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Hydration mechanism, microstructure and moisture transport
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Abstract

Supplementary cementitious materials (SChs) offer a sustamable solution to reduce carbon
ermissions from the production of cement and concrete. This dissertation explores the impact
of 3CMs and the related additives on the hydration process of cementitious materials, which
affects their microstructure and transport properties. Water 15 mvolved in the whole life of the
cementitions matertals thereby determining the hydration, microstructure, and durability.
Advanced techniques were employed in this study to investigate the impact of additives on the
hydration of Cai3, alterations in water dynarmics and microstructure induced by S3CMs, and their
correlation to transp ort properties. & device was designed to continuously monitor the effect of
SCMs on early hydration, and it was subsequently updated to monitor the hardening process

of concrete contaming 3Chs

Fesults show that the dissolution theory fails to explain anomalous hydration of tricalcium
silicate at high waterto solid ratio. A new hypothesis in this study proposes that calcium silicate
hydrate (C-3-H) primarily nmucleates within thenear-surface region, and this hypothesis bridges
the gap between dissolution and protective layer theories. The precipitation nvolves primary
particle nucleation and growth by particle attachment A cceleration in C-3-H growth, nstead
of etch pit dissolution, may explain therapid increase inreaction rate after the mduction period.
The hypcthesis provides a thorough explanation for the impact of potassium salts and pH on
the dissolution of Cs3 and the precipitation of C-3-H. The newly designed device exhibits
excellent performance m monitoring the interaction of water with cement and SCMs. The
evolution of electrical conductivity i hydrating pastes closely relates to chemical reaction
process. 3CMs reduce the irutial conductwity of pastes mainly by decreasing allzali
concentration. The growth rate of the formation factor replicates the reactity of different
binders. Blendmg 3CMs refines the pore structure, decreases pore connectivity and results in
a higher formation factor A percolation model can be used to demonstrate the relationship

between volume of evaporable water and formation factor

SCMs affect not only the pore structure of hardened cement-based paste chep), but also the

phase assemb lage and water dynamics. The effect of 3CMs on mesoscale pore structure can be



well indicated by water vapour desorption isotherms, but effects of 1on on water vapour
equilibrium pressure must be considered when calculating the pore size distribution. A novel
approach works well in evaluating the hydration degree of SCMs by use of water vapour
sorption and thermodynamic modellmg  Thermoporometry and  broadband  dielectric
spectroscopy effectively characterise moisture distribution and water dynamics in hep,
respectively. 3CMs have limited effects on the dynamics of structural water, primarily
influencing water dynamics in small gel pores and interfacial polanzation. The first drying
process decreases the volume of unfrozen water (< ~2.4 nm) under any level of relative
humidity. Gel pores coarsen significantly during the drying between 75 % and 50 %

Change of microstructure alters the transport of moisture and chlorde in hep. The decrease in
both moisture transport coefficient and chloride migration coefficient nduced by 3Chs is
notably more significant at a higher waterto-binder ratio upon extended curing period. The
modified moisture transport m blended systemns 15 mamly due to pore structure refinement,
specifically the reduction in pore connectivity. Both the formation factor and porosity of small
pores determine the moisture transport m hep, with the formation factor being more significant
at high EH and the porosity of small pores being more significant at low EH. The effect of
SCMs on chloride diffusion 15 mamly attributed to their influence on pore connectivity. A
simip lified model based on the formation factor can be used to estimate the chloride migration

coefficient for the blended pastes and mortars.

The upgraded device provides a reliable non-destructive monitoring of concrete performance
by measuring electrical conductivity and internal temperature accurately. Formation factar,
maturity and ultrasonic pulse velocity are reliable indices for concrete strength, however,
formation factor exhibits the optimal performance This study provides msights into the
mechanism of water interacting with cementiticus materials and a new non-destructive method

to promote the high-quality use of SCMs in sustamable concretes

Eeywords:

Supplementary cementitious materials; hydration; durability; electrical conductivity; formation
factor; microstructure, motsture transport
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Vixelverkan mellan vatten och supplementary cementitious materials
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Sammanfattning

Alternativa bindemedel (supplementary cementitious materials, 3CMs) erbjuder en hillbar
ldsning for att minska koldioxidutslappen fan produldtionen av cement och betong, som 4r en
stor bidragande falztor till globala vaxthusgasutslapp. Denna avhandling utforskar effelsten av
2CMs och relaterade tillsatser pd hydratiseringsprocessen av cementbaserade material, vilka
kan paverka dess mikrostrulthir och transportegenslkaper Vatten ar mvolverat 1 hela livet av
cementbaserade material och avgér darmed hydratiseringen, mikrostrulduren  och
bestandigheten Avancerade telmikrer anvandes 1 denna studie for att undersdka effelden av
tillsatser pa hydratiseringen av Cs3, mikrostruldurell férfining genom 3Cs och dess relation
till transportprocesser, samt bedéma férandnngar 1 vattendynamilzen. En enhet designades fér
att dvervaka effelden av SCMs pid tidig hydratisering och den uppdaterades senare for att

dvervala hardningsprocessen av betong som innehiller SChs.

Fesultaten visar att upplésningsteorin misslyclas med att farklara anomal hydratisering vid
hoga vatten pulvertal. En ny hypotes 1 denna studie féreslar att C-5-H framst nukleeras mom
nar-ytan regionen, denna hypotes bygger en  bro mellan  uppldsnings-  och
skyddandelagerteorier. War utfallning sker, uppstar en primarpartikel nukleering och tillvaxt
genom  partikel sammanfogning.  Accelerationen 1 C-3-H-tillvast, stallet  for
gropetsningsupplésning, kan férklara den snabba realtionshastighetsélningen efter
induktionsperioden. Hypotesen forklarar val upplésning av Cs2 och C-3-H-utfallning paverkad
av kalmumsalter och pH-nivier Den utvecklade enheten fungerar bra vid dvervakning av
vatteninteraktioner med SCM. Utvecklingen av eleltrisk ledningstérmaga 1 hydratiserande
pastor relaterar nira till keriska realtionsprocesser och kan klassificeras 1 fyra faser SCI
minskar den initiala ledningsférmagan fér pasta framst genom att minska allkaldzoncentrationen.
Tillvaxzthastigheten fér formationsfaltorn indikerar reaktiviteten hos olika bindemedel
Inblandning av SCM farfinar porstrukduren genom att minska anslitningen mellan porer och
resulterar 1 en hogre formationsfaktor Overvakning av ledningsformig demonstrerar visar pd
relationen mellan féringbar vattenvolym och formationsfalstorn, villket underlattar in-situ

