H (V gy ) were

obtained at the volumetric prediction of hydration products.

v
Dcsp—np = %CHSH (3.12)

Depending on the volume fraction of HD C-S-H exists in total C-S-H, the actual packing

density of C-S-H matrix (.sy) was interpolated using Eq. (13).

Nesy = Nesu-1p + (Mesu—up — Nesu-1p) Pesu—np (3.13)

where, Nesy—p and Nesy—mpp are the packing densities of LD C-S-H and HD C-S-H
respectively, and their values were found to be respectively 0.63 and 0.76 (Constantinides and
Ulm, 2007). This packing density of C-S-H matrix can be directly related to the tensile

strength of C-S-H matrix (f; csy) as presented in Eq. (3.14) (Nemecek et al., 2018).

1.293 13.011 _ 1
feesw = fegion €XP (M) (3.14)

NcsH

where, f; 410p 1 the apparent tensile strength of C-S-H globule, and which was found to be
320 MPa (Hlobil, Smilauer and Chanvillard, 2016). Finally, to predict the compressive
strength of C-S-H matrix (f;csy ), the Griffith model (Griffith, 1924) was employed.
Generally, the constitutive behaviour of quasi-brittle materials (such as cement paste, mortar
and concrete) can be described by the following theories: plasticity, failure mechanics and
damage mechanics (Bazant and Planas, 1998; Jirasek and Rolshoven, 2009; Kim and Abu Al-

Rub, 2011). As similar theories (fracture material model, isotropic damage law and Rankine
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criterion) were used to derive Griffith theory, it is more likely to be applicable to cementitious
materials. Assuming that the scale down of cement (i.e. C-S-H matrix and foam) would also
disclose the brittle characteristics similar to hardened cement paste, the Griffith strength ratio
correspond to the brittle response (o./ct of 8, where oc is the compressive strength and ot is
tensile strength) was used to relate the tensile strength of C-S-H matrix (f;csy) and
compressive strength of C-S-H matrix (f; csy). Similar assumptions could also be found in
previous works (Hlobil, Smilauer and Chanvillard, 2016; Smilauer, Hlobil and Hlavagek,

2017).

In the second level, the compressive strength of C-S-H foam which includes C-S-H matrix
and capillary porosity was computed by using the C-S-H space ratio. It should be noted that
in the previous studies (Bentz, 1999; Lam, Wong and Poon, 2000; Termkhajornkit et al., 2014),
the C-S-H space ratio has not been considered, but instead, the gel space ratio was used to
simplify the computations. However, as well known, the C-S-H takes the leading role as the
active binding phase in the cement matrix (Hu et al., 2014); therefore, the C-S-H space ratio
(Ycsy) proposed by Hlobil, Smilauer and Chanvillard (Hlobil, Smilauer and Chanvillard,

2016) was appropriately considered in this level (Eq. 3.15).

1%
Yesu = o (3.15)

Ves+Peap

where, Vigy is the total volume fraction of C-S-H and @, is the volume fraction of
capillary porosity, and these could be obtained from the Stage-1 analysis. As presented in Eq.
(3.16), the compressive strength of C-S-H foam (f; csy roam) can be correlated with the C-S-
H space ratio (ycsy) (Hlobil, Smilauer and Chanvillard, 2016). Here, the fecsy 1s the

compressive strength of C-S-H matrix which has been obtained in the previous level (Hlobil,
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Smilauer and Chanvillard, 2016).

A(1-yE
fecsu foam = fecsn exp (— M} (3.16)

YcsH

A and B defined by Eq. (3.17) and Eq. (3.18) respectively, are the parameters as the function
of B which is the factor used to define the spatial distribution of C-S-H (gradient) within the
cement paste. As known, the amorphous C-S-H gel occupies the largest volume fraction in
the microstructure of hardened cement paste, and its spatial distribution is therefore largely
responsible for the mechanical properties. Typically, the distribution factor ranges between
0.4 and 1.0, depends on several factors such as heterogeneous nucleation, precipitation of C-

S-H and cement fineness (Hlobil, Smilauer and Chanvillard, 2016).

0.296(B—1)

A=1101exp (— 3

) (3.17)

B = —11.058p1%87 + 16.191p (3.18)

In the final level (Level 3), the multi-scale model was extended to predict the compressive
strength of cement paste (considered representative volume element (RVE) size is 100 pm)
which consist of C-S-H matrix, capillary porosity, unreacted clinker minerals and other
hydration products. The Eq. (3.19) describes the prediction of the compressive strength of
cement paste (f; ) from the compressive strength of C-S-H foam (f; csy foam). (Hlobil,

Smilauer and Chanvillard, 2016).

fc,cp = fc,CSH foam(0-758 + (1 - 0-758) exp(_zg-gq)inclusion)) (3-19)

where, @, cusion 1S the volume fraction of solids other than the C-S-H matrix, and which

was calculated from volume fraction of hydrates obtained in Stage-1. Finally, the compressive
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strength results predicted from the proposed model were compared with the experimental

results available in the literatures.
Young’s modulus

The Young’s modulus of the cement paste was also predicted using the multi-scale model
(Figure 3.2). In Level 1, the Young’s modulus of C-S-H matrix (E.sy) was computed with
the confluence of two types of C-S-H matrix as a function of volume fraction of HD C-S-H
existing in total C-S-H (®csy—pgp) (Eq. 3.20). The Young’s modulus of LD C-S-H (Ep csy)
and HD C-S-H (Eyp csy) were found to be 21.2 GPa and 27 GPa respectively (Constantinides

and Ulm, 2004).

ECSH = ELD_CSH + (EHD_CSH - ELD_CSH)CDCSH—HD (320)

The Young’s modulus of C-S-H foam (Ecsy foam) Was then calculated from the results
obtained in Level 1 using the relationship expressed in Eq. (3.21) (Hlobil, Smilauer and

Chanvillard, 2016).

Osu—1
Ecsu_foam = Ecsn exp(C*2=) (3:21)

Here, ycsy 1s the C-S-H space ratio, and the parameters C and D can be explained in terms

of B (Eq. (22) and Eq. (23) respectively).

ﬁ0.0Z_l

C = 082 exp (~4.949 =) (3.22)
ﬁ0.0Z_l
D = 1.818 exp (4:310 —5) (3.23)

Finally, the predicted modulus of C-S-H foam (Level 2) was used to predict the Young’s
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modulus of the cement paste (E,) from Eq. (3.24) (Hlobil, Smilauer and Chanvillard, 2016).
Ecp = ECSH_foam (1 + cDinclusion (0-0102Eincl + 0'278Eg:921-1f0am)) (3-24)

where, Ej,. is the is the Young’s modulus of solids in cement matrix excluding C-S-H. The
Einci Was calculated as summation of volume fraction multiplies by its Young’s modulus

(O E; - V) presented in Table 3.3.

Table 3.3: The Young’s modulus and Poisson’s ratio of all the constituents of hydrated

cement matrix

Inclusions Young's Polsson’s Reference
modulus (GPa) ratio

CsS 135 0.3 (Velez et al., 2001)
C2S 130 0.3 (Velez et al., 2001)
GA 145 0.3 (Velez et al., 2001)
C4AF 125 0.3 (Velez et al., 2001)
Portlandite 423 0.324 (Haecker et al., 2005)
Ettringite 26 0.4 (Zajac et al., 2018)
Monosulfate 30.2 0.3 (Zajac et al., 2018)
Fe-Siliceous hydrogarnet 167 0.3 (Zajac et al., 2018)
Hydrotalcite 30.2 0.3 (Zajac et al., 2018)
Gypsum 45.7 0.33 (Haecker et al., 2005)

Poisson’s ratio

In Level 1, the bulk modulus (K, p/up csy) and shear modulus (Gyp/pp csy) of the LD C-S-H
and HD C-S-H were individually computed from Eq. (3.25) and Eq. (3.26) respectively using

moduli of the C-S-H crystals (Al-Ostaz et al., 2010). The bulk and shear moduli of C-S-H
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crystals are found to be 43 GPa and 26 GPa respectively (Manzano et al., 2007).

4 G (1-®)
KLD/HD CSH = m (3.25)
Ks
Gs (1—®) (8Gs+9Ky)
GLD/HD CSH = (3.26)

6D (2Gs+K;)+8Gs+9K;

where, K is the bulk modulus and G is the shear modulus of the C-S-H crystals, and @
is the gel porosity. Based on the Eq. (3.27) and Eq. (3.28), the bulk (K.sy) and shear (Gsy)
moduli of C-S-H matrix were interpolated using the volume fraction HD C-S-H existing in

the total C-S-H (CDCSH—HD)'
KCSH = KLD_CSH + (KHD_CSH - KLD_CSH)CDCSH—HD (327)

Gesy = Grp csu + (Gup csu — Grp csu)Pesu—np (3.28)

where, K;p csy and Kyp csy are the bulk moduli of LD and HD C-S-H respectively
obtained from Eq. (3.25), and G,p csy and Gyp csy are shear moduli of LD and HD C-S-

H from Eq. (3.26).

In Level 2, to predict the Bulk modulus (K¢sy foqm) and shear modulus (Gesy roam) of the
C-S-H foam, the Eq. (3.25) and Eq. (3.26) were modified by replacing the bulk (K;sy) and
shear (G¢sy) moduli of C-S-H matrix and capillary porosity (Pcap) in the place of bulk and
shear moduli of C-S-H crystals and gel porosity as expressed in Eq. (3.29) and Eq. (3.30).

The bulk and shear moduli of C-S-H matrix were obtained from Eq. (3.27) and Eq. (3.28).

4G 1-®
KCSH_foam — 2Gcsn A-2cap) (3.29)

G
3<Dcap+4(ﬁ)
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G _ Gesa (1—Pcap) (8Gesy+9KcsH) (3.30)
CSH_foam 6®cap(2Gesp+Kcsp)+8Gesut9KcsH ’

In Level 3, the unreacted clinker minerals and other hydration products were additionally
added to the matrix of Level 2. In the Part I of Level 3, the unreacted clinker minerals were
inserted to predict the bulk modulus of homogenized martial which includes C-S-H matrix,

capillary porosity and unreacted clinker minerals as graphically illustrated in Figure 3.3.

Clinker —fes VRIS
PariTiy
[ .> N A A RN a R AR
2. | 4
= GEaidiaidiasy
G P
CSH + Capillary porosity Homogenized material

(CSH + Capillary porosity + Clinker)

Figure 3.3: Conceptual illustration of homogenizing the material (Part I of Level 3)

The Eq. (3.31) expresses the prediction of bulk modulus of homogenized material (K,) in
terms of bulk and shear modulus of C-S-H foam, bulk modulus of unreacted clinker (K jinker)
and volume fraction of clinker in the homogenized material (f;) (Zheng et al., 2010). The
bulk modulus of unreacted clinker (K jjnxerr) Was obtained as summation of volume fraction
of clinker multiply by its bulk modulus (}; K; - V;), and the individual Ki values were
calculated using the values of Young’s modulus and Poisson’s ratio of clinker minerals which
are listed in Table 3.3.

(Kclinker_KCSH foam)fc (3 3 1)
14 (1_fC)(KClinker_KCSH foam) )

K, = KCSHfoam +

4
KcsH foam*3GCSH foam
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As the next part (Part II) of the prediction of bulk modulus of cement paste, the other
hydration products were also added into the previous material (Figure 3.3) as shown in Figure

34.

A
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£499499444944442)
2320300000024
(S50 000000055005E)
EEEEIR LRI AR
[945409920499249929)
2225000040000y
2 BEERRVERRe
RN RN RSNy
QI00209540945%43
R0 00
SRS

Other hydration products

Homogenized material Homogenized cement paste
(CSH + Capillary porosity and Clinker)

Figure 3.4: Conceptual illustration of homogenized cement paste

To predict the bulk modulus of the cement paste (K,,), the Eq. (3.31) was amended by
replacing the bulk (K;,,) and shear (G,,) moduli of other hydration products, bulk modulus of
homogenized material (K, ) and volume fraction of homogenized material in the cement paste
(fum) in the place of bulk (K¢sy foam) and shear (Gesy foqm) moduli of C-S-H foam, bulk
modulus of unreacted clinker (K jinkerr) and volume fraction of clinker in the homogenized
material (f;) as expressed in Eq. (3.32). The bulk (K,,;) and shear (G,,) moduli of other
hydration products were calculated as summation of volume fraction multiplies by its bulk/
shear modulus (X;K; or G; - V;). The corresponding information of Ki and Gi were

computed using Young’s modulus and Poisson’s ratio data presented in Table 3.3.

(Ke=—Km)fhm

4
Km+§Gm

Theoretically, two sets of moduli are required for the computation of Poisson’s ratio of a
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material; therefore, bulk modulus (Eq. 32) of the cement paste together with Young’s modulus
(obtained from Eq. (24)) were used herein to predict the Poisson’s ratio (v) from the
fundamental relationship presented in Eq. (33). Finally, the predicted results were validated

with experimental results available in the previous studies.

y = Kop~Eep (3.33)

6Kcp

3.3 Results and discussion

3.3.1 Verification of RH model

The variations of internal RH of sealed cement paste of w/c 0.2-0.5 predicted from the
proposed Eq. (3.1) and (3.2) are illustrated in Figure 3.5 and compared with experimental
results of Jiang et al. (Jiang, Sun and Wang, 2006). It can be seen that the predicted results
are quite close to the experimental results. As expected, the maximum reduction of RH was
observed in w/c of 0.2, followed by w/c of 0.3. It can also be found that the drop of RH
increases with decreasing w/c ratio due to the deficiency of water for the hydration reaction,
leading to consume loosely bound water for hydration in low w/c paste. The predicted internal
RH of w/c 0.5 dropped to 95 % after 300 days, while for the w/c ratio of 0.2 at the same
hydration period was about 73 %. At the same time, the experimental results after 300 days
were 93.5% and 78.8% for w/c of 0.5 and 0.2 respectively. The similar tendency also was

reported by previous researchers (Chen et al., 2013; Wyrzykowski and Lura, 2016).
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Figure 3.5: Validation of RH with hydration period for w/c ratio of 0.2-0.5.

3.3.2 Prediction of volume fraction of hydrates

Figure 3.6 presents the variation of entire phase assemblage in volume with hydration period
predicted in Stage-1 at the given physical and chemical properties (C3S 62.2 %, C2S 18.3 %,
C3A 5.6 % and C4AF 9.8 % Blaine specific surface area 311 m2/kg and density 3.16 g/cm?)
for w/c ratio of 0.4 and the temperature at 20 °C as the reference. It can be seen that the
proportion of clinker content and capillary porosity were high in the cement paste initially.
With the increasing hydration period, the volume of clinker minerals decrease as hydration
reaction takes place, followed by the increase in the volume of hydration products. The

hydration products such as C-S-H, portlandite, ettringite, monosulfate, hydrotalcite and Fe-
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siliceous hydrogarnet are comprehensively predicted from the Stage-1 model as a function of
hydration period. Among the hydration products, the C-S-H (solid C-S-H and gel) and
portlandite are found to be existing in high quantity, and considerable amount of ettringite
and siliceous hydrogarnet are also confirmed. This prediction is in a very good agreement
with the fractions reported in many previous works (Tennis and Jennings, 2000;
Elakneswaran et al., 2016; Zajac et al., 2018), demonstrating the accurate predictability of the

model (Stage-1) proposed herein.

