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ABSTRACT

Cement industry is one of the major contributors of global anthropogenic carbon dioxide (CO2)
emissions. COz is one of the major greenhouse gases that leads to global warming and
associated climate change. It is estimated that approximately 7% of the annual CO2 emissions
come from the production of cement. Considering the exponential increase in the global cement
demand due to rapid urbanisation and infrastructure development in developing countries such
as India and China, finding sustainable alternatives to Ordinary Portland Cement (OPC) is of
utmost importance. Ternary blended cements offer such an alternative to OPC, being produced
by partially replacing cement with two supplementary cementitious materials (SCMs).
Limestone calcined clay cement (LC?) is one such ternary cement where cement is partially

replaced using a combination of calcined clay and limestone.

The objective of this study was to understand the hydration and microstructure development in
Limestone calcined clay cements (LC?). The primary focus of this study was on an LC3-55
blend having the composition of 50% clinker, 30% calcined clay, 15% limestone and 5%
gypsum. Crushed quartz was used as an inert filler to isolate the individual as well as the
combined contributions of calcined clay and limestone in the system. Several blend parameters
that affect hydration, phase assemblage and strength development in the system (such as purity
of clay, type of carbonate used, clinker factor etc.) were identified and individually varied to

understand their influence on these characteristics.

The phase assemblage and hydration characteristics of LC>-55 were compared with a ternary
cement produced using slag and fly ash (also known as Composite Cement), Portland
Pozzolana Cement (PPC) and Ordinary Portland Cement (OPC). The phase assemblage and
microstructure in LC>-55 were characterised with the help of techniques such as X-ray
Diffraction (XRD), Mercury Intrusion Porosimetry (MIP), Thermogravimetric Analysis (TGA)
and Scanning Electron Microscopy (SEM). A significant alumina uptake was observed in the
C-A-S-H gel formed in the LC3-55 system due to the presence of calcined clay. The AFt/AFm
phase assemblages were seen to vary with the type of SCM in the LC3-55 system, with
stratlingite forming in the absence of limestone and calcium monocarboaluminate forming in
the absence of calcined clay. The availability of portlandite was seen as the critical parameter

affecting the phase assemblage in the LC? systems. A reduction in the long term hydration of
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clinker phases (especially belite) was observed in the LC3-55 which limits the availability of
portlandite for the pozzolanic reaction. Therefore, the major strength development in these
systems is complete within 28 days. It was found that the reduction in clinker hydration was
not due to insufficient availability of sulphate or alkalis. No improvement in clinker hydration
trends was observed even after increasing the fineness of clinker. However, the long term
clinker hydration was seen to improve when a lower purity clay was used. Alternate sources of
carbonates, such as dolomite can be used to produce LC? cements. In the presence of reactive
aluminosilicates from calcined clay, dolomite reacts to form hydrotalcite and carboaluminate
phases. Using the knowledge gained from the experimental studies, a numerical model for the
hydration and phase development in LC? systems was developed. Attempts were made to
understand the strength development using gel-space ratio calculations. It was found suggests
that C-A-S-H formed in the LC? systems appears to have better space filling capabilities unlike
the C-A-S-H formed in the OPC systems. It was also seen that at higher clinker substitution
levels, it is advisable to use lower purity clays to ensure optimal consumption of the reactive

metakaolin present in the calcined clays.
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e 3eeT ARGH AT AT F1eleT STSIHTFATSS (CO2) 3TN & T AT IHT
AU T T CO2 T MeAgr3d AT 7 & Tk § St 7eliarer arfeter 3R Heew sierary gRac
T 3 o ST 8| I8 AT § o aTf¥ieh CO2 Scdolat 3l ofaTsHaT 7% HIHT o Seulest &
37T 8| $TReT 3R et S Fashrereiier it & oi & rgdenior 3R iaamer arr & fashr &
PROT ARG THT AT A Tof o Jef& T &@ U, HIfSaT qcels e (i) & forw
TR Tahed TSt 3chd Ageaqul & | ol Sciss HHeH I & foIv v v fasmed
YTl hd g, ST 3TTRIh & & HIHC T el 3R WA WA (THHETH) § deeoleh]
TATAT ST TET & | ATSHTCSIA Fol HHAT (LC3) T VAT Toily HiHT §, STaT Fordses Fo 3R
ATSHTCIA S HAToTeT T 3TN ek VAT i IS ®T F deof I AT &

S T HT 3653T ASHATCIS heldIge3 Fol rHeH (LC3) H g3321+ 3R ATShiEgFa

STTIHC Pl THSTAT AT| 5H TETTA T ITATHS €A1 Uah LC3-55 Y01 ) 41 T5F#7 50%
fFeIaT, 30% FHerdTses Fol, 15% ATSATCIA 3R 5% T | FaTesT I T HThyT 1T
o 9 H SEAAT {ohaT IT AT ATfeh SheldTgs Fol R ASHATCIA oh HIercl NTCT ol 3eTaT
T o @ | faEeA H STerisret, uerd Taisre 3R Al fasra s gafad e arel g
P07 IreTeT (S8 TACET &Y e, Feidie HT ThR, [Feleht HReh HTie) HT ggar 6
TS oY 3R 3T TAATATHT W 3eTch THTT Sl THST 1T