dvervakning av fulttinnehall.
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S CM péverkzar inte bara porstrulktturen 1 hardade cementbaserade pastor thep), utan oclesi dess
fassammansattning och vattendynamilke Den mesoskala porstrulsturen 1 pastor med 3CM kan
indikeras val av vatteningadsorptionisotermer;, men jonernas effeltter pd vattenangamwvilkts
tryck miste bealdas vid berdlming av porstorlekstérdelning. En ny metod fungerar bra for att
utvirdera SCMs  hydratiseringsgrad  genom anvandning av  vattendngsorption  och
termodynarnisk modellering. SChs dkar bide smid och stora gel porvolymer, mest markbart
vid ett vatten till bindemedel-férhillande pd 0,35 Termoporometr: och bredbandig dieleldrisk
speletroskopi karalctariserar effeldwt fuldfordelning och dynamilk 1 heps, respeldtive 3CW har
begransad effeld pa dynamien 1 struldurellt vatten, som framst paverkar vattendynamilzen 1
smi gel porer och mterfacial polarisation. Den férsta torlmingsprocessen minskar volymen av
offuset vatten (<0 2,4 nmjy under oldzanivier av relativa fulttigheter Gel porer férstoras avsevart
under torlningen mellan 75 %% och 50 %

Porstrukturen hos hpe paverkas kraftigt av BChs, vilket kan forandra transp ortegenskaperna
for  fukt och Iklorider  Minskningen av  bide fuktransportkoefficient och
kloridrmigrationskoefficient som orsakas av SCM ar markbart mer signifikant 1 hep med hagre
vatten/ bindemedelstal efter en langre hardningsperiod. Forbattrad motstindskraft mot fulkt 1
blandade systemn beror framst pd en forfining av porstrukturen, sardkilt minskningen av
poranslutning. Bade formationsfaktorn och  porositeten hos smd  porer  bestarmmer
fuldtransportegenskaperna hos hep, med formationsfaltorn som ar viktigast vid hég relativa
fuktigheter och porositeten hos ama porer som & viktigast vid lg relativ luftfuktighet Effelkten
av BCMs pd kloridmotstandet beror pd vatten/bindemedelsforhillandet, och en av de framsta
orsakerna till minskningen av kloridintrangning ar ocksi minskningen av poranslutning som
orsakas av BCM. En férenklad modell baserad pa formationsfaktorn for hep kan anvandas for

att uppskatta klordmigrationskoefficienten.

Den uppdaterade enheten ger tillfdrlitliy cke-destrukttiv dvervalming av betonghirdning
genorm att mata elektrisk ledningstérmaga och ntern temperahir noggrant. Formationsfaktorn
och ultraljudspulshastigheten ar tillforlitliga mdikatorer for betongstyrka Forrelationer mellan
tryckhallfasthet och dessa index har etablerats, med bildningsfalstorn som uppwvisar mycleet
hogre noggrannhet. Denna studie ger insikter 1 mekanismen foér vatteninteraltion med
cementbaserade material och enny icke-destrulttiv metod fér att framya tillampningen av 3Cks

1 hillbara betongar.
Nyckelord:

Alternativa bindemedel, hillbarhet, hydratisering, bestandighet, eleltrisk ledningsformaga;
formationstaktor; mikrostruldur; fulttransport
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1 Introduction

In this chapter, a concise background of the research area will be presented in section 1.1. The
aim of this dissertation will be outlined in section 1.2. The following section, 1.3, will introduce
the framework of this dissertation that internally links the different research topics. Finally, the

limitations of experimental investigation and framework will be discussed in section 1.4.

1.1 Background

Risks of climate change have emerged gradually and some of them make direct influence on
our daily life, such as causing the rise of the sea level and the increase in frequency of severe
weather. Some others effects do not directly impact our current life but they are vital for future
of homo sapiens [1]. To ensure a habitable climate for present and future generations, it is
imperative to achieve the goal of net-zero by significantly reducing greenhouse gas emissions.
Concrete is the most widely-used construction materials in the world due to its critical role in
housing, transport infrastructure, hydroelectric dams and wind farms. Although the embodied
COz2 emission and energy for the production of one kilo of concrete is lower than most other
construction materials, emission from cement clinker production becomes a challenging
problem due to the massive demand of concrete [2]. The global production of cement in 2021
is around 4.3 Gt, among which China is accounting for about 55 %, followed by India (8 %),
the European Union (4 %) and the United States (2 %) [3]. The total production is expected to
grow up to 4.68 Gt in 2050 [4]. Traditional production process of ordinary Portland cement
consumes fuel (e.g. coal) in the energy supply and releases massive CO: from the
decomposition of calcium carbonate (accounting for approximately 60 % of the emissions). It
is the third largest energy-consuming industry, which accounts for 67 % of anthropogenic CO2

emissions and 4-5 % of greenhouse gases [5,6].

The effective solutions for reducing emission in the cement industry mainly include using green

energy source, carbon capture and storage technologies, and reducing the Portland clinker



content in the cement. On the way to net-zero at 2050, it requires to make cement with clinker
portion lower than 0.69 at 2025, and that lower than 0.56 also with 25 %% of COz from cement
production stored [7]. Bubstituting clinker with supplementary cementitious materials (3ChAs)
1z themost efficiency way to lower the clinker content in cement [8]. Furthermore, a prolonging
of the service life by mproving the durability of constructions i1s a good way to reduce
ernissions. In the net-zero ermission scenario, the longer building lifetimes will result ina 13 %%
reduction in cement demand by 2050, compared to a baseline scenario with limited material

efficiency [3].

2 CMs significantly influence the hydration of ordmary Portland cement and the microstructure
of hardened cement-based paste thep), which consequently affect the properties of fresh mex
(settmg time and rheology), the hardened properties, and thus the durability of concrete.
Hydration of cement blended with 3CMs 15 an interaction between water and these binders,
This process mvolves the dissolution of minerals and the followed precipitation of hydration
products from pore solution [9,10]. Water plays a crucial role in the reaction of cementitious
materials. It acts as a “carrier” to dissolve 1ons from mineral surfaces and as “ component” to

form the chemical structure of hydration products.