1
Chemical shrinkage
0.9
Capillary porosity
0.8 =
Gel porosity
0.7 -
.5 Siliceous Hydrogarnet
1;9 0.6 Hydrotalcite
&
qé 0.5 Monosulfate
8 04 .
;o 0 - Ettringite
0.3 Portlandite
02 Solid HD C-S-H
01 Solid LD C-S-H
0 Clinker
0.01 0.1 1 10 100 1000

Hydration time (Days)

Figure 3.6: Mineral assemblage of hydrated OPC with hydration period for w/c of 0.4.

Verification of chemical shrinkage

Figure 3.7 presents the predictability of the chemical shrinkage obtained from the proposed
model (Stage-1). It can be seen that the predicted results show fairly a good agreement with
the experimental results obtained from the previous study (Igarashi and Maruyama, 2011) for
w/c ratio 0.4 and 0.55. As predicted, the amount of chemical shrinkage increases with
hydration period with a decreasing rate, and this tendency is similar to that observed by

several other researchers (Deschner et al., 2012; Le Saott et al., 2013). By the end of 320
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days, the experimental and predicted chemical shrinkages (w/c of 0.4) are 0.0724 and 0.0777
respectively, and for the w/c of 0.55, the shrinkages are respectively 0.0646 and 0.0729,
suggesting the accurate predictability of the model. It can also be seen, during the entire
hydration process, higher chemical shrinkage is obtained for lower w/c ratio. As explained in
the previous section, this is due to the molar volume effects i.e., higher the content of cement

volume causes higher the hydration reactions, leading to high volume reduction in cement

paste.
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Figure 3.7: Validation of chemical shrinkage with hydration period for W/C ratio of (A) 0.4

and (B) 0.55.

59



Verification of capillary porosity

The capillary porosity verses the hydration period is presented in Figure 3.8, comparing the
results obtained from the proposed model with the experimental results reported by Igarashi
and Maruyama (Igarashi and Maruyama, 2011) for the w/c of 0.4 and 0.55. The space
employed by the water in the cement matrix is known to be the capillary pores (Sant, Bentz
and Weiss, 2011), and the predicted results excellently capture the typical non-linear decrease
with the increase in the hydration period. The initial porosity is apparently high, and when
hydration is in progress, the formation of hydration products continues to fill the existing
voids system, leading to a denser microstructure with decreasing porosity. In other words, the
decrease in porosity is equal to the increase in the solid fraction within the cement paste.
Several other researchers have also reported the similar tendency for both short and long
periods (Sant, Bentz and Weiss, 2011; Wang and Subramaniam, 2011; Singh et al., 2015). The
predicted capillary porosity of fresh mix is approximately 53 % and 62 % for w/c ratio 0.4
and 0.55 respectively, and the experimental results shows 56 % and 64 %. Only 5 % and 3 %
variations are observed between predicted and experimental results at the initial stage. After
the 320 days of hydration, experimental results for the w/c of 0.4 and 0.55 are 19.1 % and

28.4 % respectively, which are almost same as the predicted results (19.2 % and 28.5 %).
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0.55.
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3.3.3 Prediction and verification of compressive strength

The Figure 3.9 and Figure 3.10 illustrate the predictability of the proposed model for the
compressive strength with two independent sets of experimental results with hydration period
obtained from previous studies. The predicted results for w/c ratios of 0.3, 0.4, 0.5 and 0.6
are compared with experiment results (the experiments were in accordance with that reported
by Yoda et al. (Yoda et al., 2018) (Figure 3.9), and Figure 3.10 shows the comparison
between predicted and experimental results for w/c 0.4 and 0.55 taken from the study of
Maruyama and Igarashi (Maruyama and Igarashi, 2014). The compressive strength of the
hardened cement paste is size dependant; therefore, the considered RVE size of the cement
paste in model needs to reasonably match with size of the experiment specimens. As per the
previous reports, the RVE size of 100 um or above could reliably capture the strength
responses of the cement specimens of 100~200 mm in height or length (Rupasinghe et al.,
2017; Konigsberger et al., 2018). In this study, the considered RVE of hardened cement paste
corresponds to 100 um, and the size of the experiment specimens used herein to validate is
100 mm in height and 50 mm in diameter, suggesting compatibility for reliable predictions.
As the loading faces of the specimens were polished well prior to the compression tests in
both experimental works (Maruyama and Igarashi, 2014; Yoda et al., 2018), the experimental

boundary conditions can be considered to be in consistent with the model.

The proposed model shows excellent prediction for different w/c ratio ranging from 0.3-0.6
with varying hydration time. It is also observed that the cement paste with low w/c ratio gains
higher compressive strength compared to that of high w/c ratio, which is in a very good
agreement with the results reported by several researchers (Takahashi et al., 1997; Maruyama

and Igarashi, 2014; Yoda et al., 2018). This could be predominantly attributed to high
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production of C-S-H (prime binding agent) occurred in cement paste with low w/c ratio
(consisting high cement volume) during hydration. Moreover, the porosity decreases with
decreasing w/c ratio, leading the paste to a denser microstructure. As presented in Eq. (3.15),
the C-S-H space ratio therefore increase with decreasing w/c ratio, which eventually results
the higher compressive strength in low w/c paste as observed in Figure 3.9 and Figure 3.10.
It can also be seen that the model slightly underpredicts the early strength of the cement paste
compared to the experimental results reported by Maruyama and Igarashi (Maruyama and
Igarashi, 2014) (Figure 3.10). However, in Figure 3.9, the proposed model accurately
predicts the early strength for w/c ratios of 0.4-0.6. After 07 days of hydration period, the
compressive strength model shows a very good agreement with both independent sets of

experimental data (Figure 3.9 and Figure 3.10).
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Figure 3.9: Development of the compressive strength for w/c 0.3 — 0.6.
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The 0.7 of B value described in Eq. (3.17) and (3.18) showed the best fit to w/c of 0.3; similarly,
the value of 0.8 to w/c 0.4 and the value of 1.0 to w/c of 0.5, 0.55 and 0.6. It is worth to note
that the prediction suggests an increasing tendency of B with the increase in w/c ratio up to
0.5, and then it remains relatively to be a constant. This could possibly be due to the reason
that high w/c paste (w/c > 0.4) contains enough water for the hydration reaction, which leads
the C-S-H precipitation evenly distributed compared to that in low w/c paste. The previous
study has suggested that the B values fall within the range of 0.4 - 1.0 (Hlobil, Smilauer and
Chanvillard, 2016), and that fairly agrees with the values attained in this study. However, the
tendency of B has not been fully assessed yet covering all the w/c ratios in practice, hence a

comprehensive study on 3 is recommended for future work.
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Figure 3.11: Comparison of compressive strengths predicted in the proposed model and

existing models

As indicated earlier, CEMHYD3D and DuCOM models are some of the most frequently used
models to predict the microstructure and mechanical properties of cementitious materials.
Therefore, the predictability of the proposed model is compared with the predictions
involving CEMHYD3D and DuCOM models, using the data available in the literature
(Koichi Maekawa, Ishida and Kishi, 2009; Z. Liu et al., 2014) (Figure 3.11). In fact, the above
models were developed based on different concepts. Hydration mechanism of DuCOM model
was developed based on heat generation during the hydration process, hence the mechanical
properties are analytically evaluated (Koichi Maekawa, Ishida and Kishi, 2009). In
CEMHYD3D, on the other hand, the digital image of 3D microstructure was used to model

the microstructure (Bentz, 1999); it should be mentioned that the prediction results adopted
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herein for comparison had been encompassed the gel space ratio concept for evaluating the
compressive strength [(Z. Liu et al., 2014). The comparison, as seen in Figure 3.11, shows a
very good agreement between existing models (CEMHYD3D and DuCOM) and the proposed
scheme which involves coupled thermodynamic and cement hydration models for computing

the microstructure.

The effect of proposed RH model on predicting the compressive strength of cement paste
(using the input parameters reported in Yoda et al (Yoda et al., 2018)) for w/c 0.3-0.6 is
demonstrated in Figure 3.12. The predicted compressive strength for sealed condition (the
variation of RH was predicted using Eq. (3.1) and Eq. (3.2)) and fully saturated condition
(RH equals to 1) are compared. The high deviation is observed between saturated and sealed
condition for w/c 0.3 (approximately 26 % higher in saturated condition after 100 days),
followed by 0.4 (nearly 6 % difference after 100 days). Previously, Chen et al. (Chen et al.,
2013) also have reported a similar tendency for heat of hydration at saturated and sealed
conditions for the cement paste of w/c 0.3 (about 19 % difference after 7 days) and 0.4
(difference of 3 % for the same age). Furthermore, it can be clearly seen that the variation
between the results predicted from saturated and sealed conditions decreases with increasing
w/c ratio, and the effect of RH can be neglected for w/c higher than 0.4. This observation
confirmed that access to the external water permits higher degree of hydration in the low w/c
paste (w/c 0.3 and 0.4). On the other hand, the effect of external water is negligible for the
high w/c paste (w/c 0.5 and 0.6), as they contain enough water for the hydration reactions. As

demonstrated, the overall realistic behaviours are clearly reflected by the proposed model.
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Figure 3.12: Comparison of predicted compressive strength under sealed and saturated

condition.

3.3.4 Prediction and verification of Young’s modulus

The predicted and experimental results of the Young’s modulus of cement paste for w/c ratios
of 0.4 and 0.55 are shown in Figure 3.13. According to Figure 3.13, the proposed model
exhibits good agreement with experimental results obtained from the previous study
(Maruyama and Igarashi, 2014). The Young’s modulus values used herein for validations
were determined from two different experimentations: ultrasonic tests and compression
loading tests. The experimental size of the hardened cement paste used for ultrasonic test was
40 x 40 x 160 mm, and the specimens of @50 x 100 mm was used for loading tests. As
discussed in the previous section, for a reliable validation of the model, size compatibility
between model RVE size and experimental size of hardened cement paste needs to be
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carefully considered. For instance, Smilauer and Bittnar (2006) evaluated the effect of RVE
size in predicting the Young’s modulus, demonstrated that 50 um might be the reasonable
minimum size, above which the model reliably captures the evolution of Young’s modulus
during whole hydration period, regardless of the experimental size. Followed by, few studies
have revealed that incorporating higher RVE sizes (pretty much above 50 pum) in model
insignificantly impacts on size compatibility, hence preserving the predictability of Young’s
modulus. Therefore, the experimental data sets adopted herein for validation appears to be

compatible with the RVE size of the model.

It can be observed that the development of Young’s modulus reveals the similar tendency as
explained for the development of compressive strength (Figure 3.9 and Figure 3.10).
Regardless of w/c ratios, the values tend to increase exponentially at first, and afterwards
increase with a decreasing rate towards a stable state. Also, higher values of Young’s modulus
are predicted for the low w/c paste 1.e., w/c ratio of 0.4 compared to that of 0.55. In addition
to reported by Maruyama and Igarashi (Maruyama and Igarashi, 2014), similar trends in
Young’s modulus were also observed by previous researchers (Stefan et al., 2010; Wang and
Subramaniam, 2011; Mazaheripour et al., 2018). Similar f values which have been
demonstrated as used for the prediction of compressive strength in previous section, were
used herein (Eq. 3.22 and 3.23), and they could predict the Young’s modulus also more

accurately.
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Figure 3.13: Comparison of Young’s modulus of cement paste for w/c (A) 0.4 and (B) 0.55

3.3.5 Prediction and verification of Poisson’s ratio

Figure 3.14 presents the evolution of the Poisson’s ratio of cement paste obtained from the
proposed two-stage model for the w/c ratios of 0.4 and 0.55, comparing the experimental
results of Maruyama and Igarashi (Maruyama and Igarashi, 2014). The predicted results show
slightly an over estimation of Poisson’s ratio during the early age of hydration process. The
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model proposed herein for the Poisson’s ratio relies on two important assumptions such as (i)
the cement matrix is sphere, and (ii) the total volume of capillary porosity has been considered
to be with C-S-H matrix (with neither other hydration products nor unreacted clinker). And,
these assumptions could possibly be the reason for the overprediction of Poisson’s ratio at the
early stage. However, after around 10 days of hydration period, the results obtained from the
model agree well with the experimental results. For example, after 180 days, the experimental
and predicted results of Poisson’s ratio for w/c of 0.4 are 0.27 and 0.25 respectively, and 0.26
and 0.30 are obtained for w/c of 0.55. As cement particles exist in suspension form in the
water during the early stage, the Poisson’s ratio of fresh mix is equal to Poisson’s ratio of
water (0.5) (Stefan et al., 2010b; Maruyama and Igarashi, 2014), and that has been excellently
captured in the proposed model. When the hydration is in progress, the Poisson’s ratio of
paste decreases due to the formation of denser microstructure by replacing the solids in the
place of water. It can also be seen that the Poisson’s ratio increases with increase in w/c ratio,
as reported by Stefan et al. (Stefan et al., 2010), and the observed propensity is quite similar

to that observed for capillary porosity (Figure 3.8).
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Figure 3.14: Evolution of Poisson’s ratio of cement paste for w/c (A) 0.4 and (B) 0.55.
34 Conclusions

In this research work, a two-stage model has been proposed to predict the mechanical
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properties of OPC paste such as compressive strength, Young’s modulus and Poisson’s ratio
from the development of microstructure during the hydration process. In Stage-1, the volume
fraction of hydrates has been predicted by integrating (i) relative humidity model (ii)
thermodynamic model, (iii) cement hydration model and (iv) model for volumetric prediction.
The multi-scale model (3 levels from C-S-H matrix to cement paste) has been developed in
Stage-2 for predicting the above mechanical properties using the volume hydrates obtained
from Stage-1. From the analysis of the successfully developed model, the following

conclusions are drawn.

The behaviors of the relative humidity during the hydration process have been realistically
reflected through the proposed relationships as a function of w/c ratio and hydration period,
and the predicted results exhibit a fairly good agreement with experimental results for w/c of
0.2-0.5. The microstructure and porosity of the hydrated cement paste, in terms of volume
fraction, have been predicted using the integrated Stage-1 model, which comprehensively
expresses the variation of phase assemblage with hydration process for long periods. The
predicted chemical shrinkage and capillary porosity shows a very good agreement with
reported experimental results of w/c 0.4 and 0.55 in Stage-1 analysis. The proposed multi-
scale model (Stage-2) demonstrates accurate predictability of the mechanical properties of
cement paste. The predicted compressive strength excellently captures the realistic values for
the w/c ratios ranging from 0.3 — 0.6, and similarly, the Young’s modulus is predicted. The
computation of Poisson’s ratio also shows relatively good agreement with the available
experimental data of two w/c (0.4 and 0.55). However, the model slightly overpredicts the
Poisson’s ratio at early stage (before 10 days); thus, further validations are required with more

independent experimental results to generalize the Poisson’s ratio model.
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CHAPTER 4

PROPOSING A THREE-PHASE MODEL FOR PREDICTING

THE MECHANICAL PROPERTIES OF MORTAR AND

CONCRETE

4.1 Introduction

Mortar and concrete are the most widely used building materials in the global construction
industry. Owing to the diverse components such as cement hydrates, aggregates, and cement-
aggregate interfacial zones, they highly reveal a complicated microstructure. Number of
previous studies disclosed that their behaviours on the application of loads are determined by
intrinsic properties, which, at the micro-scale, are influenced by the water/cement ratio (w/c),
clinker compositions and degree of hydration of cement, while aggregate properties play a
significant role at the macroscale (Nadeau, 2003; Konigsberger et al., 2018). The properties
of bulk paste existing in the matrix of mortar and concrete are time dependent. As the
crystalline and semi-crystalline hydrates continue to evolve with hydration period, the
materials become more complicated to understand (Elakneswaran et al., 2016; Noguchi et al.,
2021). Therefore, optical determination of the mechanical properties of mortar and concrete

from their microstructure is of a great interest in industrial applications these days.