LC3-55 & 9erd Harslel 3R STeraielel TaRINATiT &l Jofall TolaT 3R Fells V2T (hedifole
HIHT), AIceis Tivollelelr drae (G 3R ARt dicels dide (3T 7 393197 Flh
3caTfed Ueh eIl EHT & ATy $r 315 21| LC3-55 F Ui FAaTeT 3R Agshircaay &
TFH-Y fStharereT (TFH3TREY), AR SEoled URIfAST (TH3TSY), aAfifanfes wafafaa
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(ESTT) 3R TR AT Selegiel ATSHITDIUT (THSUH) STHT deheilehl T FGE, & THSI IIAT AT|
chedTehel TATE & 3UTEAT & HROT LC3-55 JOTel H IT{SA C-A-S-H Siel H Teh Hgea ol
To[AAT 3(9eeh G@T IAT| AFt/ AFm 3Tl sl LC3-55 YTl # SCM & bR & 1Y
TSIT-3Tel3T @1 1T T, {9 as dgaATel Y 3qafeufa & wdefdage 3R Hicws
ARSI THAC &l ISeT dhediche THCE T HTUrEAT & Fohar I/ 7| diédlsise H
3Yeletrdl & LC3 faEeH 7 TRoT 3rddel dl YHTTad et dTel Ageaqol e & &9 &
ST 31T AT| TAEY 3-55 F Foia uerf (v &7 & fiarse) & dwias soarers &
FH @Y 75 S NArefersn Ffaferar & fow diclsse fr 39estdr H HfAd Far g
5aTT, geT YOIl & FaQ it faenre 28 et & o qRT 81 Sirar 81 Ig 9 ar o6
fFeleht STerIsled # AT Hethe AT &TR I AT IUTtIdT & HROT AT &T| fFeiay Hr
HENACT T TGTo1 & ST, Y FFelend SToraiietet 7 SIS YU LT SWT I1AT| BTeifoh, o il
arelt fATEY 1 3u2eT et o) Ereiehiioreh fFole STeritotel / GUR SWT 1T AT| FHrefeie &
Jhfous Ad, S T SIATST T 3UFRT LC3 HIHT FT 3c4TeT el & [T fhaT ST ThdT
g1 hodiehd A & ufafhanhe tefAafics $r sufFufa #, sielArse grsgiiadrse
3R wrsffaelde @xolt & aTee & frT Sidfhar sidr &1 Tkl Teagsit & Trec ATt
AT I §, LC 3 Jomferdl & STerdietet 3R =0T faehdl & foIv veh HEdTcAe Hise
TaenTareT foham aT| SIeT-E9F 31eTUTC ITUTAT3IT ohT 3UGNET hieh ATl o Tdehre T FHST
T ST TR IT| I 91T 3737 fob LC3 faEeH # a1fdd C-A-S-H, OPC f&¥e# # a1fdd C-
A-S-H & Taulid 9gdv T #a &1 &THAT I@dT &1 I8 Y ¢@r a7 o 3= e
T ERT IX, o YEEICT aTel Fel hl ST Tt &l HeATg &1 STl & clleh hodishel
fACE # Aise giafsarelier Acrehifors T 3fRendd Tud iR I o de|
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A ALO3
A/S Alumina to Silica Ratio in C-S-H
AS2 Metakaolin
AFm AlOs3 - Fe203— Mono
AFt Al203 — Fe2O3— Tri
B Brucite
BSE Back Scattered Electron
BW Bound Water
C CaO
CcC Composite Cement
C/S Calcium to Silica Ratio in C-S-H
CsS 3Ca0.Si02
C2S 2Ca0.Si02
GCA 3Ca0.AL203
C4AF 4Ca0.Al203.Fe203
CSH2 Gypsum
CH Portlandite
cC Calcium Carbonate
C-S-H Calcium Silicate Hydrate Gel
C-A-S-H Calcium Alumino Silicate Hydrate Gel
C2ASHs Stratlingite
CMc:2 Dolomite
CL Ground Clinker
D Dolomite
DOH Degree of Hydration
DTG Differential Thermogravimetry
EDS Energy Dispersive X-Ray Spectroscopy
F Fly Ash
Gypsum
H H20
Hce Calcium hemicarboaluminate
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Particle Size Distribution
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Melilite

Mass Absorption Coefficient
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Magnesium Hydroxide
Hydrotalcite
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Mercury Intrusion Porosimetry
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Slag
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