Feaction of minerals in clinker with water would be altered by the 3Chs Escalante-Garcla
and Sharp [11] found that the hydrations of tricalcium silicate (C53), tricaleium aluminate
(Cs&), and ferrite phase were accelerated by the replacement of 3CMs, while pulverized fly
ash did not accelerate Cs3 hydration as much as cther alternative materials. Hydration of
dicalcium silicate (Co3) was retarded by fly ash at higher temperatures, but it was accelerated
by slag or volcanic ash. MMany previous publications proposed that the driving force of early
hydration 15 the undersaturation with respect to the dissolution of aliteftricalcium silicate (C53)
[12-16]. The presence of limestone can accelerate this process by causing a higher
undersaturation degree. Conversely, high concentrations of alumimim, which are dependent on
the type and chemical composition of 3CMs, have a retarding effect on the reaction
Interestingly, high calcum concentrations do not have any adverse effect on hydration kinetics
[17,18]

Thetypical 3Chs, such as slag and fly ash, generally have slower reaction rates than the main
clinker phase, so it leads to a lower early strength as the SChs replacement level is increased.
MNevertheless, alkali metal sulfates can significantly enhance strength development at both early
and later ages while improving workability [19]. After a sufficient curmg tume, it may mduce
a refinement in the pore structure, mncrease in bound water content and cumulative heat release,
reduction in portlandite and calcium aluminate monosulfate (AFm) contents, and increase in
ettringite content. The dosage of alkali metal sulfates can be adjusted to tnprove both early and
long-term strength of the activated slags based bmders [20].



Addition of allzali metal sulfates also mmpacts the hydration of C53 [21,22], resulting 1n changes
to the setting and rheology of fresh pastes, as well as the microstructure of both plain and
blended concrete [23,24]. Durning the hydration process without mtroducing extra alkali salts,
the calcium silicate hydrate (C-3-H) phase grows with a morphology of long needle-like
structure which eventually link together In contrast, the presence of alkali metal sulfates or
calcium sulfates results in C-5-H growing m a dispersed and needle-lite morphology.
Furthermore, the sole addition of alkali metal 1ons causes the formation of a short tree-shaped
C-3-H adhering to the surface of the unhydrated particles [22 25]. These different build-up
patterns result in a significant difference in the pore structure, ultimately atfecting the strength,

shrinkage, and durability of the hardened cement-based materials.

The durability of concrete 15 characterized by its capacity to withstand adverse environmental
factors, such as chemical exposure, weathering, and abrasion, while maintaming its initial
shape, quality, and intended function [26] The imtial signs of durability 1ssues manifest as
material detericration, which may not pose an immediate safety concern. However, they can
gradually lead to structural damage, potentially endangening the integrity of the structures The
presence of water significantly mfluences the deterioration process of cement-based materials
due to its control over transport properties [27,28] and corrosion reactions [29] Moreover,
water confined in hep plays a critical role in the freering-thawmg damage [30,31] and alkali-
silica reaction [32], as these processes are highly sensitive to the amount of water present
Therefore, understanding the effect of 3CMs on interaction of water with hep 15 crucial for the

development of durable concrete structures.

Effects of SCMs on the chloride transport properties have been investigated through
experimental and modeling approaches [33-3¢]. However, only a limited mumber of
publications shed light onthe moisture transp ort properties of hep contamning 3CHs. Baroghel-
Bouny [37] reported that the addition of 8%-10% silica fume in concrete reduced the apparent
moisture diffusion coefficient of hep at a saturation degree higher than 50 %, Baetdpour and
Wadsd [38] conducted an investigation on the vapor diffusion coefficient of blended mortar
during adsorption and desorption processes using a cup method. They observed that silica fume
and slag could reduce vapor transport coefficient reduced by one order of magnitude, which
was ascribed to the higher amount of gel pores and lower volume of capillary pores in the
blended systemn. Olsson et al. [39] reported similar effects of silica fume and slag on vapar
diffusion coefficient, and it was more pronounced at higher relative hurmidity levels Linderoth
[40] found that fly ash did not reduce the pore volume but still refined the pore structure. This
caused a decrease in motsture diffusion coefficients by a factor of 2 to 5 after one-year curing.
The addition of aggregates had very limited effect on the measured pore structure and sorption
isotherms of mortar.



The moisture content 15 a significant factor that affects the chloride ingress i hep. Chloride
migration coefficient becomes higher at a higher moisture level [41]. This 15 crucial for the
understanding and modelling of concrete structures exposed to different environments such as
de-1cing salt road and marine environments [42]. Leaching, as a kind of nteraction with water,
leads to change of the microstructure and a peak phenomenon in chloride profile ofthe exposed
concrete. In addition, the splashing zone experiences high frequencies of wet-dry cycles,
causing the anomalous chloride profiles m the near surface zone. These factors highlight the
inportance of considering the effect of moisture content on chloride mgress inhop containing
B Chs.

The deterioration processes are mtrinsically determined by the interaction of water and 1ons
i1 the rmicrostructure of hep [43,44]. Influence of 3Cks on the microstructure and chemical
structure of main hydration products, calcium-silicate-hydrate (C-3-H), has been a subject of
significant research interest. Berodier and Scrivener [45] found that incorporating 3Chs
resulted i a lower volume of hydration products than in pastes made with ordinary Portland
cement, which in turn increased the total porosity hop. However, the pore structure was refined
due to the filling effect of later age hydration products from SChs Several studies have
reported that the addition of slag can reduce total porosity at an early stage and refine the pore
structure [46]. In previous investigations, it was found that blending of silica fume, fly ash,
slag, and metakaolin altered the elastic modulus of hydration products The specific trend of
change is closely related to the water to binder ratio (w/®b) and the amount of 3Chs [4748] Tt
was also shown that the incorporation of 3CMs has no effect on the performance of two
different types of C-3-H, but tt increases the percentage of high density C-3-H in hydration
products [49]. A clear understanding of these changes in microstructure and properties 1s

inportant for assessing the performance of concrete containing SCks.

Water confined in the microstructure of hep exhibits distinet structural and dynamical
properties from bull water [50-52] Behavior of water in hep at low temperature 15 a cructal
factor m determining the frost damage of cement-based materials. The phase transition of
freezable water to ice creates hydraulic pressure by expelling the unfrozen water, and 1t causes
the cryo-suction process that forces the liquid to move towards the frozen sites [53] These
water migration processes are closely related to the distribution of freezable and unfrozen water
i the porous matrx, as well as the dynamics of water confined in the nanosized pores
However, there 15 a lack of a comprehensive and general understanding of the confined water
dynarmics in hep.  Thus far, no investigation has been undertaken to explore the influence of
2 CMs on the water dynamics in hep.