The occurrence of cement-aggregate interface (also referred to as interfacial transition zone,
ITZ) is related to the wall-effect originated by the aggregate surface that disturbs the normal

packing of cement particles (Hashin and Monteiro, 2002; Nadeau, 2002; Gao et al., 2018).
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During casting, the spatial arrangement of anhydrous grains becomes looser in the vicinity of
aggregate particles. In addition, micro-bleeding of fresh mix leads to the accumulation of
water near the surface of aggregate particles during the vibration of mixture and before setting.
As the result, clinker content exhibits an increasing distribution with the distance from the
aggregate surface, and a higher local w/c is attained in the ITZ of fresh mortar and concrete
(Hashin and Monteiro, 2002). In fact, the ITZ is not a definite zone, but a region of transition,
and a thickness ranging between 10-40 um is documented for typical mortars and concrete
(Hashin and Monteiro, 2002; Nadeau, 2002; Bernard and Kamali-Bernard, 2015; Zhu et al.,
2017). Because of its high porosity compared to bulk paste matrix, ITZ is typically considered
to reveal adverse effects on the performance of mortars and concretes, particularly on
transport and mechanical properties to a great extent (Hashin and Monteiro, 2002; Nadeau,

2002; Bernard and Kamali-Bernard, 2015; Zhu et al., 2017).

The thickness of the ITZ is found to be influenced by various casting factors such as curing
age, w/c ratio, aggregates properties (type, roughness, shape and size), aggregate content and
supplementary cementitious materials (Nadeau, 2002; Elsharief, Cohen and Olek, 2003; Gao
et al., 2014; Zhu, Provis and Chen, 2018; Huang et al., 2019). Recently, Huang et al. (2019)
investigated the I'TZ properties of both normal aggregates and light weight aggregates. Their
outcomes indicated that the ITZ between light weight aggregate and cement paste is stronger
and bonded without visible cracks compared to normal weight aggregates. High surface
roughness of the lightweight aggregate can be the reason, which allows to have an effective
mechanical interlocking, bringing advantages related to the strength of the aggregate-cement
system. It should also be noted that w/c ratio at the interface would be low due to high water

absorption of the lightweight aggregates, which leads to increased interfacial bonding
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strength in ITZ. Due to the tightened environmental policy on limiting aggregate exploitation
and ever-increasing price, finding substitutes for natural aggregate has drawn a great deal of
attention (Toghroli, Sajedi and Ibrahim, 2018; Ferraro et al., 2020; Jiang, Ling and Shi, 2020).
Involving artificial aggregates can be one potential alternative; following are some of such
widely used materials: coal fly ash, paper ash, cement kiln dust, municipal solid waste
incineration fly ash and bottom ash (Gesoglu, Ozturan and Giineyisi, 2006; Gunning, Hills
and Carey, 2009; Colangelo, Messina and Cioffi, 2015). Jiang et al. (Jiang, Ling and Shi,
2020) studied the performance of artificial aggregates on strength, I'TZ and drying shrinkage,
concluded that the artificial aggregates using waste concrete powder exhibits an enhancement
on ITZ thickness, i.e., lower ITZ thickness (30 um) was obtained for artificial aggregates
compared to that of natural aggregate (60 um) while improving mechanical properties of ITZ.
This was attributed to the further reaction in aggregates located at the outer layer made by

waste concrete powder with cement matrix, thus resulting in low porosity.

The concrete is characterized as a multi-phase material with several different representative
scales. At macroscopic scale, concrete is regarded as a homogeneous material, while at
mesoscopic scale, it is pondered to be consisting of coarse aggregates and mortar matrix
(Bernard and Kamali-Bernard, 2015). Further subdivisions of the mortar matrix produce fine
aggregates and hardened cement paste with pores embedded inside. It is well known that it is
unsuitable to model the concrete at a single scale, as its intrinsic features range from
nanometer-sized pores to millimeter-sized aggregates. Therefore, a multi-scale model can be
more appropriate to link different length features of concrete, hence to evaluate macro-
mechanical properties from micro-composition and micro-mechanical properties (Chen et al.,

2016; Haile et al., 2019). During the analysis, the properties computed at one scale,
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micrometers for instance, are inputted to the subsequent scale of the model, such as
millimeters. For evaluating the effective properties of multi-inclusion composites (such as
mortar and concrete), homogenization stepping scheme was repeatedly shown to be an
effective pathway (Gal and Kryvoruk, 2011; Chen et al., 2016; Brown, Allison and Sanchez,
2018; Haile et al., 2019; Li and Li, 2019). In this homogenization method, the properties are
assessed by averaging the stress and strain fields of material representative volume element
(RVE) featuring a “mesoscopic” length scale which is much larger than the characteristic
length scale of particles (inhomogeneities), but smaller than the characteristic length scale of

a macroscopic specimen (Chen et al., 2016).

As yet, many research were undertaken to determine the Young’s modulus and Poisson’s ratio
of concrete by both analytical and numerical methods. Earlier days, researchers attempted to
model the concrete simply as a two-phase material consisting coarse aggregates and mortar
matrix (Nilsen and Monteiro, 1993; Simeonov and Ahmad, 1995). Although the two-phase
model could provide approximate estimations, insightful results were not achieved. The
variation between real values and estimated values (in two-phase models) was later found to
be due to the ignorance of ITZ in concrete (Nilsen and Monteiro, 1993). Thenceforth, the
three-phase concept was incorporated by researchers in their models proposed to concrete by
considering the ITZ as a single layer around aggregates (Nilsen and Monteiro, 1993;
Simeonov and Ahmad, 1995). It should be noted, however, modelling the ITZ realistically
into the concrete composite was continuously a challenging process. For instance, during the
prediction of Young’s modulus of concrete, Li et al. (1999) failed to capture the overlapping
between ITZs, which inevitably affected the accuracy of the prediction. In fact, the

unavailability of experimental data on ITZ is the major hurdle that limits the developments
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of reliable and insightful simulations of concrete, which consequently leads the researchers
to deal with lot of assumptions on properties of ITZ (Duplan et al., 2014; Aouissi et al., 2016;
Chen et al., 2016; Das, Maroli and Neithalath, 2016). Particularly, in most of the existing
models, the ITZ layer was assumed to be uniform with constant mechanical properties
(Ramesh, Sotelino and Chen, 1996; Hashin and Monteiro, 2002; Aouissi et al., 2016). But, in
real case, the clinker content in ITZ reveals a gradient increase with the distance from
aggregate surface (Nadeau, 2002). Moreover, by ignoring time-dependent effects, the
mechanical properties of ITZ were assumed to be a specific ratio/ function of cement paste
properties (Duplan et al., 2014; Das, Maroli and Neithalath, 2016). Therefore, it is still needed
to develop reliable models by considering both gradient and time-dependent effects in ITZ

for precise computations of Young’s modulus and Poisson’s ratio of concrete.

The model proposed in this research work systematically integrates (i) cement hydration
model, (i1) thermodynamic model, (ii1) multi-scale model and (iv) homogenization scheme to
predict the mechanical properties of mortar and concrete in a realistic manner. By representing
mortar/ concrete as a three-phase composite material and based on previously proposed model
for w/c distribution in ITZ by Nedeau (2002), the mechanical properties of ITZ and bulk
paste/ mortar is computed with hydration period separately. Unlike most of the previously
proposed models (wherein constant properties of ITZ and bulk paste were used), the
computation of mechanical properties of ITZ and bulk paste is based on the detailed
microstructure of hydrated cement paste including two types of C-S-H, capillary porosity,
chemical shrinkage and other hydration products. Since the microstructure of cement matrix
varies depending on curing time, chemical composition of clinker, w/c and curing temperature,

the realistic computations of ITZ and bulk paste are emphasized in this proposed framework.
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Finally, the homogenization method is applied to predict the mechanical properties of the
materials. The wvalidity of the proposed model is verified with independent sets of
experimental data, and the effect of ITZ on the Young’s modulus and Poisson’s ratio is

investigated through sensitivity analysis for mortar and concrete.

4.2 Modelling strategy

The steps followed in the proposed model for mortar and concrete are clearly depicted in
Figure 4.1. The fundamental parameters such as clinker compositions, properties of clinker
and aggregates, mixture recipe and boundary conditions are the necessary input parameters
for computations. As conceptually illustrated in Figure 4.2, both the mortar and concrete are
considered as three-phase materials: (i) mortar: fine aggregates, ITZ and bulk paste, and (ii)
concrete: coarse aggregates, ITZ and mortar. It should be noted, as the ITZ consists of low
amount of clinker and high amount of water, it can be reasonably considered as a cement
paste with higher w/c (compared to the initial w/c of fresh concrete mix/ mortar mix). The
required mechanical properties of ITZ and bulk paste are separately computed from the
cement paste model developed in our previous work (Krishnya, Yoda and Elakneswaran,
2021). Finally, homogenization method was used to predict the mechanical properties of
mortar and concrete. The elaboration of modelling approach can be found in subsequent

sections.

78



Input parameters

Clinker compositions:- C;S, C,8, C;A, C,AF & Gypsum

Properties of clinker:- Blaine & Density

Properties of fine/ coarse aggregates:- Density, Young’s modulus, Poisson’s ratio & Particle size distribution
Mixing proportions:- W/C ratio, fine aggregate content & cement content

Boundary conditions:- Temperature & relative humidity
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Figure 4.1: Flow diagram of the model proposed for mortar and concrete
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Bulk paste/ Mortar

Aggregates
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Figure 4.2: Schematic diagram indicating three-phase of modelled mortar/ concrete

4.2.1 Properties of ITZ

The development of ITZ imposes adverse effect on the mechanical properties; therefore, the
properties of ITZ such as volume fraction and mechanical properties are required to be
predicted in a realistic manner. As discussed earlier, the aggregate properties are one of the
parameters that determine the thickness of the ITZ (Zheng, Wong and Buenfeld, 2009; Zheng,
Zhou and Jin, 2012), and the mechanical properties of ITZ vary with the hydration period.
Therefore, for a specific degree of hydration (i.e., for a specific curing period), the ITZ can
be considered as a single shell with uniform mechanical properties. Moreover, based on the

previous studies, the thickness is presumed to be 15 um for fine aggregate in mortar and 40
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um for coarse aggregate in concrete (Ma and Li, 2014; Maghsoodi, 2018; Li, Li and Wang,

2019).

The volume fraction of aggregate in typical concrete is more than 60%, thereby the spacing
between adjacent aggregates can only be a few times the typical ITZ thickness (Garboczi and
Bentz, 1997; Rupasinghe et al., 2017). Similar to that implemented in previous studies, the
volume fraction of ITZ is computed herein by considering the overlapping of ITZ shells using
the ‘void exclusion probability’ (Lu and Torquato, 1992). Principally, the void exclusion
probability is the volume fraction of the space not occupied by all the spheres and ITZ shells,
i.e., fraction of the bulk paste. Hence, the ITZ volume fraction f;r; for an ITZ thickness of

h can be expressed as,

firz =1 — fagg)(l —exp(—mp(ah + azh? + a3h3))) 4.1)
where,
_ 4R
1 —1_fagg 4.2)
4y = 4(R) n 12€,(R?) (4.3)

1_fagg (1_fagg)2

2/p2
s = 4 + 8€,(R) + 16A€5(R*) (4.4)

3(1-fagg) (1—fagg)2 3(1—fagg)3

2m(R?)

EZ= 3

(4.5)

with A being equal to 2, 3, and 0 for the Carnahan-Starling, scaled- particle, and Percus-
Yevick approximation, respectively (Lu and Torquato, 1992). However, by comparing with

numerical exact model data, Garboczi and Bentz (Garboczi and Bentz, 1998) suggested that
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A =0 is always the best choice for the simulation, thus, A is taken as zero in this work. p is
the total number of aggregates per unit volume, and @;, a, and a3 are functions of mean
aggregate radius (R) and mean square aggregate radius (R?) according to the aggregate
size distribution. According to previous studies (Garboczi and Bentz, 1998; Dridi, 2013), with
the assumption of uniform distribution by volume of aggregates, the remaining parameters

are calculated from aggregate size distribution as,

_ 9faggfi Tit+1
p= Z—4n(ri%|-1_ri3) In . (4.6)
(R"y = ¥ —Jagali _[Tiri -1 g (4.7)

amp(riy,—1) T

fagg 1s the volume fraction of aggregate. f; is the fraction of the total volume of aggregate
that has a radius between r; and 17,4, 1;< 7;41. A typical sieve analysis is expressed in
terms of the mass fraction passing or retained by a certain sieve size, which can easily be
converted to the form given here. If aggregates of different size have all the same density,
then mass fractions are the same as volume fractions. Once the ITZ volume fraction is known,

the volume fraction of bulk paste (fp;x ) is obtained by simple subtraction.

To represent the concrete or mortar of practical use, the proportion of each phase constituent
in the composite sphere should satisfy the following conditions (refer to Figure 4.2) (Zheng,

Zhou and Jin, 2012).

3

fagg = :_Cl; (4.8)
3
fagg + fitz = r_g 4.9)

Tc
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The local volume fraction of anhydrous cement in bulk paste (@ pyx) and ITZ (a, rz) are
computed from Nadeau (Nadeau, 2002). Moreover, the effective w/c of bulk paste and ITZ is

calculated based on Eq 4.10.

