MICROSTRUCTURE, MASS TRANSPORT, AND
CORROSION OF STEEL IN CARBONATED SYSTEMS

WITH SUPPLEMENTARY CEMENTITIOUS MATERIALS

LUPESH

DEPARTMENT OF CIVIL ENGINEERING

INDIAN INSTITUTE OF TECHNOLOGY DELHI
JuLy 2025



© Indian Institute of Technology Delhi (11TD), New Delhi, 2025


Biswajit
Highlight


MICROSTRUCTURE, MASS TRANSPORT, AND
CORROSION OF STEEL IN CARBONATED SYSTEMS WITH
SUPPLEMENTARY CEMENTITIOUS MATERIALS

By
LUPESH

Department of Civil Engineering

Submitted

In fulfilment of the requirements of the degree of

DOCTOR OF PHILOSOPHY

To the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

JULY 2025



CERTIFICATE

This is to certify that the thesis entitled “MICROSTRUCTURE, MASS TRANSPORT,
AND CORROSION OF STEEL IN CARBONATED SYSTEMS WITH
SUPPLEMENTARY CEMENTITIOUS MATERIALS,” being submitted by Mr. Lupesh
to the Indian Institute of Technology Delhi, for the award of ‘Doctor of Philosophy’ in
Department of Civil Engineering is a record of the bonafide research work carried out by him
under my supervision and guidance. He has fulfilled the requirements for submission of this

thesis, which, to the best of our knowledge, has reached the requisite standard.

The material contained in the thesis has not been submitted in part or full to any other

University or Institute for the award of any other degree or diploma.

(Dir Shashank Bishnoi) Place: Abu Dhabi
Professor Date: A\ / OH2025
Department of Civil Engineering

Indian Institute of Technology Delhi

New Delhi, India, 110016


Mobile User


ACKNOWLEDGEMENTS

I would like to express my deepest gratitude to my supervisor, Prof. Shashank Bishnoi, for his
invaluable guidance, support, and encouragement throughout my doctoral journey. His insights
from lengthy discussions, patience, and expertise have been instrumental in shaping this
research and in my growth as a researcher. Thank you for fostering a supportive and inspiring
work environment, granting me the flexibility to explore my ideas, and providing opportunities
to attend numerous conferences. I truly appreciate your patience in guiding me through
challenges and helping me refine my thoughts with clarity and coherence. I am also sincerely
grateful to the Ministry of Education (MoE), Government of India, for supporting my research
through the Prime Minister’s Research Fellowship (PMRF), which provided financial

assistance to make this work possible.

[ extend my heartfelt thanks to my student research committee members, Prof. R. Ayothiraman,
Prof. Jayant Jain, Prof. D.R. Sahoo, and Prof. Bappaditya Manna, for their valuable feedback,

constructive criticism, and insightful discussions that have significantly improved this work.

A special acknowledgment goes to my colleagues and friends at Bishgroup for their
collaboration, criticism, debates, discussions, and constant support, which have enriched my
research experience. A special thanks to Ashirbad, Akash, Rajesh, Bharati, Aastha, and
Anwesa for their friendship and the memorable moments we shared throughout this journey.
Their presence made challenges easier to overcome, and their constant motivation kept me
going. Thank you, Amit, for all the light hearted moments and Lav for his advice. Thanks to
Jyotish, Manya, Mehnaz, Gopala, Narendra, and Priyanshu for all the chattering and countless

treats.

I sincerely appreciate the technical assistance and resources provided by Materials Research
Laboratory and Concrete Structures Laboratory. I want to thank lab staff Vinesh, Ashish,
Ganesh, Manoj, Vikash, and Deepak for helping me with experiments beyond working hours.
A special thank you to Saurabh and Neha for their invaluable help with paperwork related to

my travels and the instruments' procurement and repair processes.

I am incredibly thankful to my family for their unwavering support, patience, freedom,
scarifies, and encouragement throughout this journey. Their belief in me has motivated me

during the most challenging times.

i



ABSTRACT

With the increasing use of supplementary cementitious materials (SCMs) to reduce the clinker
factor and move toward near-zero emissions in construction, the potential risk of reinforcement
corrosion due to carbonation poses a major roadblock to the acceptance of low-clinker cements.
The physicochemical process of carbonation involves the reaction of carbon dioxide with the
alkaline constituents of the cementitious matrix, leading to the formation of calcium carbonate.
The dissolution, neutralization, and precipitation processes happening within the pore network,
results in notable changes in mineralogy, pore solution composition, and pore structure
characteristics. In a near-neutral pH environment (8~9), the natural passive film on reinforcing
steel maintained by the high alkalinity of the cementitious matrix deteriorates. Consequently,
when the carbonation front reaches the reinforcement depth, a significant level of corrosion

may initiate, potentially impacting the long-term durability of reinforced concrete structures.

The objective of this study was to investigate the mass transport properties and corrosion
kinetics in carbonated mortars with various binder compositions. The research investigated
mortars cast at water-to-binder ratio (w/b) — 0.4, 0.5, and 0.6 cast with a control binder ordinary
Portland cement (PC), along with binary binders consisting of PC-Fly ash and PC-Slag, and
ternary binders incorporating PC-Calcined Clay-Limestone and PC-Slag-Fly ash. The study
focused on understanding the microstructural evolution, mass transport characteristics, and

corrosion kinetics under carbonation exposure.