Use of 3CMs for production of low CO2 concrete affects the reaction kinetics, meaning

deviation in early hardening properties such as setting time and the strength development.  The



transition of a fluid to a hardened state during the hydration process governs the construction
progress, the quality, and cost of the concrete structures. The hardening process determines the
appropriate time for demouldmg and further procedures. Furthermore, the evolution of the
specific yield stress, as pointed out by Retter et al [54], 15 of great significance for digital
fabrication (3D printing) due to the loading of concrete during fabrication. Traditional off-site
quality control methods are time-consuming and require manual operation, making them
inadequate for the quality control of fast or automated construction [55] Additionally,
hardening 15 known to be sensitive to temperature changes, so traditional methods must control
the temperature and humidity of the environment, which can differ from the actual field site,
particularly during the construction of large concrete structures [56] Therefore, an efficient
and high-quality non-destructive testing method would be very helpfol in mitigating these
problems in the use of 3CMs in construction and digital fabrication

1.2 Objectives

Feplacement of cement clinker with 3CWs 15 effective to reduce emissions in construction
sectors. Slag and fly ash, sometmnes with limestone, are the most widely and well-used
alternative binders for maling sustainable concretes. This thesis aims to investigate the
interaction of water with the cement-based materials blended with large amount of these SChs.
The interaction at nitial stage 15 called hydration in terminology of cement research. Reaction
i1 this period will deterrine the workability of cement-based materials, which will also
furtherly influence the performance of the matertals at hardened state. Hydration of binders
consumes the water and produces new phases to induce the transition of a flowable fresh state
to arigid hardened state thereby building links between particles. 3pace between the particles
will be filled gradually as the hydration continies to reach a certain degree. Microstructure has
been formed during the hydration and hardening process It determunes the deterioration
process of the cement-based materials caused by the mnteraction with water and 1ons from the
environment in service Tounderstand the effects of 5CMs and their related 1ons on the above-

mentioned properties, the subsequent problems have been tackled in the current works:

B How does water interact with the main mineral C33 with the presence of Caf, KaB304
and FZCH at the early stage thereby focusing on the nucleation of hydration products?

B How doesthe 3CMs influence microstructure of pastes during the hydration up to the

main peal, as determined by a novel in-sitn montorng method?

B “What 15 the underlying mechanism between the interaction of water with the porous
structure of the hardened pastes with 3CMs and 1ts reflection of the microstructure?



B How do 3CMs modify the moisture and 1on transport in hep, and which parameter 13
the key determinant of the moisture and chloride transport properties?

B How does the upgraded non-destructive method work for onsite monttoring of

hydration and strength development.

1.3 Thesis framework

This dissertation 15 dedicated to investigating the mteraction of water with cementitious
materials containing large volume of S3CMs, spanning from the early stages to the long-term
service. It mainly includesthe content of 7 related papers as shown m Figure 1.1, Chapter 113
about the background, objectives, framework, and limittations of this dissertation Chapter 2
describes the information of matenals, experimental procedures and test methods applied

during the shidy. Chapter 3 to 6 demonstrates the main experimental results and discussions.

Chapter 3 starts with questioning the correlation between the dissolution rate and hydration
rate of main minerals in the bull pore solution. & novel hypothesis 15 proposed to understand
the hydration mechanism with respect to the precipitation of C-3-H through a non-classical
nucleation process. The research subject has expanded from pure mmnerals to SCMs
substitutmg Portland cements. Effect of 3Chs and wi'b on the hydration mduced microstructure
change has been investigated 1n detail This chapter comprises the content of paper I and IT.

Chapter 4 consists of content from papers IT and IV, Paper ITI presents a comparative study of
pore structure i heps with SCMs by water desorption isotherm Dynamic water vapor
desorption data were used to calculate the pore size distribution based on the prmciples of
interaction between water and porous structure of hep. Paper IV explores the correlation
between water behavior and microstructure of hep by thermoporometry method. The dynamics
of water confined in nanopores were also characterized by broadband dielectric spectroscopy.

The interaction of water with hep was studies under various low temperatures conditions.

Chapter 5 comprises content of paper V and VI to discuss the effect of 3CMs on the moisture
and chloride transport in heps. The moisture transport and chloride migration in the blended
materials were correlated to the pore structure Eefinement effect of SCMs on the
microstructure will be clearly indicated by a comprehensive analysis of various parameters

indexing the pore structure

Chapter & presents the main results of paper VI, in which an upgraded design of device was
used to monitor the hydration and hardening of concrete containing SCks The monitored
properties will be correlated with traditional indices measured by standard methods. The



function of upgraded device will be evaluated by comparison with the widely used method,

ultrasonic pulse velocity test.

Chapter 7 concludes the major findings i this sdy and proposes prospects for future research

to address the unresolved problems.
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Figure 1.1. The research framework of this dissertation

1.4 Limitations

The oxide compositions of binders were determined using X-ray fluorescence, and therefore
they do not represent the actual concentration of dissolvable allzalis in materials. Because the
conductivity of the pore solution 15 mfluenced by thetypes and concentrations of 1ons in pore
solutions, solubility of the chemical composition 15 important for accurately predicting the
electrical conductivity of the pore solution. To address this problem, a modification of the
equation for calculating allzali concentration was introduced, but some discrepancies still exist
between the calculated and actual concentrations due to the maccurate evaluation of calcium
and sulfate ions in the pore solution. Furthermore, this study was only focused on three kinds
of BCMs, but there are many newly emerging alternative materials, such as calcined clay.
Validation of the method with other 3CMs 15 needed for promoting its application.

The method for determining water content inhep neglects the effect of carbonation, which may
overestimate the evaporable water content, although the effect 15 very minor in the early stages
of hydration. Because the moisture transport coefficient was measured with small samples, the

size effect needs to be considered if the model 1stobe applied for predicting motsture transport



i practical concrete structure.