1-acpuik O AciTZ (4 10)

w/c =
/ bulk or ITZ Pc%c,bulk O7 Ac,ITZ

4.2.2 Multi-scale model

In computational material science, concrete is characterized as a multi-phase material with
different representative scales (Bernard and Kamali-Bernard, 2015). At mesoscopic scale, it
is focused to be consisting of coarse aggregates and mortar matrix; the mortar matrix can be
subdivided as fine aggregates and hardened cement paste; the hardened cement paste consists
of several hydration products, unreacted clinker and capillary porosity. Therefore, a multi-
scale model can be more appropriate for realistically predicting the behaviour of concrete and
evaluating the impact of compositions on the mechanical properties. Figure 4.3 presents the
organization of the multi-scale model proposed in this study, describing the levels and

constitutions for modelling the concrete.
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Figure 4.3: Representation of hierarchical model (multi-scale) proposed for concrete
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Model description for cement paste

The development of cement paste model (Level 1-3 of the multi-scale model) is described
briefly in this section. It should be noted that further detail of cement paste model can be
found in our previous work (Krishnya, Yoda and Elakneswaran, 2021). Here, as the first step,
the popular hydration model proposed by Parrot and Killoh (1984) was implemented to
predict the hydration products based on the considered input parameters such as clinker
composition, boundary condition and mixing conditions. Thermodynamic calculations were
performed using the open source geochemical (IPHREEQC) based on the estimated
dissolution rate of clinker minerals to predict the hydration products. Using the predicted
volume fraction of hydration products such as two types of C-S-H (Low density C-S-H and
High-density C-S-H), portlandite, ettringite, monosulfate, hydrotalcite, Fe-siliceous
hydrogarnet and calculated chemical shrinkage based on the reaction rate of each clinker
minerals, the capillary porosity with hydration period was predicted. The multi-scale model
initiating from C-S-H matrix (Level 1) and ending up with cement paste (Level 3) was then
used to predict the mechanical properties of cement paste. Figure 4.4 depicts the overall

procedure adopted in the cement paste model.
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Input parameters

Clinker compositions:- GC,S, C,S, CA, CL,AF & Gypsum
Physical properties:- Blaine and Density of cement
Mixing proportions:- W/C ratio
Boundary conditions:- Temperature & relative humidity
A time step B
L -c--- - - E E E EEEEEEEEE T ——_——-——————E—m T RN
’ Thermodynamic | Cement hydration model \
! calculations (Dissolution rate of clinker minerals) \
l Physical properties
[ Hvdrati duct ] Density
ydration products Porosity
Weight assemblage/ volume fraction of
hydration products
=
g‘) .é v
= 5 Multi-scale model
E %" (C-S-H matrix to cement paste)
=2
33
£
g

Mechanical properties

Compressive strength
Young’s modulus
Poisson’s ratio

Finished
time
duration

—

o e e e e em e e mm e e e mm e e e e e e = =

Figure 4.4: Flow diagram illustrating the procedure used to develop the cement paste model

Model description for mortar

In the model proposed for mortar, the aggregate is assumed to be inert with the cement in
order to eliminate the complexity of the model. The properties of ITZ and bulk paste vary

with w/c ratio, degree of reaction, aggregate content, and clinker properties. As illustrated in
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Figure 4.1, to predict the mechanical properties of ITZ and bulk paste, following parameters
are required: (i) clinker content, (ii) w/c ratio and (iii) volume fraction of ITZ and bulk paste.
Clinker content in ITZ and bulk paste is obtained from Nadeau (Nadeau, 2002), while the w/c
ratio and volume fraction are computed using Eq. 4.10 and Eq. 4.1, respectively. The above-
mentioned computations are then inputted to cement paste model (which is the integration of
cement hydration model, thermodynamic model, and multi-scale model) to predict the
mechanical properties. The predicted mechanical properties (of ITZ and bulk paste), volume
fraction of all three phases and considered mechanical properties of fine aggregate are finally
used to predict the mechanical properties of mortar such as Young’s modulus and Poisson’s

ratio using the homogenization method (as illustrated in Figure 4.5).

€))

Fine aggregates

Homogenizatign

approach

Equivalent inclusion

ITZ for fine aggregates
(b)
P
y:
it\ Homogenization
approach
A
4
Equivalent inclusion Equivalent matrix for mortar

Figure 4.5: Two step homogenization procedure of mortar: (a) the first step homogenization
of fine aggregates and ITZ and (b) the second step homogenization of equivalent inclusion

and bulk paste

The two-step homogenization method employed herein was developed by Christensen and
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Lo (1979). The method is based on three-phase sphere model for two-phase composite
material, which was developed to compute the effective bulk and shear modulus by assuming
that each individual aggregate has homogeneous particle size with equivalent elastic
properties and radius. The origin of this model was from the study by Eshelby (Christensen
and Lo, 1979). Following the evaluations, Christensen (1979) concluded that the
homogenization model can be more reliable than other generally used models such as
differential scheme and Mori-Tanaka model (1973), because the stress-strain field
interactions between different inclusions were considered in this model (Li, Zhao and Pang,
1999). This homogenization model was also implemented in several previous studies to
predict the effective properties of mortar and concrete (Li, Zhao and Pang, 1999; Chen et al.,
2016). As per the first step, the effective properties of two-phase composite made up of fine
aggregates and ITZ (shown in Figure 4.5(a)) are computed based on Eq. 4.11- Eq. 4.19

(Christensen and Lo, 1979).

BaggKagg—Kirz) BKiT2+4GITZ)

Kequ = Kirz + 3Kirz+4Grz+3(1-9agg) Kagg—Kirz) @.10)
Gequy 2 Gequ -
B2 + ¢ (Gm) D=0 (4.12)
B=38 (G“gg 1) 4-5 c)% 2 (63 (G“g" 1) +2 ) (z)% +
- G[TZ ( VITZ)rll agg G]TZ nz ERL! agg

5

Ga 3 Ga
252 (ﬂ — 1) n,® —50 (ﬂ - 1) (7 = 12vi77 + 8Vir)M2Dagg + 4(7 -

Grrz ag9 Girz

10virz)nzns (4.13)
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C=-4 Gagg 1-5 E 63G -1 2 03
- m ( VITZ)I].I agg G]TZ n2 + nans agg

5

Ga 3
504( —— )nz@agg +150 ( —— ) (3 = Virz)Virzn2Bagg + 3(15virz — 7)nans

Gtz Gitz

(4.14)

10 7

G G
D= 4( 299 _ 1) (5vipy — 7)r11¢agg (63 ( 299 _ 1) n, + Zmns) ¢3gg

Girz Girz

5

Gq a
252 ( ag _ )nszagg + 25 ( 01 1) Vs — DNaBagg — 3(5Virz + Dans  (4.15)

Grrz

n = (Gaﬂ ) (49 50vagngTZ) + 35 ( agg) (Vagg 21/ITZ) + 35(2vagg - VITZ)

Girz

(4.16)
Gagg agg
N2 = 5Vagg ( - —8)+7 (Gm +4) 4.17)
Gq
s =_-"" 22(8 — 10v;rz) + (7 — 5virz) (4.18)
ITZ

0. = —Jws 4.19
agg ( N )

faggtfiTz

where Kegq and Gegqy, are the effective bulk modulus and shear modulus of the equivalent

inclusions after the first step of homogenization. K, Gagg and v,g, are the bulk

99>
modulus, shear modulus and Poisson’s ratio of fine aggregates. K;r;, G;r; and v, arethe

bulk modulus, shear modulus and Poisson’s ratio of ITZ, and which are obtained from the

previous work (Krishnya, Yoda and Elakneswaran, 2021).

Since the mortar consisting of bulk paste and equivalent inclusion (as elucidated in Figure
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4.5(b)), the effective mechanical properties of mortar can be similarly computed by
homogenization approach. The Eq. 4.11 - Eq. 4.19 are amended by replacing the effective
properties of equivalent inclusion (@f, Gequ, Kequ and Vegqy) and bulk paste properties
(Gpuik» Kpuie and vpyyi) in the place of aggregate properties (Dqgg, Gagg> Kagg and
Vagg) and ITZ properties (Grz, Kirz and v;rz) to predict effective bulk modulus and shear
modulus of mortar (K0, Gmor)- The formula for volume fraction of equivalent inclusion in
mortar is provided in Eq. 4.20. The bulk paste properties (Gpyx> Kpuix and vpyx) are

obtained from the previous work (Krishnya, Yoda and Elakneswaran, 2021).

fagg + firz
= 4.20
®f faggt firz+ fpulk ( )
_ 9morGmor
Emor = 3Kmor+Gmor @.21)
Vimoy = o er—20mor. (4.22)

2 (3Kmor+ Gmor)

Theoretically, two sets of moduli are required for the computation of Young’s modulus and
Poisson’s ratio of a material; therefore, bulk modulus of mortar (K,,,,) together with shear
modulus of mortar (G,,,,) were used herein to predict the Young’s modulus (E;,,,) and
Poisson’s ratio (vy,,,) from the fundamental relationship presented in Eq. 4.21 and Eq. 4.22.

Finally, the predicted results were validated using experimental results.

Model description for concrete

In the proposed model (refer Figure 4.1), concrete is reliably assumed as three phase material
consisting of coarse aggregate, ITZ and mortar. In order to eliminate the complexity of the

simulation, coarse aggregate is considered as chemically inactive with cement paste similar
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to that considered for fine aggregate. The volume fraction of ITZ for coarse aggregate (f¢ ;rz)
is computed with aid of Eq. 4.1 using the particle size distribution of coarse aggregate and
ITZ thickness. Similar procedure that has been described for mortar is used to estimate the
clinker content and w/c in ITZ for coarse aggregate and mortar (existing in concrete). Based
on the computed w/c and clinker content, the mechanical properties of ITZ paste is predicted
using the cement paste model (Krishnya, Yoda and Elakneswaran, 2021). Besides, the
mechanical properties of mortar are predicted using the computed w/c, clinker content and
fine aggregate content as described in model description for mortar section. The predicted
mechanical properties (of ITZ and mortar), volume fraction of all three phases and considered
mechanical properties of coarse aggregate are finally used to predict the mechanical

properties of concrete using the homogenization method (illustrated in Figure 4.6).

(2

Coarse aggregates

Homogenizatign

approach
ITZ for coarse aggregates Equivalent inclusion
(b)
Mortar
Homogenization
approach
Equivalent inclusion Equivalent matrix for concrete

Figure 4.6: Two step homogenization procedure for concrete: (a) the first step
homogenization of coarse aggregates and ITZ and (b) the second step homogenization of

equivalent inclusion and mortar matrix
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As elucidated in Figure 4.6(a), the coarse aggregates and ITZ are considered in the first step.
The Eq. 11 — Eq. 19 has been modified by replacing coarse aggregates properties (D¢ g4
Geagg> Keagg and veqgg) and ITZ properties of coarse aggregates (G rz, Kcirz and
Veurz) in the place of fine aggregates properties (Bggg, Gagg> Kagg and Vvggq) and ITZ
properties of fine aggregates (Girz, Kjrz and virz) to predict the bulk (K.qy con) and
shear modulus (Geqy, con) Of equivalent inclusion for concrete. The formula for volume

fraction of coarse aggregate in equivalent inclusion is given in Eq. 4.23.

fca
@C.agg = ——ceds (4.23)

fcaggtfcirz

where, fc 44 18 the volume fraction of coarse aggregate in concrete.

In the second step, the equivalent inclusion and mortar matrix are considered for the
homogenization method as shown in Figure 4.6(b). The effective mechanical properties of
concrete can be similarly computed by homogenization approach. The Eq. 4.11 - Eq. 4.19
were altered by replacing the effective properties of equivalent inclusion (@¢ f, Gegu,con-
Kequcon and Vegy con) and mortar properties (Gmor, Kmor and Vi) in the place of
coarse aggregate properties (Dc.agg, Geagg> Kcagg and Vegagg) and ITZ properties of
coarse aggregates (G¢rz, Kcirz and v¢rz) to predict effective bulk modulus and shear
modulus of concrete (Kcppn, Geon)- The volume fraction of equivalent inclusion in concrete

is given in Eq. 4.24.

fcagg* fecirz (4.24)

fC.agg+ feirz+ fmor

¢c.f =

where, f,, 1S volume fraction of mortar in concrete. Once the volume fraction of ITZ for

coarse aggregate is known, the volume fraction of mortar (f,,o, ) is obtained by simple
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subtraction (for = 1 — feagg — feurz)-

The Young’s modulus (E,,) and the Poisson’s ratio (v, ) of concrete are predicted from the
fundamental relationship presented in Eq. 4.21 and Eq. 4.22 by replacing the concrete moduli
in the place of mortar properties. Finally, the predictability of the model is validated using the

experimental results available in the literature.

4.3 Results and discussion
4.3.1 Sensitivity analysis of ITZ

Figure 4.7 presents the Young’s modulus of mortar and concrete predicted as a function of
hydration period for different ITZ thickness. It should be mentioned that the prediction
corresponds to the w/c of 0.6. The considered volume fraction of fine aggregate for mortar is
0.6, and cement: fine aggregate: coarse aggregate weight ratio for concrete is 1: 1.5: 3.2. The
results clearly demonstrate that increasing the thickness of the ITZ results in a reduction in
predicted Young’s modulus. It is well known that the ITZ is the weakest zone in mortar and
concrete (Zhu et al., 2018). The increase in ITZ thickness directly upsurges the volume
fraction of ITZ, leading to the decrease in effective elastic modulus of the mortar and concrete.
Similar behavior was observed by Simeonov and Ahmad (1995) and Li et al. (1999). However,
when the ITZ thickness exceeds 15 um for mortar and 40 um for concrete, the predicted
results do not show significant variation (refer Figure 4.7). It is apparent that the volume
fraction of ITZ increases with the increasing thickness, yet the volume fraction of bulk paste
decreases, ensuing a negative effect on effective Young’s modulus. Meanwhile, the local w/c
in ITZ and bulk paste increases with ITZ thickness based on the model proposed by Nadeau

(2002), which leads to a positive effect on modulus. Since the above effects compromise each
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other, further increase in ITZ thickness does not show significant reduction in final outcomes.
Relatively a similar ITZ thickness (in a range between 10-50 um) was also reported for sand
and coarse aggregates in many previous works (Hashin and Monteiro, 2002; Nadeau, 2002;
Bernard and Kamali-Bernard, 2015; Zhu et al., 2017). On the above basis, therefore, the ITZ

thicknesses of 15 and 40 um are reliably chosen for the computations in the proposed model.
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Figure 4.7: Variation of Young’s modulus with hydration period for different ITZ thickness

(a) for mortar and (b) for concrete
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4.3.2 Young’s modulus of mortar

To reveal the predictability of the proposed model, the predicted Young’s moduli of mortar
are compared with two independent sets of experimental results (refer Figure 4.8 and Figure
4.9). In Figure 4.8, the raw experimental data were employed for the comparison. The
experimental conditions and procedures corresponding to the set of data compared in Figure
4.8 are detailed in Appendix A. The data used in Figure 4.9 for validating the predicted results
were obtained from previous report (TSUKAHARA, KATO and UOMOTO, 2000). The
comparisons indicate that the predicted results exhibit a good agreement with both
experimental sets for range of w/c and aggregate volume fractions. Slight variations are
however witnessed in certain readings. For instance, 5 GPa variation could be seen between
experimental and predicted results for the mortar with w/c of 0.4, aggregate volume fraction
of 0.6 and curing period of 28 days (in Figure 4.8). It should be noted that in computations,
the Young’s modulus and Poisson’s ratio of fine aggregate were considered to be 37.7 GPa

and 0.2 respectively ( Kawakami, 2005).

Regardless of w/c and aggregate volume fractions, the Young’s modulus increases with
hydration period. Besides, relatively higher values are predicted for the mortar with lower
w/c, which is in consistent with that of hydrated cement paste. This could mainly be attributed
to the increased formation of prime binding agent (i.e., C—S—H) at low w/c during the
hydration. In due course, the decrease in the porosity could lead to the development of denser
microstructure (Krishnya, Yoda and Elakneswaran, 2021), resulting an increase in Young’s
modulus of mortar matrix with hydration period. Moreover, for a specific w/c ratio, high
moduli are computed for high content of fine aggregate (refer to Figure 4.8 and Figure 4.9).