Mass transport properties were evaluated through sorption, oxygen permeability, and chloride
migration experiments, which were then correlated with pore structure characteristics
determined using Mercury Intrusion Porosimetry (MIP), nitrogen adsorption, water-accessible
porosity, and degree of water saturation. The phase assemblage and microstructural evolution
upon carbonation were analyzed using X-ray Diffraction (XRD), Thermogravimetric Analysis
(TGA), nitrogen adsorption, Fourier Transform Infrared Spectroscopy (FTIR), and Scanning
Electron Microscopy (SEM). Finally, the corrosion kinetics in different binder compositions
under varying external relative humidity were studied using Linear Polarization Resistance

(LPR), resistivity, half-cell potential, pore solution characteristics, and moisture content.

Upon carbonation, significant changes in transport properties and pore structure characteristics
were observed. Blended binder compositions exhibited an increase in mass transport rates,
whereas PC showed a decrease. The primary reason for the increased transport rate in blended

compositions after carbonation was the higher pore connectivity factor, larger critical pore
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diameter, and increased threshold pore diameter. Furthermore, carbonation-induced changes
led to a cement-agnostic correlation between mass transport properties and pore structure
characteristics, with a strong correlation observed between water-accessible porosity and
various transport properties. The analysis of phase assemblage and microstructural evolution
in cement paste at different degrees of carbonation revealed that C-S-H decalcification leads to
the formation of de-calcified C-S-H/silica gel, resulting in an open and larger-pore structure.
Consequently, a higher degree of carbonation in blended cements results in a greater extent of
C-S-H decalcification, leading to increased pore connectivity, reduced tortuosity, and enhanced

transport properties.

Across different binder compositions, corrosion rate was found to depend mainly on the
available moisture content and pore connectivity, dictating the percentage area actively
corroding and movement of ferrous ions away from the corroding surface. Additionally, the
slope and intercept of the corrosion rate—resistivity linear relationship were found to depend on
the interplay of pore structure characteristics, pore solution composition, and capillary
condensation. Specifically, binders with higher [CI™]/[0H™)/[SOZ7]1/[0H~], lower
resistivity, greater porosity, and higher pore connectivity exhibited lower intercepts and slopes.
The laboratory study and the investigation of a 50-year-old RC structure demonstrated that
carbonation or loss of passivity does not necessarily result in significant reinforcement
corrosion. Notably, when external relative humidity falls below 75%, the corrosion rate
remains practically negligible. Based on Evans' diagram and corrosion kinetics parameters, a
corrosion rate prediction model was developed using corrosion potential and resistivity
measurements. This model was validated through results from inspection of a real RC structure,

confirming its applicability in assessing corrosion risk under carbonated conditions.
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At &9 o faddr FRS &) gerar Y I 1 G H T+ 8 Tead Sicgad
Tl BT SUTNT ool ¥ ¢ Y81 & | BTdiids, STt BRI HIE B0 Y IUH ST Y [hRu]
(reinforcement) % &RUT &Y HHTGHT, HH-Takiep Wi B UM § T HEayuf aTe e
JHRC & | BIEIHIBRU T Hifdd- e ufehar g forad difed ffiead &t &g gl
& T HIE SIIHIRIZS B! AUTHAT BB B eRITH HIS(-C o (A BIdl § | Tg Ufeha
5% TeHT H ga-=iTardT, SR, SR S/@aqur St gersf o A1y ¥ |l e,

f5g faeem TRa, 9T fovg R faRivarst & Aeayuf ufad= ot 8 1 51 pH A ~8-9
& fide Ugddl &, df didc Afta gRI s+ Uiepfae ity Rd fors It 81 herkawy,
TS BTGB SUHTT YEaIHRUN BT TTERTS 0 Ugddl &, 99 ST &R0 URH g1 qehdl
2, o Seipriere R B gHIfdd FaT 81

2 MY BT I AT TR W37 arelt HraHes HieR § gogd gikag- ol ud
&RUT T BT SEIT BT UT| TA-AT8Sx 3UTd (w/b) 0.4, 0.5 TG 0.6 TR Tl T ACR
o1 IgANT fpar mar, S8 g Widds Wi (ope) & A SiEeR & U H au
fG3MURY (PC-Fly ash, PC-Slag) Td FASMTYURY (PC-Calcined Clay-Limestone, PC-Slag-Fly ash)
e WAl o Ififera foar man siee o geiRa fddN, oo uiagH
TR TUT HTABRUN & Tgd &R TP IR & i [l T

GO Rag faRIwdTaf &7 Jedid IR, fTeRiio IR, U4 RIS S Tard Jai
ER1 fobar 7, ford st o URIRIEICT (MIP), TSI ARV, Sd-gay s/, Td
T A TR I W 5% AT 01 & 1Y TgHaG [l 17| HIEHIDHR0 &b THE
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P! LPR, IRfad, 81h-Od Ul R4, fovg faaa Iv=qr ud 7+ It gRT 9w 7|

PHIEHIDHRO & IYTd URde oI 3R &% W & Ieae-ta uRadd o9 el ifyd
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dreexl H I XY JS1d, 98T hifdd I8 M, 9UT d61 §3HT A=Mes I8 ™ U 17| S
Sffafkad, HEMHIGRU 7 AiHe-Wdd Tgday IOd fhar, Jgl oa-gay ear 3R fafie




gikag ol & Heg Holgd gedey ¢dl 1l dHe IRe # fafid Sraiex TRl )R
AT AP & fo=xdwr & 19 g [ C-S-H & S-HRbHRA & BRI
SlrRTBES C-s-H/RfdeT o &1 fAafor gar 8, for aifeies Geit td gat 3¢ TRa-1 9]
g | faxivd: ffda Hide & oifie Hraf-iemRur [ & BRI C-S-H T 3 S1-h R b DHRM,
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gl 81 3fdd:, Evans 3RW UG &R0 A AMGS! & STYR W T &RUT GaTAH Hisd
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