Some assumnptions in this dissertation may need further venification. It was assumed that the
solvent exchange treatment by 1sopropancl had swmilar effects on morphology of hydration
products for all samples, and the freeze-dry had the negligible effects on the sizes and number
of etch pit on particles surface This makes impact on the discussion based on the size of
nucleated particles. The freezing and thawing experience will alter the microstructure and the
moisture distribution in heps. Although the experimental results showed that the fast low-
ternperature DEC test had minornonrev ersible effects, thereversible effect needstobeassessed
for a good understanding of real moisture state in heps. For the estimation of hydration degree
with descrption data, it was assumed that the water amount in the mterlayer of C-3-H 15 strmular
i1 3CMs blended hep. The presence of slag and fly ash reduces the Ca/S1 ratio in C-3-H, and
i1 tum 1t lowers the water content in the interlayers. Neglecting this change leads to an
underestimation of the hydration degree due to the lower calculated C-2-H content based on

water vapor sorption.

The primary focus of investigation was on the moisture transport properties of paste. However,
the presence of aggregates in concrete results m different moisture transport behavior as
compared tohep. Hence, it 13 necessary to conduct further research to extend the applicability
ofthe theory from hep to concrete by considering the interfacial transition zone and volume of
aggregates. Monttoring of concrete was conducted on a lab scale without considering the
presence of reinforcement m practical. The steel bar 15 high conductive component and may
alter the calibration factors, possibly limiting the use of parameters in this study to a real
construction.



2 Materials and methods

This chapter presents an averview of the raw materials, the procedures employed for mixing
and casting, and the measuremeart seftings of variaws mackhines. Furthermoaore, an ipgrade of
test system for monitoring congdict ivity will be elabarated. In addition, methaods are ptrockiced
to determine the moistire contert #1 hop.

2.1 Raw materials
2.1.1 Minerals and salts

Pure minerals, including triclinic tricalcium silicate (Cs3) and cubictricalcium aluminate (Cady),
were procured from DT Materials Technology Co., Ltd The specific surface area of Cz&
powder was measured to be 1.26 mfg by BET method with N2 sorption. Ca3 powder has a
purity of 22.57 % (Rietveld refinement results from [57]), with a specific surface area of 1.92
m?/g. The in formation of particle size distribution of C38 powder is available in [58].
Analytical reagents likze sulfurie acid, LiCl, WaCl, ECl, KOH, E2304 and Mg(NOs)2 were
employed for the expertmental investigation as additives orrelative humidity (EH) controller
Superplasticizer (PCE) used in the concrete samples was Master Glenmm 5118 Cwith 17.5 %%
dry substance) purchased from MMaster Builder Solutions.

2.1.2 Cement and supp lementary cementitious materials

The cement in all experiments 15 the Portland cement (CEM I 52.5 E) from Cementa with a
Blaine surface of 525 m#/kg To substitute the Portland cement, three types of 8CMs were used:
eround granulated blast-furnace slag with a Blaine surface of 420 m#kg from Thomas Cement,
fly ash from Cementa, and lumestone powder from Wordkalk. The type of limestone 15 Limus
15 with a Dspof 18 pm Table 2.1 shows the chemical composition of each binder referred to
[59]. The limestone consists of approximately 89 % calete and 9 % 310y The detailed

information about particle size distribution of the binders 15 presented in [58]



Table 2.1. Chemical composition of different binders (LOF loss of ignition, 4;: mole of cherrical cormposition per

gramm hinder).
Chemical CEMI525R Slag Fly ash Limestone
Composition wt% & (mol/g) wt%  &;(mol/a) wt%  §;(tnolig) wt %
CaO 622 1.11x10® 39.11 A.9Fx10Y 5.1 9. 11=10" 485
SiO2 196 3.06x10% 36.63 5.72x10% 546 B8.53x10%% 8.0
Al,O3 45 4.41x10™ 1356 1.33=1003 A44 0 AAU=100E 1.t
Fe20s3 3 1.88x10°% 049  3.06x10" 8.7 5.44x100 0.3
SOs3 35 4.38x10% 027  3.33=x10% 0.& 1.00x10% 0.03
MgO 35 8.75x10™ 852 L 1sx1u0E Ly 4501004 -
K20 101 1.07x10% 057  A.0ax10YM 21 2253100 0.3
Na20 027 4.35x10% 042  AT7Tx10% | La1=10% 0.1
Cl 0.07 1.97x10% 0.009 i.54x]1106 - - -
Sulfide - - 0.73* - - -
LOI 2.5 -1.07 3.5 40.1

¥ Mofe: The sulfide in slag willbe oxidized during the LOT test, so this induces an increase of weight. Although the hyrdration
alzo makes oxidization of sulfide [60], we assume that its oxidization iz rare due to the low hydration degree at the

eatly age.

2.1.3 Agoregates

Agoregates used in the casting of fly ash blended concrete (C145) and slag blended concrete
with w/b of 0.55 (C255) were siliceous type, and they were obtained from the building materials
market in Gothenburg The loose bulk density of the aggregates, which consists of sand and
stones with a size distribution ratio of 85.2 %:14.8 % (1-4 rrm; 4-10mmrm), is 1.74 % 107 kgfm{
while the close packing density is 1.96 x 107 kg/m”. Different aggregates were used for casting
the slag blended concrete with w/b of 0.45 (C245) and temary concrete (C338) Sand with a
density of 2.66 x 107 kg/m® was sourced from Eurosand, and stones with a density of 2.85 x
107 kgfm® were obtained from Skanska.

2.2 Preparation of samples
2.2.1 Hydration of minerals

The hydration of Ca3 and CaB:Csh (wt, 90 %0:10 %) muxture system was investigated using
different solutions mcluding detonized water, KOH solution, and 2304 solution. The solid to
solution ratio was 0.5, and the samples were stirred for 1 min in a glovebox filled with M2 gas
and then curedunder such an environment to avoid carb onation before hydration stopping. The
hydration was stopped by two different methods, solvent exchange with 1sopropanol and freeze
drying by ummersing the samples into liguid mitrogen. The detailed description of sample
treatment procedure can be found in paper I and VIIT

To investigate the hydration of Cs2 under high solution to solid ratio conditions, 0.1 g of Cs3
was mized with 10 g (ratio of 100:1) and 20 g (ratio of 200:1) solutions in an ampere bottle.