This is because of the increased stiff inclusion in the paste and decreased effective water
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content, which lead to the decrease in porosity in bulk paste (Scrivener, Lyon and Laugesen,
2004b; Gao et al., 2014). The tendencies predicted herein for Young’s modulus of different
cases are in consistent with those reported in previous studies (Tsukahara, Kato and Uomoto,
2000; Wriggers and Moftah, 2006, Teramoto, Igarashi and Maruyama, 2011; Duplan et al.,

2014; Di Bella et al., 2015).
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Figure 4.8: Validation of Young’s modulus with hydration period for w/c ratio of 0.4 and
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fraction of aggregate 0.35-0.55 (the experiment results were obtained from ref. (Tsukahara,

Kato and Uomoto, 2000)) (VF_Agg stands for volume fraction of aggregate)

Figure 4.10 presents the compilation of predicted Young’s modulus plotted against the
experimental results of mortars corresponding to w/c ratios ranging from 0.3 to 0.55 and
aggregate volume fraction from 0.2 to 0.6. The experimental data were obtained from both
measurements and literature (Tsukahara, Kato and Uomoto, 2000; Teramoto, Igarashi and

Maruyama, 2011). As illustrated in Figure 4.10, the predicted results of Young’s modulus fall
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within the error range of 5 GPa for all three sets of experiment results. Based on the sets of

comparisons (Figure 4.8, Figure 4.9 and Figure 4.10), it is perceived that the proposed model

can be reliable for predicting the Young’s modulus of mortar with different w/c ratios and

aggregate volume fractions.
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4.3.3 Poisson’s ratio of mortar

Figure 4.11 presents the variation of Poisson’s ratio of mortar with hydration period for w/c
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of 0.3, 0.4 and 0.5 and fine aggregates volume fraction of 0.3 and 0.6 (The experimental
conditions and procedures corresponding to the experiment data presented in Figure 4.11 are
detailed in Appendix A). It can be observed that the predicted results appear to slightly
overestimate the Poisson’s ratio for w/c ratio of 0.5, while those show a better agreement with
experimental results for the w/c ratios of 0.3 and 0.4. The tendency observed for w/c ratio of
0.5 increases with increasing hydration period, which is in contrast with those observed for
other w/c ratios. In fact, during the early stage, the mortar exists in suspension form within
the water, thus the Poisson’s ratio of fresh mix is equal to Poisson’s ratio of water (0.5)
(Bernard, Ulm and Lemarchand, 2003; Stefan et al., 2010a), and which is captured by the
proposed model (Figure 4.11). When the hydration is in progress, the Poisson’s ratio of
mortar decreases due to the formation of denser microstructure by replacing the solids in the
place of water. Thus, the increasing tendency observed for w/c of 0.5 might be due to
experimental error. It can also be noticed that the Poisson’s ratio increases with the increase
in w/c ratio, which is similar to the tendency observed for cement paste (Maruyama and
Igarashi, 2014; Krishnya, Yoda and Elakneswaran, 2021). For a specific water cement ratio,
the Poisson’s ratio decreases with the increase in volume fraction of fine aggregates (refer to
Figure 4.11). It is clear that sand is considerably stiffer than the cement paste; therefore, the
increasing stiffer inclusions in paste tends to restrain the lateral expansion of the softer matrix.
In fact, both Young's modulus and Poisson's ratio of the aggregate influence the elastic

properties such as Poisson’s ratio and elastic modulus of mortar (Narayan Swamy, 1971).
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Figure 4.11: Validation of Poisson’s ratio of the mortar for w/c 0.3-0.5 with volume fraction

of aggregate 0.3 and 0.6 (VF_Agg stands for volume fraction of aggregate)

4.3.4 Young’s modulus of concrete

Figure 4.13, Figure 4.14 and Figure 4.14 illustrate the predictability of the model for the
Young’s modulus of concrete with different independent sets of experimental results obtained
from raw experimental results and previous studies. Figure 4.13 shows the comparison of
Young’s modulus for different w/c ratio and different types of cement (Type I and Type V).
The experiment results used herein for the comparison belong to Han and Kim (Han and Kim,
2004). The second set of experimental data compared in Figure 4.144 were obtained from
Corinaldesi and Moriconi (Corinaldesi and Moriconi, 2009) for w/c, volume fraction of fine

aggregate and volume fraction of coarse aggregates of 0.56, 0.12 and 0.5, respectively. During
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the computation, the Young’s modulus and Poisson’s ratio of coarse aggregates were
considered to be 50 GPa and 0.18, respectively ( Kawakami, 2006), and for the fine
aggregates, they were respectively 37.7 GPa and 0.20. Based on the considered aggregates
properties, the proposed model shows a good capability to predict the Young’s modulus of
concrete for different w/c and wide range of aggregates content. There are however slight
variations observed for some points (refer Figure 4.133), which could possibly be due to the
assumptions made during prediction. Since the required parameters such as particle size
distribution and properties of aggregates (Young’s modulus and Poisson’s ratio) were not
available in the literature, they were assumed based on the instructions given in literature.
Additionally, the aggregates were assumed to be inert and ITZ properties to be constant with
distance from aggregate for a specific time. Nevertheless, the development of Young’s
modulus of concrete reveals almost a similar tendency of the development of Young’s

modulus of mortar.
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Figure 4.155 shows the overall validation for 30 number of measured Young’s modulus of
concrete with the w/c of 0.4 to 0.6. All the experiment results were taken from previous
studies (Han and Kim, 2004; Corinaldesi and Moriconi, 2009; Klein, Lenz and Mazer, 2020).
The predicted results of Young’s modulus fall within the error range of 5 GPa for all three
sets of experiment results as depicted in Figure 4.155. Based on the sets of validations
(Figure 4.13, Figure 4.14, Figure 4.154 and Figure 4.155), it is verified that the proposed
model can be reliable for predicting the Young’s modulus of concrete with different w/c ratios

and aggregate volume fractions
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Figure 4.15: Comparison of predicted Young’s modulus plotted against the experiment

results
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4.3.5 Poisson’s ratio of concrete

The variation of Poisson’s ratio with hydration period from raw experimental results and
predicted results is illustrated in Figure 4.176 and the validation of Poisson’s ratio with
hydration period of concrete for w/c of 0.5, sand to cement ratio of 1.5 and coarse aggregate
to cement ratio of 3 is presented in Figure 4.17. The experiment results used for the
comparison were taken from Allos and Martin (1981). The predicted results show relatively
good agreement with experiment results (after 10 days in Figure 4.17); however, the model
appears to overpredicts the Poisson’s ratio at the early stage (see Figure 4.17). However, the
predicted results as illustrated in Figure 4.176 shows good agreement with raw experimental
results. According to the prediction, the Poisson’s ratio of concrete decreases with the increase
in hydration period. This is understandable that the formation of denser microstructure during
the hydration replaces the solids in the place of water. Particularly, the greatest decrease in
Poisson’s ratio occurs until 10 days, and after 10 days, the decrease becomes very mild. A

similar behaviour was also observed by Narayan Swamy (1971).
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4.3.6 Effect of ITZ on Young’s modulus and Poisson’s ratio of mortar and concrete

The Young’s moduli of mortar and concrete computed with and without considering the ITZ
are compared in Figure 4.188 for different w/c ratios. The considered fine aggregate volume
fraction for mortar is 0.6 and cement: fine aggregate: coarse aggregate weight ratio for
concrete is 1: 1.5: 3.2. It is evident that the model overestimates the modulus when the effect
of ITZ is neglected for both mortar and concrete Figure 4.188(a) and Figure 4.188(b),
respectively). Besides, the variation of Young’s modulus between the cases of with and
without ITZ decreases with increasing hydration period. As mentioned earlier, ITZ can also
be considered as a distinct cement paste with low amount of clinker and high amount of water
(Crumbie, 1994; Nadeau, 2002; Zheng, Zhou and Jin, 2012; Sharma and Bishnoi, 2020b). At
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the early age, the ITZ remains the weakest region with very high amount of porosity. However,
during the hydration process, the ITZ becomes hardened cement paste with increased
mechanical properties. Owing to the above reason, the variation in later age appeared to be
decreasing. Relatively a similar tendency can be observed for all the w/c ratios (Figure 4.188).
However, the deviation observed for concrete (Figure 4.188(b)) is higher compared to the
mortar results (Figure 4.188(a)), which is mainly due to the higher ITZ effect in concrete
(attributing to fine aggregate and coarse aggregate). For instance, after one day of w/c for 0.4
mortar, the modulus of without-ITZ case is approximately 40 % higher than that of with-ITZ
case, whereas the variation after 28 days is reduced to around 10 % (see Figure 4.188(a)).
For the w/c 0.4 of concrete, after one day, the modulus of without-ITZ case is approximately
60 % higher than that of with-ITZ case, while the variation after 28 days is reduced to around

20 % (in Figure 4.188(b)).

The difference between with ITZ and without ITZ cases is observed to increase with w/c ratio
for both the mortar and concrete. This could be due to the high migration of free water to the
surface of aggregates for high w/c matrix. In fact, the rate of migration is higher for the paste
with higher w/c ratios; as the result, there would be a higher w/c ratio in ITZ, while the
remaining paste would have a lower ratio. Since the elastic properties of the matrix and the
ITZ are directly related to the water content and their porous structure, greater migration
process of the water (at higher w/c ratio) led to more negative effect on Young’s modulus.

Similar observation was reported by Simeonov and Ahmad (1995).
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Figure 4.18: Comparison of predicted Young’s modulus of (a) mortar and (b) concrete for

the cases of with and without ITZ for w/c 0.3-0.6

The comparison of predicted Poisson’s ratio of mortar and concrete for the cases with and
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without ITZ is depicted in Figure 4.199. The results presented herein are corresponding to
the w/c ratio of 0.3-0.6 and to the fine aggregate volume fraction of 0.6 for mortar whereas
cement: fine aggregate: coarse aggregate weight ratio for concrete is 1: 1.5: 3.2. It can be seen
that in the predicted results of both cases, the Poisson’s ratio increases with increase in w/c
ratio, which is in consistent with the tendency reported by Stefan et al. (2010). If the mortar
and concrete is considered as two-phase matrix by neglecting ITZ, the effective Poisson’s
ratio is stiffer than that predicted for with-ITZ case for all w/c ratios as reflected in Figure
4.199. Moreover, the variation between the predicted results from both cases reduce with
hydration period, which is probably because the mortar and concrete matrix become hardened
solid including ITZ due to the hydration process of clinker. Nevertheless, the deviation
observed for concrete (Figure 4.199(b)) is higher compared to the mortar results (Figure
4.199(a)), which is mainly due to the higher ITZ effect in concrete (attributing to fine
aggregate and coarse aggregate). For instance, after one day of w/c for 0.4 mortar, the
Poisson’s ratio of without-ITZ case is approximately 10 % lower than that of with-ITZ case,
whereas the variation after 28 days is reduced to around 2 % (see Figure 4.19(a)). For the w/c
0.4 of concrete, after one day, the Poisson’s ratio of without-ITZ case is approximately 20 %
lower than that of with-ITZ case, while the variation after 28 days is reduced to around 15 %
(in Figure 4.199(b)). Moreover, similar to that observed in Young’s modulus (refer to Figure
4.188), the variation between with and without ITZ cases increase with w/c ratio for both

mortar and concrete.
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Figure 4.19: Comparison of predicted Poisson’s ratio of (a) mortar and (b) concrete for the

cases of with and without ITZ for w/c 0.3-0.6

4.4 Conclusions

In this research work, the mechanical properties such as Young’s modulus and Poisson’s ratio
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of mortar and concrete were reliably predicted using the developed multi-scale model and
homogenization method. The mortars and concretes were assumed as three-phase composites,
and the ITZ for both coarse and fine aggregate were reliably considered as cement paste with
high water content. The mechanical properties of ITZ and bulk paste were based on the
detailed microstructure of hydrates during hydration reaction. The proposed models for
mortar and concrete were validated with experiment results for wide range of aggregate

contents and w/c ratios.

The predicted Young’s modulus excellently captured the realistic behaviour for the w/c ratios
ranging from 0.3 to 0.6 and aggregate content from 0.2 to 0.6. The computation of Poisson’s
ratio showed relatively good agreement with the experimental data for mortar and concrete.
However, the model slightly overpredicted the Poisson’s ratio at early stage (before 10 days)
for concrete; thus, further validations are recommended with more independent experimental
results to generalize the Poisson’s ratio model of concrete. Moreover, the effect of ITZ on
Young’s modulus and Poisson’s ratio were demonstrated using the proposed model for mortar
and concrete. At the same time, the results predicted via typical way, i.e., two-phase model,
was shown to reveal a stiffer material compared to that of both experiment results and three-
phase model for both mortar and concrete. The effect of ITZ was higher for concrete

compared to mortar due to the high amount of aggregates content.

Overall, the proposed novel three-phase models for mortar and concrete can be used to
accurately predict the mechanical properties. One of the marked merits of this model is, if the
chemical composition is known, the Young’s modulus and Poisson’s ratio can be computed,
which would reduce the waste of time, cost, material and manpower compared to typical

approaches.
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CHAPTER 5

MODEL FOR MULTI-IONIC TRANSPORT PROPERTIES OF

CEMENT PASTE DURING THE CHLORIDE INGRESSION

AND CARBONATION

5.1 Introduction

Assessing the durability performance of both new and existing concrete structures remains
one of the most significant challenges, particularly while considering the effective longevity
of the structure. This is in turn dictated by the capability of the concrete structures for a large
extent to resist numerous deterioration processes such as transportation of ions, gas (mainly
carbon dioxide) and moisture, alkali-aggregate reactions and frost damage (Hatanaka et al.,
2003; Gasch, Eriksson and Ansell, 2019). Worth to note that among the varying processes,
chloride ingression and carbonation are most serious degradation processes in reinforced
concrete structures, specifically for those exposed to such environments as air-bone chlorides
in marine regions, and deicing salts in cold regions (Chindaprasirt, Rukzon and
Sirivivatnanon, 2008; Q. F. Liu et al., 2014; Xie, Dangla and Li, 2021). Under these
environments, the processes occur concurrently, thus leading to increase the risk of
reinforcement corrosion. The transport of ions further involves chemical reactions between
hydration products and pore solution, causing dissolution and precipitation in the hydrated

matrix.

The diffusion of chloride ion into the hydrated matrix is mainly influenced by internal factors
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such as pore structure and the hydration products which are determined by the type of cement
(physical and chemical properties), water to cement ratio (w/c), curing method such as sealed
curing, water curing ant etc., curing temperature, hydration period, exposure period and
additives (Hosokawa, Yamada and Takahashi, 2012), and the concentration of the exposure
solution is the major external factor. After entering of the chloride ion in pore network, due
to the binding mechanism such as physical binding and chemical binding, the amount of free
chloride in the pore solution suddenly decreases. Chemical binding refers the reaction of
chloride ion with AFm phases. Generally, the reaction of gypsum with aluminate (C3A)
produces ettringite, and further reaction of C3A with ettringite forms monosulfate which is
the commonly available AFm phase in the OPC (Tennis and Jennings, 2000b; Krishnya, Yoda
and Elakneswaran, 2021). The sulfate ions in the monosulfate phase exchange with chloride
ions at their presence, and the formed phase is referred to as Friedel’s salt (Jones et al., 2003;
Sui et al., 2019) Moreover, the physical binding of chloride ion is the best known that is by
the surface of the C-S-H as it is the main hydration products in OPC and having high specific
surface area (Elakneswaran, Nawa and Kurumisawa, 2009; Florea and Brouwers, 2012; Guo
et al., 2018). The bound chloride by precipitation of Friedel’s salt or adsorbed by C-S-H has
no effect on the corrosion of steel bars. On the other hand, the free chloride in the pore solution
causes the reinforcement corrosion in the concrete structure (Maruya et al., 2003; Hirao et al.,
2005). The free chloride ions destroy the thin protective passive film covered on the rebar due
to the penetration of chloride ions into the pore solution which exceeds the threshold level
after a certain exposure period, and finally, this leads to the initiation of corrosion in the
reinforced structure (Hirao et al., 2005; Elakneswaran, Nawa and Kurumisawa, 2009; Guo et
al., 2021). Therefore, it is truly significant to consider the chloride binding mechanism
(physical and chemical) while developing a chloride ion transport model.
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Carbonation of cement-based material is another complex process, altering the
microstructural properties and performance of material underneath atmospheric conditions.
The CO; gas reaction with hydrated matrix followed by the diffusion of CO2 gas via the pore
network is generally referred to as the carbonation process. Almost all the concrete structures
need to tolerate a certain level of carbonation reaction during their lifetime owing to the
existence of CO; gas in the earth. However, this is a slow process, generally being considered
as a part of prolonged degradation of concrete. Most of the hydration products (mainly
portlandite (CH) and C-S-H) are consumed by the carbonation process and transformed to
carbonate phases such as calcite, monocarboaluminate, hemicarboalumitae, amorphous silica
gel, amorphous alumina gel and gypsum (Savija and Lukovié¢, 2016; von Greve-Dierfeld et
al., 2020; You et al., 2022). Moreover, decreasing of pH in carbonation is the utmost
significant effect in the hydrated matrix, as the corrosion of reinforcement is accelerated by
low pH due to the dissolution of thin oxide passive layer protecting the steel bars at lower
alkaline conditions (Phung et al., 2016). Alternatively, carbonation shows positive effects in
cement-basted material. During the carbonation process, the deposition of carbonation
products (mainly calcite and silica gel) occurs in pores, benefitting to matrix densification
and contributing to the development of mechanical properties and to the decrease of the

transportation of hazardous ions (Phung et al., 2016; Song et al., 2021).

Coupling the transport processes and reactions between the transport of ions and solid phases
for simulating the realistic changes of the porous matrix have gained a great deal of interest
among researchers (Bary and Sellier, 2004; Elakneswaran et al., 2010; Azad et al., 2016;
Phung et al., 2016; Guo et al., 2018; Shen et al., 2019; Omikrine Metalssi, Ait-Mokhtar and

Turcry, 2020; Xie, Dangla and Li, 2021). Once, Elakneswaran et al.,(2010) developed a multi-
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ionic transport model using the PHREEQC for transportation and phase assemblage
calculations by considering the phase equilibrium module, surface complexation module and
multi-component diffusion module. Afterwards, the finite element software called COMSOL
Multiphysics was combined with geochemical program (PHREEQC or GEMS) to compute
the transport and reaction calculation using computer languages such as Java and MATLAB
(Azad et al., 2016; Guo et al., 2018). The transportation of carbon dioxide gas was modelled
by several researchers to understand the solid phases and porosity changes in the hydrated
matrix by using the simple numerical and empirical modelling approach (Bary and Sellier,
2004; Phung et al., 2016; Omikrine Metalssi, Ait-Mokhtar and Turcry, 2020). For another
instance, the combined effect of transportation of both carbon dioxide and chloride ion on the
phase assemblage, porosity and content of free chloride ion was analytically investigated by
considering different aspects such as relative humidity, temperature and concentration of

carbon dioxide gas (Shen et al., 2019; Xie, Dangla and Li, 2021).

For modelling the transport properties, incorporation of hydration process, chemical reaction,
transportation process and appropriate coupling among them are essential. However, due the
complexity of the coupling process, most of the previously developed models did not consider
the hydration reaction simultaneously with transportation process (Bary and Sellier, 2004;
Phung et al., 2016; Guo et al., 2018; Shen et al., 2019; Omikrine Metalssi, Ait-Mokhtar and
Turcry, 2020; Xie, Dangla and Li, 2021). In most of them, hydrated matrix was assumed to
be fully saturated, and gas phase was assumed to be nil in the pore solution (Guo et al., 2018)
(Phung et al., 2016). The models did not consider the detail chemical reaction occurring inside
the hardened cement matrix, instead C-S-H and portlandite were assumed as hydration

products and calcite was as carbonate phase (Phung et al., 2016; Shen et al., 2019; Xie, Dangla
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and Li, 2021). Yet, in reality, there are several other hydration products including C-S-H,
portlandite, ettringite, monosulfate, silicious hydrogarnet, Friedel’s salt (from as chloride
phase), calcite, carboaluminate phases (mono carboaluminate and hemicarboaluminate),
silica gel and alumina gel forming during the reaction of carbon dioxide with hydration
products. Their progression influences the pore structure of the matrix and the ion
concentration in pore solution. Therefore, addressing the limitations found in the beforehand
models, a new model named as HyMeC-COMSOL is proposed here to predict the (i)
transportation of chloride ion and carbon dioxide gas and (ii) phase assemblage due to the

transportation process.

A modeling platform, HyMeC (Hydration and Mechanical properties of Cement based
material) is coupled with COMSOL Multiphysics to enable the simulation of complex process
simultaneously i.e., the hydration and transportation reaction. The HyMeC model consists of
cement hydration model, thermodynamic model (PHREEQC), volume fraction model and
multi-scale model to predict the hydration products and mechanical properties of cement
paste. The proposed model considers the two types of C-S-H (low density C-S-H and high
density C-S-H) and detail calculation of chemical shrinkage for the realistic prediction of
porosity which is the significant factor for predicting the mechanical and transport properties.
The finite element package, COMSOL Multiphysics is integrated with HyMeC model to
solve the transportation calculation effectively under the saturated and partially saturated
condition of the hydrated matrix. Phase assemblage and porosity after the transportation
calculation is used to predict the mechanical properties of the cement paste with hydration
period and distance from the exposure surface. The proposed model is validated with

experimental results reported in the previous studies. Moreover, the effect of coupled
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hydration reaction with reaction due to the transport of ion and gas are also discussed.

5.2 Methodology

A new multi-species reactive transport model is developed by combining cement hydration
model, thermodynamic model, volume fraction of hydrates and transport model to predict the
intrinsic properties of hydrated cement paste during the exposure of different environmental
conditions such as sea water. The details and the flow of the proposed coupled transport model
is illustrated in Figure 5.1. The necessary input parameters for the hydration model are clinker
composition and physical properties of cement, mixing proportions and boundary conditions,
whereas ionic concentration in the exposed environment, beginning of transport reaction
relative to hydration time step and duration of the transport reaction are required for the
transportation model as depicted in Figure 5.1. The adopted approach used herein to predict
the hydration products and transport properties of hydrated cement matrix is widely described

below.
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Figure 5.1: Structure of developed transport model

5.2.1 Cement hydration model

The cement hydration model (L.J. Parrot and Killoh, 1984), verified in several studies
reported in the previous works (Lothenbach, Matschei, et al., 2008; Feng, Miao and Bullard,
2014; Lavergne et al., 2018), is used herein to compute the dissolution rate of each clinker
minerals in the cement such as C3S, C,S, C3A and C4AF as a function of time. The detail of
the cement hydration model is described in our previous work (Krishnya, Yoda and
Elakneswaran, 2021). Based on the calculated reaction degree of each mineral (ac,s, @c,s,
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ac,a and ac, 4r), total degree of hydration (ay) for a specific time step is calculated as

described in Eq. (5.1).

acys Wegst acy,s Weys + acga Wegat acyar WeyAr (5.1)
Weast+ Weyst Wezat+ Weyar

af=

where, We,s, We,s, We,a and We, 4p are mass fraction of each clinker phases.

The dissolved clinker phases calculated based on cement hydration model release Ca, Si, O,
Al and Fe ions into the pore solution. Minor component in the clinker such as Na;O, K>O and
MgO dissolve as the function of total degree of hydration (ay) for a specific time step and

release Na, K, Mg and O ions into the pore solution.

5.2.2 Thermodynamic model

Thermodynamic calculations, which are linked with the precise thermodynamic database of
Cemdatal8 (Lothenbach et al., 2019) and PHREEQC default thermodynamic database
(Parkhurst and Appelo, 1999), are performed using the Geochemical software called
PHREEQC. Mainly, phase equilibrium module and surface complexation module are used to
predict the solid phases and ions concentration in the pore solutions based on the results of
reaction module. The computed dissolved clinker phases and minor components are inputted
in the reaction module for every time step. The phase equilibrium module is basically used to
estimate the amount of phases which react reversibly with pore solution to achieve
equilibrium condition. In PHREEQC, the reaction of equilibrium phases are based on law of
mass action (Elakneswaran et al., 2010; Krishnya, Yoda and Elakneswaran, 2021). C-S-H,
portlandite, gypsum, ettringite, monosulfate, calcite, hemicarbonate, monocarbonate,

hydrotalcite, brucite, stralingite, Fe-Al-silicieous hydrogarnet, Friedel’s salt, amorphous
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silica and amorphous alumina gel are considered equilibrium phases in the proposed model.

The surface complexation reactions are used to compute the ionic adsorption on the surface
of C-S-H. This surface complexation reaction is computed via mole-balance equations,
charge-potential relations for surfaces and law of mass action in PHREEQC (Elakneswaran
et al., 2010). Among the two types of surface sites in C-S-H such as silanol site (= SiOH) and
silandiol (= Si(OH),), silanol site reacts with ions in the pore solution as per the previous
studies (Elakneswaran et al., 2010; Guo et al., 2018). The site reactions on silanol site and the

equilibrium constants are shown in Table 5.1.

Table 5.1: C-S-H surface site reactions and equilibrium constants

Site reactions LogKp
=SiOH+ OH- & =Si0” + H,0 -12.7
=SiOH + Ca'? < =Si0Ca*+ H' -9.4
=SiOH + Ca*®+ CI- o =Si0CaCl+ H* -8.9
= SiOH + Na* & =SiONa+ H* -13.64
=SiOH+ K* o =SiOK+ H* -13.64

Kinetic model for C-S-H

During the diffusion of carbon dioxide, the dissolutions of portlandite and C-S-H occur
simultaneously, even though the portlandite has the priority than the C-S-H carbonation from
thermodynamics perspective (Morandeau, Thiéry and Dangla, 2014). Therefore, a kinetic
model is adopted herein for computing the dissolution rate of C-S-H (rate) with portlandite

as shown in Eq. 5.2.
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rate = Ry. exp(Ycoz - Rw) - Mcsy- Mcoz (5.2)

where,

w
RW — carb CSH (53)
Wtot csH

R1 = 00005, Ycoz = 0.2
Wearb csi> Weot csus Mcesy, and Mcpo, are weight of carbonated C-S-H, Weight of initial C-

S-H, mol of C-S-H and mol of CO; respectively.
5.2.3 Volume fraction of hydration products

The total weight of C—S—H matrix predicted from the thermodynamic model was further
distinguished as LD C—S—H and HD C—S—H using the relationship proposed by Tennis and
Jennings (2000). The average densities of both C—S—H were obtained from the literature
(Jennings et al., 2007), 2000 kg/m? and 1700 kg/m? for HD and LD C-S—H respectively. Due
to molar volume difference of the hydration products and clinker minerals, there is a reduction
in the sum of reaction products compared to reactants during the hydration process, and this
difference can be defined as chemical shrinkage. The detail chemical shrinkage calculation
for each reacted clinker phases was carried out based on the chemical shrinkage coefficients
of each phases proposed by Bentz, Lura and Roberts, (2005). The volume of all the other
hydration products was computed by using their molar volumes. Finally, the capillary
porosity of the cement matrix was estimated as balance of the system, obtained from the
difference between initial volume and final volume of hydration products, chemical shrinkage

and unreacted clinker minerals as described in Eq. (5.4).

Deap = Vi — Wyc + Vip + Ves) (5.4)
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where, @cqp is volume of capillary porosity, Vgs is chemical shrinkage, V; is initial
volume of cement paste, Vy. is volume of unreacted clinker and Vyp is volume of

hydration products.

5.2.4 Transport model

The governing equation used in COMSOL Multiphysics for variably saturated flow is

described in equations from Eq. (5.5) to Eq. (5.9).

0(60:C1) , 9(84Cq)

. T T V=0 (5.5)
0,= 0.5 (5.6)
0, = 8(1—-S5) (5.7)
Cg,i = ki' Ci (58)
9(04Cq) a(Cy) a(8g)

%_ Ogki =+ kiCy. atg (5.9)

where, J, C;, Cy, C and @ are ionic flux (mol/m?/s), concentration of species in the liquid
phases (mol/m?), concentration of species in the gas phase (mol/m?), total concentration
(mol/m®) and sink term (mol/m’/s) of the ion i respectively. @, S and k are porosity,
saturation degree and volatilization factors correspondingly. The total flux in the porous

media can be defined by Eq. (5.10)
J=Juit Jg,i (5.10)

The 1onic flux in liquid phase (J; ;) can be expressed using Nernst-Planck equation as shown
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in Eq. (5.11).
ZiF
Jui = —Deui-VCii = DeyiChio—r- Voo (.11

The flux in gas phase (/4 ;) is illustrated in Eq. (5.12)
Jgi = —Deg,i-VCg, (5.12)

where, D,;, D Z, F, R, T and ¢ are respectively the effective diffusion coefficient

e.g»
in liquid (m?%/s), effective diffusion coefficient in gas (m?/s), electric charge number, the
Faraday constant, the universal gas constant, absolute temperature and electrical potential (V).

The effective diffusion coefficient in liquid (D, ;) can be defined by Archie’s law (Eq. 5.13)

(Appelo and Postma, 2004).
De.i = Dy i(9S)* (5.13)

where D is the diffusion coefficient in water, and the considered values are tabulated in

Table 5.2: Diffusion Coefficient of ions in free water at 20 °C.

Table 5.2: Diffusion Coefficient of ions in free water at 20 °C

Ton Diffusion coefficient x 10~ (m?/s)
Na* 1.33
Cr 2.03
K* 1.96
Ca™? 0.793
Mg*? 0.705
S04 1.07
OH- 5.27
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The effective diffusion coefficient in gas phase (D, 4) can be defined as revealed in Eq. (5.14).

Degi = Dg;®°(1—S5)" (5.14)

where, Dy and ¢ are diffusion coefficient in air and tortuosity. The tortuosity is normally

between 2.4 to 3 for cement-based materials and # is assumed as 4.2 based on the previous

studies (You et al., 2022).

During the ion diffusion process in liquid, the electrical current in the cement-based material

is zero, and which therefore implies,

2iZji =0 (.15)

By combining Eq. (5.5), (5.10) and (5.15), the concentration profile of each ion with distance
from the exposure surface is calculated in this work. The relation between the relative
humidity (RH) and the saturation degree (S) is given by the inversion of the desorption

isotherm expression based on previous studies as shown in Eq. (5.16) (Bary and Sellier, 2004).

S, = aRH®*+ BRH?+ yRH+ § (5.16)

where, a = 6.43, f = —15.46, y =12.52, § = =25

5.2.5 Coupling approach

This proposed model is developed in MATLAB language, and the required input parameters
can be updated through excel file which is convenient to user. The following steps involve in

the coupling process.

Step 1: - After entering all the required parameters, the model starts the calculation by reading
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the input parameters from the specific excel file and calculate the dissolution rate of each

clinker phases and minor phases using cement hydration model (refer section 5.2.1).

Step 2: - The calculated dissolved minerals are transferred to thermodynamic calculation to
compute the amount of hydration products and ion concentration in the pore solution by using

the phase equilibrium module in PHREEQC (see section 5.2.2).

Step 3: - The capillary porosity of the matrix is computed based on the two types of C-S-H,
other hydration products, unreacted clinker and chemical shrinkage of the reacted clinker
(section 5.2.3). These three steps repeat until the beginning of the exposure condition which

can be defined by the user (see input parameters for transport calculation in Figure 5.1).