The mizture was then quickly placed mto the channels of a calorimeter To collect sufficient
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solid residue for other tests, parallel experiments were conducted using materials five times the
amount used m the calorimetry test. Solid residues were obtained by suction filtration, and they
washed three times with an adequate volume of 1sopropancl to stop hydration. The washed

residues were then vacuum dried at 40 °C for 48 h and sealed in a tube for analysis

2.2.2 Preparation of cement-based materials

The mutire proportion of 11 paste samples 15 presented in Table 2.2, To create binary systems,
Portland cement was substituted with 35 % fly ash or slag by weight. In the ternary systemn,
Portland cement was replaced with 35 % slag and 16 % limestone. The pastes were mrzed with
three different web of 0.35, 045, and 0.55, except for the fly ash pastes with two w/b (0.35 and
(.45}, as the future availability of fly ash 15 limitted

Table 2.2, The mixture propottion of pastes.

Samples Binders w/b
Cement Fly ash Slag Limestone
PO35 0.35
P045 100 %% - - - 0.45
P055 0.55
P135 0.35
P145 65% 35% ) ) 0.45
P235 0.35
p245 85 % - 35% - 0.45
P255 0.55
P335 0.35
P345 48%% - 35% 16 % 0.45
P355 0.55

Pastes were mixed by a planetary mizer with 100 stainless steel balls (16 mm i diameter) in
the bowl to ensure homogeneity Thermizer's agitator speed was set at 75 revolutions per minute
with 7 rotations per revolution to prevent ball bouncmg Detatled description of ming
procedures was illustrated in the licentiate thesis | 58] After well-rmixzed, pastes were casted in

different containers for further experiments.

Some specimens were cast in zip bags with dimensions of 150 mm = 200 mm. To facilitate the
subsequent crushing, the freshly mixzed pastes were rolled to a uniform thickness of
approzimately 1 mm prior to bag sealing. After a week of sealed curing, all sarmples were
removed from the bags and crushed to particles with sizes around 1 mm. These particles were
then cured in water within a sealed container of 1 L volume, with a control of the water mass

(about 15 % of the particle mass) to ensure sufficient moisture but minimize leaching
After being water-cured for two months, a portion of the particles was transferred to

conditioning boxes maintained at four different levels of relative hurmidity (97.6 %, 75.5 %4,
54.4 %, and 33 %), which were controlled by saturated salt solutions at 20 °C. Measurements
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were conducted on samples that had been conditioned for 1.5 years The total amount of
evaporable water content in these samples was deterrined by subjecting the particles to
vacuum drying at 25 °C for a weelk. Additionally, after 6-month curing a subset of each sample
was conditioned at 11 % relative hurmidity, controlled by a saturated LiCl solution, for one year

The curing temperatures were held constant at 20+ 1 °C throughout the experiment.

Some fresh paste was cast in polypropylene tubes and sealed with lips To prevent
inconsistencies caused by bleeding, the tubes were placed on arotator at a speed of 12 rpm for
24 h. The samples were then stored in a curing room with a constant temperatire of 20 °C for
a pertod of 390 days (d) Afterwards, the tubes were wet cut properly from the top with a
constant water flow using an electric diamond saw. Details about the cutting protocol are

described in [28] for the measurement of moishire transport properties.

Table 2.3 shows the mixture proportion of concretes contamning SChs Concretes were mixzed
using a self-falling rmixer with a capacity of 50 liters. The water and binder were initially mixzed
for 2 min, and then the aggregates were gradually added to the mizer and muzed for an
additional 5 min The fresh concretes were cast into a container as depicted in Figure 1 (left
side), and a board with an array of sensors was figed in the container before casting Cncethe
containerwas filled to a specified height (10 mm above the first row of sensors), it was carefully
vibrated if needed, and then sealed at the top to ensure minimal moisture loss. The samples
were then placed in the laboratory room at etther Chalmers (22 + 1 °C) or Thomas concrete lab
(19 £ 1 °C), and data collection from conductivity test began approzimately 10-20 mun after

mixing with water

Tahle 2.3. The mizture propottion of concretes (kgim®).

'\I/IEI)X Cement Slag Fly ash  Limestone  Water PCE Sand (<4 mm) Coas_elggr?]rne]?ate
C145 286 154 201 3.2 1411 246
C245 280 151 194 3.0 954 795
C255 247 133 209 2.7 1449 256
C338 242 173 79 187 4.0 953 780

2.3 Measurement procedures

2.3.1 Monitoring of electrical conductivity

Electrical conductivity of paste was tested by four electrodes positioned m the Wenner
configuration [61]. The old setup of the device and measuring procedure have been illustrated
i detail in paper I and licentiate thesis [53,59].

The monitoring systemn was upgraded i paper VII to measure the hydration of concrete at
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various depths by accounting for temperatire and dimension effect Figure 2.1 presents the
updated version based on the previous systemn, which mcludes an additional sensorto measure
the temperature at each row. These sensors were calibrated to provide an accuracy of £ 0.2 °C.
The measurement of each depth was performed sequentially, from the top to the bottom of the
sample, and each mstant measurement took approzimately 0.1 seconds. Data were recorded
every 5 mun during the first 24 h and then every 10 min from 1 day to 7 d. Subsequent data was
collected at selected ages, such as 14 and 28 d, to capture the later stages of hydration.

In-situ conductivity of concrete |

Invented device

Red circles — Temperature sensors

o

Blue circles — Stainless steel screws, each row as Hexrars 4-electrodes

[e]

with constant distance of 40 mm

% Sensor array on the board at depth of 10,20,30,40,50,65,80 and 100 mm
from the top surface of concrete

Figure 2.1 The setup for conductivity monitonng of concrete samples.

The impact of temperature on the electrical conductivity of concrete has been taken into
consideration. The activation energy (Bz = 13.375 kl/mol) was determined using the Arrhenius
equation, Eq. (2.1), based on the measured conductivity in mimic pore solutions conditioned
between 3 and 70 °C. In the equation, “.A" represents the pre-exponential constant, “R” 15 the
gas constant (8314 JE mol), and “7” represents the absolute temperature of the specimen

E,
=L
F=4"err

2.1

Wenner’'s method 15 used to calculate the electrical conductiv ity of concrete with assumption
of a sert-infinite boundary, which 15 not always met in practical applications, particularly for
the upper rows of sensors. The dimension factors at different depths have been modelled with
COMBOL Multiphysics software To account for the effects of temperature and dimension on
electrical conductivity, Eq. (2.2) was used to calculate the conductivity of hydrating concrete

at various depths. The average conductivity for each sample was calculated with data fromthe
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second to the eighth row,

I
T

Fa, 1 1
}eﬁa(ﬁﬂ. R EFE.IS}
(2.2)

where o, 15 electrical conductivity of concretes normalized to 25 °C, I'is the applied constant
current between the outer two electrodes, AV 15 potential difference between the two rmuddle
electrodes, o is the distance between inner two electrodes and y 15 the dimension factor at
different depths.