Step 4: - The calculated ions concentration in pore solution and porosity at the beginning of
the exposure are used as the initial conditions for the transport calculation, and they are
transferred to COMSOL Multiphysics via LiveLink™ for MATLAB® feature available in
COMSOL. Based on the defined exposure condition and time step, the ions concentration

profiles are predicted using the relationship explained in section 5.2.4 in COMSOL.

Step 5: - Afterwards, the predicted 1onic concentration with exposure distance is updated to
the thermodynamic calculation to compute the amount products and ion concentration using
phase equilibrium and surface complexation module, in order to maintain the thermodynamic

equilibrium.

Step 6: - As the next step of this model, the outcome of the thermodynamic calculation due
to the transport of ion are used to react with dissolved clinker minerals for continuing the

hydration reaction using the PHREEQC package.
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Step 7: - The predicted products are then converted to volume fraction for calculating the

capillary porosity at that time step (similar to Step 3)

Step 8: - The ion concentration after the hydration reaction (outcome of Step 6) is input to

COMSOL Multiphysics as the initial parameters for next time step (similar to Step 4).

These whole procedures are repeated until reach the final time step which is defined by the
user. In this research work, Na*, K', Ca™, H2SiO42 SO472, Cl" and OH  are mainly

considered ions in the pore solution for participating in the transportation process.

5.3 Results and Discussion

5.3.1 Model validation with PHREEQC transport model

Figure 5.2 and Figure 5.3 depict validation of the proposed transport model (HyMeC-
COMSOL) with transport model developed in PHREEQC (Elakneswaran et al., 2010). The
Ordinary Portland cement (clinker composition: C3S 62.2%, C2S 18.3%, C3A 5.6% C4AF
9.8% and Gypsum 3%, density: 3.16 g/cm’, Blaine: 311 m%*kg) with w/c of 0.4 and
temperature of 20 °C are used as the initial condition for the hydration model. The cement
paste was exposed to 500 mol/m* of NaCl solution after the 28 days of hydration for 30 days
(input parameter for transport model). As shown in Figure 5.2 and Figure 5.3, the predicted
results from the proposed model exhibit a very good agreement with the results from the
PHREEQC model. However, the ion concentration profile for Ca*? ion shows slight deviation
only up to 2.5 mm from the exposed surface, and with further increase, it coincides with the
results from the PHREEQC model. The reason could be that the concentration of exposure

solution is not constant during the transportation process due to the leaching and diffusion of
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ions. However, in the proposed model, the specified exposure solution by user is updated for
every time step in order to simulate the actual condition like sea water exposure. Therefore,
the concentration of leaching ions including Ca™ does not accumulate in the exposure

solution, while Ca*? concentration accumulates in previous PHREEQC model.

The concentration of Na* and CI" are approximately 500 mol/m? at the exposed surface due
to the high concentration of exposure solution (500 mol/m*® of NaCl), and then the
concentrations of both ions gradually decrease with the distance from the exposed surface as
shown in Figure 5.2. However, after 30 mm from the exposed surface, the Cl" concentration
becomes 0. This could possibly be attributed to the fact that the normal Portland cement does
not contain CI,, and Na* concentration is approximately 180 mol/m® which is the initial
concentration of Na* from the 28 days of hydration reaction before the diffusion process. The
concentration profile of K shows an increasing tendency with distance up to 30 mm,
followed by a constant value of 225 mol/m?® which is same as before the transport reaction
from the hydration reaction. The K ion is not available in the exposure solution. Therefore,
the K" leaches from the pore solution to exposure solution through diffusion process due to
the concentration gradient between the exposure solution and pore solution (in cement matrix).
Similar tendency in the experimental results was also reported by Elakneswaran et al., (2010).

Hence, the concentration of K™ ions decreases near to the exposed surface.

Moreover, the pH of the exposure solution and pore solution are about 7.0 and 13.5
respectively. Similar to the leaching of K, the OH™ ion also leaches to the exposure solution
due to the concentration gradient. Therefore, pH near to the exposed surface is lower
compared to that away from the exposed surface (refer Figure 5.2). Furthermore, the Ca™

concentration profile increases to 5.5 mol/m? till 2.5 mm (due to the leaching of Ca™),
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decrease to 1.5 mol/m® and then unchanged. The peak of the Ca* profile is due to the
dissolution of portlandite (CH) which gives more Ca*? ions in the pore solution as shown in
Figure 5.2 and Figure 5.3. It can be noticed that the portlandite mainly dissolves near to the

exposed surface due to the leaching of Ca*? in the pore solution and low pH.

The penetrated CI” ion is possible to substitute the sulfate ions in AFm type products like
monosulfate to forms chloride containing phases like Friedel’s salt as described in Eq. (5.15).
In addition, SO;2 from the Friedel’s salt reaction released form dissolution of monosulfate
reacts with existing monosulfate to form the secondary ettringite close to the exposed surface
(see Eq. 5.16). As the results, Friedel’s salt and considerably high amount of ettringite can be
found near to the exposed surface, where monosulfate does not appear in the presence of CI°
ion. As illustrated in Figure 5.3, the formation of Friedel’s salt and slightly higher amount of
ettringite could be seen up to only 15 mm, and afterwards, monosulfate exists. Similar
observations were also reported in the several previous studies (Hirao et al., 2005;

Elakneswaran et al., 2010; Florea and Brouwers, 2012; Guo et al., 2018).

C34.CaS0,.12H,0 + CI~ — C3A.CaCly.10H,0 + SO;2 (5.15)

C3A.CaS0,.12H,0 + Ca*? + S0;2 — C3A.3CaS0,.32H,0 (5.16)

As depicted in Figure 5.3, at the exposed surface, the porosity is very high, approximately
27%, due to the high dissolution of portlandite up to the point where portlandite dissolves.
Afterwards, the porosity remains slightly lower due to the formation of secondary ettringite
up to 15 mm, where the high amount of ettringite exists. The porosity value of 19.4% is in
the hydrated matrix away from the degraded area. The amount of C-S-H, Fe-siliceous

hydrogarnet and hydrotalcite do not show either dissolution or precipitation during the 30
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days of transport of ion reactions, revealing constant values as 0.24 mol, 0.023 mol and 0.008

mol for the whole length of specimens respectively.
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Figure 5.2: Validation of ionic concentration in the pore solution with PHREEQC model
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5.3.2 Verification of chloride profile with experimental results

To verify the predictability of the proposed model, the predicted results of total amount of
chloride ion profile is compared with experimental results for w/c of 0.3, 0.4 and 0.5 which
has been taken from the study of Mori et al., (2006). The chemical composition of the clinker
used for the simulation is C3S 65%, CaS 11%, C3A 9% C4AF 9% and Gypsum 4% (density:
3.16 g/cm?, Blaine: 323 m?/kg and temperature 20 °C). Similar experimental condition that
after the 28 days of hydration samples were kept in 3% of NaCl solution for 91 days, was
used in the proposed model to predict the chloride ion diffusion in the hydrated matrix. As
detailed in Figure 5.4, the proposed model shows excellent prediction for w/c ranging from
0.3-0.5. However, the proposed model slightly underestimates in some places like 11-15 mm
for w/c 0.5, 9-11 mm for w/c 0.4 and 6-7 mm for w/c 0.3. This is mainly due to the formation
of Friedel’s salt, leading to the sudden drop in the predicted profile. But there is no such rapid
drop in the experimental results. In fact, the formation of Friedel’s salt is controlled by clinker
phases such as C3A, C4AF and gypsum. Due to the unavailability of the clinker composition
in the reported study, the ordinary Portland cement (normally used in Japan) is considered for
predictions, and which might possibly be the reason for underestimated results at some points.
The penetration of chloride ion in the hydrated matrix increases with w/c as shown in Figure
5.4. Similar behavior was also reported by Hosokawa, Yamada and Takahashi, (2012) Mori
et al., (2006) and Han, (2007) for different w/c of concrete and paste. For instance, the
penetration depth for w/c 0.3 is approximately 10 mm, while it is about 30 mm for w/c 0.5.

This finding can be explained by Figure 5.5, Figure 5.6 and Figure 5.7.
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When the chloride ions diffuse in the hydrated matrix form the external environments, they

react with hydration products, and some are bound by the surface of the hydrates, while the

rest remain free ions in the pore solution. Therefore, the total amount of chloride ion in the

hydrated matrix can mainly exist as free chloride ion in the pore solution, chemical reaction

of chloride ion with AFm phases like monosulfate to form Friedel’s salt (see Eq. 5.15) and

physical adsorption of chloride ion by C-S-H surface during the diffusion of chloride ion into

the hydrated matrix (Florea and Brouwers, 2012; Aguayo et al., 2014). It is possible to predict

the above three types of chloride ion in the matrix from the proposed model, shown in Figure
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5.5. The results suggest that the above three types of chloride ion profile increase with w/c.
The total amount of transported chloride ion in the hydrated matrix is primarily influenced by
the concentration of exposure solution, ions in pore solution, hydration products and porosity.
In order to investigate the effect of w/c on the chloride ion transport for the same exposure
condition and same clinker, capillary porosity is the key factor. This porosity directly relates
with the effective diffusion coefficient of the chloride ion in the matrix (Eq. 5.11). The
effective diffusion coefficient and capillary porosity with distance from the exposure surface
are respectively shown in Figure 5.6(a) and (b). The porosity of the hydrated matrix increases
with w/c due to the high amount of space employed by water (Krishnya, Yoda and
Elakneswaran, 2021). For example, porosity of the w/c 0.5 paste is approximately 0.18,
whereas it is only 0.05 for w/c 0.3 at distances away from the exposed surface after the
hydration of around 120 days. It should be noted that the capillary porosity and the hydration
products during the hydration period have already been validated in our previous works
(Elakneswaran et al., 2016; Krishnya, Yoda and Elakneswaran, 2021). Due to the 91 days of
exposure of NaCl solution, the capillary porosity increases for all w/c ratio paste. Similar
tendency is also observed in effective diffusion coefficient with distance from the exposed
area which is expected due to the changes in capillary porosity (Guo et al., 2021). As the
results of dissolution of hydration products due to the different exposure environment, the
effective diffusion coefficient also tends to increase with w/c, similar to that of porosity.
Similar observations have also been documented in previous studies (Haga et al., 2005;
Kamali, Moranville and Leclercq, 2008; Zhang and Ye, 2010; Wan, Li and Sun, 2013). After
the 91 days of exposure in the NaCl solution, diffusion coefficient at the exposure surface is
13.5 x 10-12 m?%/s for w/c 0.5, while 6.5 x 10-12 m?/s is for w/c 0.3. Even though the leaching
depth of the hydrated matrix decreases with w/c as shown in Figure 5.6 which is similar to

134



the outcome of the previous studies (Kamali, Moranville and Leclercq, 2008; Wan, Li and
Sun, 2013), the dissolution rate of portlandite increases with decreasing w/c as illustrated in
Figure 5.6(c). The leaching depth for w/c 0.3, 0.4 and 0.5 are approximately 7mm, 9mm and
12 mm respectively. Due to the high dissolution rate of portlandite in low w/c paste, the
incremental rate of porosity is also high. The reason for the high dissolution rate of portlandite
in low w/c paste is might be due to the low pH near to the exposed surface, and it decreases
with increasing w/c. Typically, the pH increases with decreasing w/c because of the hydration
reaction, and it can be well seen in Figure 5.6(d) at the distance away from the exposed
surface (i.e., after 10 mm). In order to maintain the ionic equilibrium in the pore solution due
to the diffusion of CI and Na" and leaching of ions in the pore solution such as K*, Ca* and
S0;2, OH leach from the solution, which leads to the decrease in pH near to the exposed
surface. Similar decrease near to the exposed surface with increasing w/c was also once
reported by Haga et al., (2005) for w/c ratio ranging from 0.4 to 1, in the case of leaching.
The existence of low amount of portlandite near to the degraded area has been disclosed for

low w/c paste by Kamali, Moranville and Leclercq, (2008) using the experimental results.

The weight % of chloride ion in the liquid phase of the total transported chloride ion is
depicted in Figure 5.5(a), and as expected, it shows an increasing tendency with w/c ratio.
This could be due to the exisitance of high pore volume (porosity) in high w/c paste as
illustrated in Figure 5.6(b). At the same time, the free chloride ion % decreases with
increasing distance from the external environment due to low amount of total chloride ion
and low porosity. The similar pattern was also reported by Han, (2007). Another form for
chloride ion to exist in the hydrated matrix is the Friedel’s salt due to the chemical reaction

of monosulfate with diffused chloride ion (see Eq. 5.15). The weigh % of chloride ion in the

135



Friedel’s salt with distance from the exposed part for w/c of 0.3, 0.4 and 0.5 is shown in
Figure 5.5(b). The chloride ion in the formation of Friedel’s salt is also increasing with w/c
similar to the tendency of free chloride ion. The formation of Friedel’s salt (see Figure 5.7(a))
is mainly controlled by the amount of transported chloride ion and the formation of
monosulfate. As explained earlier, the transported chloride ion increases with w/c. And
normally, the high amount monosulfate also form in high w/c paste due to the hydration
reaction as detailed in Figure 5.7(b) (i.e., away from the exposed surface without transport
reaction). Initially, C3A reacts with gypsum (CSH,) and forms as ettringite (C;AS;Hs,) as
shown in Eq. 5.17. Besides, the additional aluminate (C3A) reacts with ettringite to produce

monosulfate (C,ASH;,) after the running out of the gypsum (see Eq. 5.18).

CsA+ CSH, + H — C4AS;Hs, (5.17)

CsA+ C4AS3Hsy + H — CLASH,y, (5.18)

It is therefore clear that the formation of monosulfate mainly depends on the reaction of C3A
and gypsum. For a specific cement, the amount of gypsum is constant. Almost a constant
maximum amount of ettringite can be formed even with different w/c ratio (refer Figure
5.7(¢c)). It is a well-known fact that the reaction degree of hydration (which include reaction
rate of C3A) increases with increasing w/c (Florea and Brouwers, 2012). Therefore, the high
amount of ettringite can be potentially dissolved and converted as monosulfate in high w/c
paste. As the result, high amount of ettringite presents in low w/c paste, whereas high amount
of monosulfate forms in high w/c paste as shown in Figure 5.7(b) and (c). Considerably high
amount of Friedel’s salt precipitates in the presence of chloride ion in high w/c paste, which

can also clearly be seen form the Figure 5.7(a). This leads to the high amount of chloride ion
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binding in Friedel’s salt in high w/c paste (Figure 5.5(b)). This whole phenomenon is
realistically captured in the proposed integrated model. Moreover, as explained in Eq. 5.16,
the secondary ettringite forms near to the exposed area due to the reaction of existing
monosulfate with available sulfate ion. This leads to significantly high amount of ettringite in
the exposed area compared to that away from the exposed surface (see the illustration in
Figure 5.7(c)). As the result of additionally formed ettringite, the porosity of the matrix close
to the exposed surface is even considerably lower than undegraded matrix i.e., away from the
exposed surface as demonstrated in Figure 5.6(b). For example, the porosity decreases up to
0.03 for w/c of 0.3 from 2.5 mm to 7 mm from the exposed surface, whereas it reduces to
0.16 for w/c 0.5 from 3 to 12 mm, which is exactly the same location as up to the formation

of secondary ettringite (Figure 5.7(c)).