2.3.2 Moisture transport

Moisture transport properties in the hep were measured by the mvented tube method, which
enables to test both vapor diffusion under steady-state conditions (constant flux through the
samples) and total motsture transport under non-steady-state conditions by a seru-infinite
drying. The detailed information of tube method 15 presented in paper V | 28] with the equations

to calculate the motsture transport parameters.

Measurements of vapor diffusion in pastes were carried out across four different BH intervals,
namely RHI7—75 (97.6-75.5 % R, RHS5-75 (85.1-75.5 % RH), RH97-50(97.6-50 % RH),
and EH75-50 (75,550 % EH) In addition, semi-infmite drying tests were performed in two
distinct BH conditions, namely 75.5 % RH within a box and 50 3% EH within a climate room
To prevent any potential leakage from the tube edges, a thin circle of moisture-tight glhie
(LOCTITE® 60 Seconds Universal glue) was applied around the edge Each sample was

welghed at varous conditioning times, and 3 parallel measurements were done for each
2.3.3 Ultrasonic pulse velocity

Figure 2.2 illustrates the setup for monitoring of ultrasonic pulse velocity (UPV), using the IP-
8 Ultrasonic Measuring System from Ultratest GmbH. The systern comprises two channels
equipped with an acoustic emission system, a controller, and a computer. A transrmutter and a
recerver are placed within the silicon mould facing each other and inserted into the mner empty
cylinder. The protrusion of approzimately 3 mim inside the cylmder ensures a dense connection
to the fresh concrete at a measurement distance of 50 mm. The ultrasonic pulse was set at a
frequency of 25 kHz, and the velocity in the hydrating concrete normally ranges from 100 mfs
to 5000 mfs at about 20 *C. To compact the concrete samples, a mild vibration was applied
imnmediately after casting, and the mould was then connected to the controller for automatic
control by the computer Ultrasonic waves were recorded at a constant interval of either 2 or 5
mirnt. Each sample underwent three parallel measurements, and the average value wastalken as

the result.
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| In-situ UPV of concrete

D~5cm
.. Rubber mould

Controller

Figure 2.2 The setup for monitonng UPY in concrete samples.

2.3.4 Setting time

To measure the setting time of concrete, the penetration resistance test was carried out on the
mortar part of the concrete mizture, in accordance with the traditional standard (ASTM C
403/C 40301 — 05).

2.3.5 Compressive strength

Compressive strength measurements of the concrete samples were conducted 1 accordance
with the EN 12390-3:2019 standard at several time points: 12h, 24h,3d, 7 d, 14 d, and 28 d.
Notably, the dimensions of the C145 and C255 samples were 100x100x100 mm®, while the
338 and C245 were cast as cubes of 150x150x 150 mm®. To ensure that a fair compariscn
could bemade, the strength values of C145 and C255 werenormalized using a dimension factor
of 0.93 [62].

2.4 Methods

The licentiate thesis | 58| has extensively covered several methods ncluding Xray diffraction,
scanning electron microscopy (SEM), rapid chloride migration (RCM), and mercury ntrusion
porosimetry. Therefore, this dissertation will not describe the nformation of these techniques

to avold duplication
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2.4.1 Nitrogen sorption

A BET mstrument (Tri3tar3000, Micromeritics) was used to measure the nitrogen sorption
isotherm of samples. Before the sorption measurement, samples had been outgassed for 4 h
with a continuous My gas flow at 60 °C for a fast water removal. Adsorption 1sotherms were
measured over the pressure range of 0.01-0.982 P/Fy with an equilibrium mterval of 10 s for
each step at 77 E.. Each sample has been repeated at least once, and the final value 15 an average

of parallel tests.

2.4.2 Thermogravimetric analysis

The weight loss due to the decomposition of portlandite was measured by a thermogravimetric
and differential thermal analysis mstrument (DT Qe00, TA Instruments) with a Stanton
Fedcroft 8TA 720 simultaneous thermal analyser Powder samples (dred at 11 % EH for 1
vear) were heated at a rate of 10 °C/min under a continuous nitrogen flow (100 cm™min) from
20°C to 1000 °C.

2.4.3 Isothermal calorimeter

Hydration heat release of samples was measured using an 1sothermal calorimeter called I-Cal
2000 HPC, manufactured by Calmetriz The instrument 15 specifically designed for measuring
the 1sothermal heat flow of cement-based materials, which hastwo configurations with two or
eight sample cells. These cells are well-insulated from each other by a wide air gap, ensuring
a high level of precision and stability by eliminating any cross-mfluence. The temp erature was
maintained at a stable 20 °C with an accuracy of £ 0.001 °C. Two parallel measurements were

conducted simultaneously to obtain an average value.

2.4.4 Moisture content

Moisture content in the hop at early ages (10 h to 12 d) was determined with an easily
implementing procedure described in [59] based on the solvent exchange by isopropancl and
vacuum drying at 60 °C.

Moisture content in pastes after curing for 390 d was measured to calculate the moisture
transport coefficient. Pastes were additionally crushed into particles with a size less than 2 mm
and conditioned under various BEH levels (97 6 %, 755 %0, and 50 %) in a box where caleim
hydromide was placed to absorb C Oz After one year, the particles were weighed and subjected

toa vacoum drying process at 60 °C for 3 d to determine the evaporable water content
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2.4.5 Low temperature differential scanning calorimetry

The Q2000 TA equipment was used to conduct thetest of heat flow inpowder samples. Samples,
welghing approximately 20 mg, were placed in hermetically sealed pans with lips. Samples
were firstly cooled from 20 °C to -60 °C with a rate of 2 °C/min, and then equlibrated for 5
min before reheated to 20 °C with the same rate. Samples conditioned at 97 % RH were
measured with a second cycle usmg the same protocol. To better compare the signals of the
different binder systems, a normalization was done to obtamn a similar starting point of all
curves for better comparison. A mimic pore solution was made by adding 150 mmol/L K.Cl and
50 mmol/L NaCl into the extracted pore solution of CEM I paste with a we'b of 1, and it was
then measured with the same temperatire procedure for evaluating the heat of fusion of the

pore water in hep.