As demonstrated in several studies, adsorption of chloride ion by C-S-H surface due to the
large specific surface area and surface complexation module in IPHREEQC was used to
predict the adsorbed ions (Elakneswaran, Nawa and Kurumisawa, 2009; Elakneswaran et al.,
2010; Guo et al., 2018; Chang et al., 2019). In this research work, the surface complexation
model developed by Elakneswaran et al., (2010) is used to predict the adsorbed amount of
chloride by C-S-H surface, and the predicted results with different w/c are shown in Figure
5.5(c). The predicted results indicates that adsorbed chloride ion increase with w/c and above
the distance of around 5 mm from the exposed surface. This is because, the amount of C-S-
H is highly formed in high w/c paste due to the high reaction rate of clinker (Figure 5.7(d)).
However, adjacent to the exposed surface, the adsorbed chloride ion is higher for w/c of 0.3
and 0.4 compared to w/c 0.5 paste. The reason might be due to the high amount of dissolution

of portlandite in low w/c paste. As detailed in Table 5.1, to adsorb the chloride ion by C-S-H,
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it is required additional Ca*? ion in this proposed model. Therefore, in low w/c paste, high
amount of Ca*? ions are freely available due to high dissolution rate of portlandite close to
the exposed surface as aforementioned. Therefore, it is possible to adsorb considerably high

amount of chloride ion in low w/c pastes.
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5.3.3 Verification of carbon dioxide diffusion

To verify the predictability of the proposed model on carbon dioxide diffusion, the computed
results of the weight percentage of portlandite are compared with experimental results of Suda
etal.,(2021) for the cement paste of w/c 0.55 and CO- concentration 3 % (of the air volume).
Based on the proposed model combined with kinetic model for C-S-H dissolution rate, the
predicted results of portlandite show good agreement with experimental results as shown in
Figure 5.8. During the carbonation, portlandite dissolves due to the decrease of pH and forms
as calcite. Therefore, the total weight percentage of portlandite decreases with carbonation
time. However, the parameters used in Eq 5.2 need further validations for different w/c and

different carbonation period.
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Figure 5.8: Variation of weight percentage of porlandite with carbonation period

Figure 5.9 illustrates the phase assemblage of hydration products (a) prior to the exposure

time (i.e., after 28 days of hydration) and (b) after three years of 10 % (v/v) CO2 exposure for
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w/c of 0.3 cement paste. It can be observed that the carbonation depth of this sample is not
observed even after 3 years of carbonation due to the low porosity of the hydrated matrix. All
the hydration products except hydrotalcite generally dissolve and form considerable calcite,
silica gel, alumina gel and gypsum and low amount of starlight, monocarbonate and
hemicarbonate. As per Figure 5.9(b), the porosity of the hydrated matrix decrease adjacent

to the exposed area due to the carbonation reaction.
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exposure surface (a) before carbonation and (b) after 3 years of carbonation
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5.4 Conclusion

A new model developed in MATLAB, HyMeC integrated with COMSOL Multiphysics
(HyMeC-COMSOL) is proposed to predict the changes on the microstructure of the pores
matrix due to transport of ions and gases. The proposal involves cement hydration model to
compute the dissolution rate of clinker, thermodynamic model to perform the chemical
reaction and COMSOL Multiphysics to determine the transport of ions and gas. With several
succeeding conclusions, the model reveals a high potential for predicting transport properties.
The model for the chloride ion transportation through the hydrated cement paste under the
fully saturated condition have been verified with previously developed model, PHREEQC
and experimental results for different w/c as well. The model for the transport of ions
excellently captures the realistic behavior of the transportation process and chemical reaction.
Moreover, the proposed transport model for carbon dioxide diffusion combined with kinetic
model for the dissolution of C-S-H has been verified with experimental results of dissolution
of portlandite, showing good agreement. However, the proposed kinetic model needs further

validation for different w/c and different exposure conditions.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Introduction

This dissertation presents the analysis of the newly proposed model for predicting the
mechanical and durability properties of cement-based materials. The objective of the research
is to develop a new model, capable of determining the mechanical and transport properties of
cementitious material from its evolution of microstructure with less assumption. From the
perspective of Material Engineering, yet significant effort has been given on understanding
microstructural responses, mechanical responses and durability responses by considering
different factors such as different type of cement (clinker composition), w/c, aggregate

content, hydration, exposure period and etc.

The research work consists of the following major components: (i) an overview on cement
hydration and microstructure in cement paste, mortar and concrete (described in Chapter 2),
(1) an overview on the transportation of ion and gas into the cement based material (described
in Chapter 2), (ii1) developing a new model for predicting the mechanical properties of cement
paste from hydration products and porosity of the matrix (described in Chapter 3), (iv)
extending the cement paste model to predict the mechanical properties of mortar and concrete
by considering as three phase material (aggregates, ITZ and cement paste) (described in
Chapter 4) and (v) proposing an integrated model consist of cement hydration and
transportation of ion and gas to predict the durability characteristic of cement paste (described

in Chapter 5).

143



6.2 Summary of conclusions
6.2.1 A new model for predicting the mechanical properties of cement paste (HyMeC)

In this part, a two-stage model (called HyMeC) has been proposed to predict the mechanical
properties of OPC paste such as compressive strength, Young’s modulus and Poisson’s ratio
from the development of microstructure during the hydration process. In Stage-1, the volume
fraction of hydrates has been predicted by integrating (i) relative humidity model (ii)
thermodynamic model, (iii) cement hydration model and (iv) model for volumetric prediction.
The multi-scale model (3 levels from C-S-H matrix to cement paste) has been developed in
Stage-2 for predicting the above mechanical properties using the volume hydrates obtained
from Stage-1. From the analysis of the successfully developed model, the following

conclusions are drawn.

The behaviour of the relative humidity during the hydration process have been realistically
reflected through the proposed relationships as a function of w/c ratio and hydration period,
and the predicted results exhibit a fairly good agreement with experimental results for w/c of
0.2-0.5. The microstructure and porosity of the hydrated cement paste, in terms of volume
fraction, have been predicted using the integrated Stage-1 model, which comprehensively
expresses the variation of phase assemblage with hydration process for long periods. The
predicted chemical shrinkage and capillary porosity shows a very good agreement with
reported experimental results of w/c 0.4 and 0.55 in Stage-1 analysis. The proposed multi-
scale model (Stage-2) demonstrates accurate predictability of the mechanical properties of
cement paste. The predicted compressive strength excellently captures the realistic values for

the w/c ratios ranging from 0.3 — 0.6, and similarly, the Young’s modulus is predicted. The
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computation of Poisson’s ratio also shows relatively good agreement with the available
experimental data of two w/c (0.4 and 0.55). However, the model slightly overpredicts the
Poisson’s ratio at early stage (before 10 days); thus, further validations are required with more

independent experimental results to generalize the Poisson’s ratio model.

6.2.2 A three-phase model for simulating the mechanical properties of mortar and

concrete

In this chapter, the mechanical properties such as Young’s modulus and Poisson’s ratio of
mortar and concrete were reliably predicted using the developed multi-scale model and
homogenization method. The mortars and concretes were assumed as three-phase composites,
and the ITZ for both coarse and fine aggregate were reliably considered as cement paste with
high water content. The mechanical properties of ITZ and bulk paste were based on the
detailed microstructure of hydrates during hydration reaction. The proposed models for
mortar and concrete were validated with experiment results for wide range of aggregate

contents and w/c ratios.

The predicted Young’s modulus excellently captured the realistic behaviour for the w/c ratios
ranging from 0.3 to 0.6 and aggregate content from 0.2 to 0.6. The computation of Poisson’s
ratio showed relatively good agreement with the experimental data for mortar and concrete.
However, the model slightly overpredicted the Poisson’s ratio at early stage (before 10 days)
for concrete; thus, further validations are recommended with more independent experimental
results to generalize the Poisson’s ratio model of concrete. Moreover, the effect of ITZ on
Young’s modulus and Poisson’s ratio were demonstrated using the proposed model for mortar

and concrete. At the same time, the results predicted via typical way, i.e., two-phase model,
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was shown to reveal a stiffer material compared to that of both experiment results and three-
phase model for both mortar and concrete. The effect of ITZ was higher for concrete

compared to mortar due to the high amount of aggregates content.

Overall, the proposed novel three-phase models for mortar and concrete can be used to
accurately predict the mechanical properties. One of the marked merits of this model is, if the
chemical composition is known, the Young’s modulus and Poisson’s ratio can be computed,
which would reduce the waste of time, cost, material and manpower compared to typical

approaches.

6.2.3 An integrated model (HyMeC-COMSOL) to perform the durability and

mechanical properties of cement past due to the transport of ion and gas

A new model developed in MATLAB, HyMeC integrated with COMSOL Multiphysics
(HyMeC-COMSOL) is proposed to predict the changes on the microstructure and mechanical
properties of the pores matrix due to transport of ions and gases. The proposal involves
cement hydration model to compute the dissolution rate of clinker, thermodynamic model to
perform the chemical reaction and COMSOL Multiphysics to determine the transport of ions
and gas. With several succeeding conclusions, the model reveals a high potential for
predicting transport properties. The model for the chloride ion transportation through the
hydrated cement paste under the fully saturated condition have been verified with previously
developed model, PHREEQC and experimental results for different w/c as well. The model
for the transport of ions excellently captures the realistic behavior of the transportation
process and chemical reaction. Moreover, for carbon dioxide diffusion, the proposed transport

model combined with kinetic model (relating the dissolution of C-S-H) is well verified with
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experimental results of the dissolution of portlandite.

6.3 Suggestions for future works
The following considerations open for interesting research opportunities:

The proposed model for predicting the mechanical properties of cement paste from the
development of hydration products (Chapter 3) needs further elaboration to predict the
mechanical properties of blended cement which consist of fly ash, slag, silica fume and etc.
Moreover, the C-S-H distribution factor used in the multi-scale model to predict the
mechanical properties of cement paste is needed further investigation based on experimental

evaluation on how it varies with w/c and cement replacement ratio for blended cement as well.

The model for mechanical properties such as elastic modulus and Poisson’s ratio of mortar
and concrete considered as three phase material (aggregate, ITZ and cement paste) has been
proposed using the homogenization method based on the development of hydration products
in ITZ and cement paste (Chapter 4). The extension of this homogenization method to predict
the compressive strength of mortar and concrete can be performed. Moreover, in the proposed
model, ITZ is considered as single shell with uniform properties for a specific time to reduce
the complexity of the calculation. However, based on the experimental results (Nadeau, 2002;
Scrivener, Lyon and Laugesen, 2004a; Gao et al., 2014) show varying clinker content and w/c
with distance from the aggregate surface. Therefore, it will be more realistic, if the ITZ would
be considered as a greater number of layers. Moreover, the aggregate is considered as inert
and no reaction with cement. But depends on the chemical composition of aggregate types
(mainly silica) react with cement and the properties of ITZ also can be affected by aggregate

reaction (Multon and Sellier, 2016). Therefore, the proposed model needs further
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modification to consider the aggregates reaction with cement paste.

The coupled HyMeC-COMSOL model has been developed to simulate the durability
characteristic of cement paste. It can be extended to perform the durability properties of
mortar and concrete. Moreover, in the COMSOL Multiphysics model, the activity coefficient
was not considered for the calculation of transportation process. It will be better if the model

modified to consider the activity of ions during the transportation process.
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Appendix A: Material and Experimental Methodology

Material

The cement used for experimental works of mortar was ordinary Portland cement (OPC). The
chemical composition and physical properties of the cement are detailed in Table Al. Fine
aggregates used were natural mountain sand with specific gravity of 2.57 g/cm?, obtained
from Kakegawa city in Shizuoka prefecture of Japan and coarse aggregates used were crushed

stone with specific gravity of 2.68 g/cm® produced from Ibaraki prefecture of Japan.

Table A1. Chemical composition and physical properties of cement

Si02 20.89
Al203 5 44
Fe203 204
Cao 65.11
MgO 1.54
Chemical composition (%) 503 2.08
Na20 027
K20 0.53
TiO2 026
P205 014
MnO 0.05
LOI 0.71
Blaine (cm?/g) 3450
Physical properties
Density (g/cm?) 316
Mix design

The experiments were carried out for mortar and concrete at three different w/c: 0.3, 0.4 and

165



0.5 and two different sand contents (in total volume fraction): 0.3 and 0.6 for mortar and two
different coarse aggregate content: 1000 kg and 500 kg for concrete. The mix proportions for

each of these mixes are stated in Table A2 and Table A3.

Table A2. Mixing proportion of mortar

Water (g) Cement (g) Sand (g) w/c Volume fraction of sand
1023 3408 2322 03
0.3
585 1947 4644 0.6
1173 2931 2322 0.3
0.4
669 1674 4644 0.6
1287 2571 2322 0.3
0.5
735 1470 4644 0.6

Table A3. Mixing proportion of concrete

Water Cement Sand Coarse aggregate ~ w/c

(kg/m? of concrete)

170 567 681 1000

0.3
222 740 891 500
170 425 797 1000

0.4
222 554 1042 500
170 340 864 1000

0.5
222 446 1130 500
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Sample preparation

According to mix proportion, @50 x 100 mm cylinder samples for mortar and ¢100 x 200 mm
for concrete were prepared. After demolding, the samples were sealed and cured in an

environment of 20 °C for 3, 7 and 28 days.

Compressive strength test

The compressive strength was tested in accordance with JIS A 1108. The compressive

strength was the average value of test results of three samples.

Young’s modulus test

The Young’s modulus was tested in accordance with JIS A 1149. The Young’s modulus was

the average value of test results of three samples.

Poisson’s ratio test

The Poisson’s ratio experiment was carried out in accordance with JHS 307, and the Poisson’s

ratio value was the average value of three samples.

Experiment results

The experiment results of compressive strength, Young’s modulus and Poisson’s ratio are
shown in Table A4 and Table A5 for three sets of w/c and two sets of aggregates content for

mortar and concrete.
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Table A4. Mechanical properties of mortar

W/C Sand Time Compressive Young’s modulus Poisson’s
(volume %) (Days) strength (N/mm?) (kN/mm?) ratio
3 523 20.7 0.218
30 7 61.8 23.9 0.209
28 77.1 25.2 0.203
0.3
3 48.9 23.5 0.206
60 7 66.8 27.1 0.183
28 80.9 29.3 0.192
3 29.5 15.6 0.206
30 7 42.7 18.7 0.197
28 60.9 26.4 0.192
0.4
3 31.2 20.0 0.216
60 7 44 .4 23.4 0.187
28 59.5 25.5 0.186
3 12.4 9.56 0.179
30 7 23.6 13.9 0.189
28 43 16.6 0.212
0.5
3 20.6 17.0 0.170
60 7 30.2 21.1 0.176
28 44.6 23.2 0.174
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Table AS5. Mechanical properties of concrete

Coarse ] Compressive ]
Time ,. Young’s modulus Poisson’s
Ww/C aggregate strength (N/mm~) 5 .
(Days) (kKN/mm~) ratio
(Kg)
3 60.1 30.6 0.186
1000 7 78.4 33.9 0.187
28 93.4 36.7 0.208
0.3
3 54.4 27.0 0.186
500 7 67.6 30.5 0.195
28 84.2 334 0.207
3 36.9 27 0.191
1000 7 52.5 30.7 0.181
28 68.3 33 0.197
0.4
3 353 23.3 0.196
500 7 49.4 27.9 0.181
28 65.1 30.5 0.188
3 24.6 23.7 0.176
1000 7 36.9 27.3 0.171
28 53.1 31.2 0.174
0.5
3 22.6 20.5 0.177
500 7 34.4 24.8 0.172
28 50.1 28.3 0.176
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