2.4.6 Broadband dielectric spectroscopy

The powder samples, obtained from well-conditioned particles, were subjected to dielectric
perrmuttivity testing. The broadband dielectric spectrometer (Novocontrol Alpha-I) was used
to measure the complex dielectric permittivity in the frequency range of 107%-10f Hz. Tests
were performed isothermally in the temperatire range of 130-300 E with a temperatire
increment of 5 B, and with temperature deviation controlled to be lower than £ 0.1 E. The
powder samples (about 0.5 g) were tightly held with a thickness of 0.2 mm m between parallel
gold-plated electrodes, with a diameter of 10 mm (see Figure 2.3).

Figure 2.3, Holder for the broadband dielectric spectroscopy test of powder sarmples.

2.4.7 Dynamic water vapour isotherm

Water vapour desorption i1sotherms were measured on 6-month water cured samples The
measurement was carrted out using a gravimetric water vapour sorption nstrument, DV

(Advantage, Surface Measurements Systems, UKD The mstrument continuously recorded the
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mass of small samples during exposure to varying EH conditions. Bamples weighing 40-60
mg were subjected to an EH sequence (95 %-90 %-80 %6-70 %6-50 %0-40 %6-35 90-30%%-20 ¥o-
10%-0 %) at a constant temperature of 20 °C. To attain the criterion of mass loss rate lower
than 0.0001 %o/min, each RH step required a duration of 30-60 h. At least two samples were

measured for each mix, and the final values are the average of parallel measurements.

2.4.8 Thermodynamic simulation

Thermodynamic modellmg was carried out using GEM-Seleltor w37, a freely available
software for Gibbs energy minimization. The simulation was based on the cement database
Cerndatal 8 [63] and the PEI-GEMSE thermodynamic database [64]. It was applied to simulate

the aquecus and gaseous species present in the pore solution of Cs3 over arange of pH values.

The influence of S3CMs on the phase assemblage was simulated by assuming that the clinker
had a hydration degree of 92.2 % after being cured m water for & months at 20 °C (based on
the portlandite content determined by Thermograv imetric analysis). This value closely aligns

with that reported m [65], which used a similar clinker composition and curing conditions.
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3 Interaction of water with cementitious materials at early age

This chapter will focts an the e raction of water with cementitiots mdaterials right affer water
addition to the mam peak 1 hydration hedt release. Thearies for the early hydration of man
minerals 1 cemart are yet to have a good explandgtion for the result fornd 1 the experimeits.
Therefore, this chapter tries to prapose a reasonable hypothesis for Ch8 hydration usmg
experimeartal residis and thermodynamic simdation. In practical application, SCMs
substiftting partial cement is the most comman scenario. The mteraction of water with the
blended binders will be demonstrated by an in-situ test method to monttor the electrical
praperties of hydrating paste. Electrical conductivity of pore solution will be calonlated based
on the concertration of alkali metal, hydradide, sulfate, and calciton 1ons. The corttent of this
chapter is sared from paper I, paper I, and groaphs i1 papers VI and X

3.1 Hydration of C3S with solutions

This section explores the hydration of 58 in various solutions. The preliminary result suggests
that the dissolution theory regarding the thermodynamic property of the bulk pore solution 1s
difficult to explain the hydration of C52 with a high w/. Therefore, the attention will be paid
to the interfacial nucleation of C-3-H during hydration with normal web. A novel hypothesis
has been proposed to provide a comprehensive understanding of the hydration process from
the irutial water contact to the end of nduction period. The hydration evolution was monitored
using an isothermal calorimetry test, while the composition and morphology of hydration
products were determimed by Xoray diffraction and SEM, respectively. GEMS simulation

results provide significant information on the distribution of 1on species in the pore solution.

3.1.1 Induction period

A significant number of prior investigations have categonized the hydration of C33 nto five

distinct stages, as documented in [66] Scrivener et al [10] have simplified the classification
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into three periods: I - up to the end of the induction period; IT - the main hydration peal, and
IT - after the main pealkt. The debate continues as to whether the reaction duning period I is
controlled by the formation of a protective surface layer [67] or solely by the rate of dissolution
[12]. The two prevailing theories that atternpt to explain the sudden decline in heat release
during the induction period are the protective membrane and the dissolution controlled by
undersaturation of pore solution. These thecries are comprehensively delineated and
differentiated m [10]. Nonetheless, the protective membrane hypothesis has faced criticiam

mainly due to the lack of evidence through microscopic observations.

Figure 3.1 demonstrates that a high water to solid ratio merely results i an mncreased hydration
rate at the main peak, without a significant impact on the duration of the induction period.
However, more interesting results are observed in the cumulative heat release It 15 observed
that the curmulative heat release at the main peal 15 comparable among samples with a solution
to C33 ratio of 100, 200, and 200 (pH=4), which 15 approximately half of the heat release at 24
h. This observation indicates that the dissolution degree of the solid 15 stmular at the end of the
induction period, even with a very high water to solid ratio. As a result, the calcum
concentration in the bull pore solution 15 far from saturation with respect to the dissolution of
C33. This conclusion 1s based on the theoretical calcium concentration from a complete
dizzsolution of C58.
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Figure 3.1. Graph “a™ presents the hydration heat flow of CsS with different deionized water to solid ratio (0.5,
100, 200) and sulfuric acid solution (pH=4) to solid ratio of 200. Graph “b™ are the curmuilative heat
these samples, corresponding to Figure 2 in paper | [68].

Ca3 with an empirical formula of Cas310s has a molar mass of 2283 g/mol. To achieve a
saturated state (=22 5mmol/L [62,70]) with respect to portlandite at 25 °C, a water to solid ratio
of 100 requires the consumption of more than 1/6 of Cs8 (22.5/131.4 from Table 3.1) When
the water to solid ratio is increased to 200, more than 1/3 of solid Cs3 must be consumed to
attain the saturated condition. & complete dissolution of Cs3 with a water to solid of 600 only

results in calcium concentration of 21.9 mmol/L in pore solution, which 15 slightly lower than
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the saturated concentration of portlandite Despite this, the precipitation of portlandite 15 still
detected mn the product at 4 h [68], which challenges the theory that the dissolution rate is
controlled solely by the thermodynamic state of the bulk pore solution, as discussed n [ 16].

Table 3.1. The theoretical Ca?* concentration from a complete dissolution of C3S with a high water to solid ratio.

oy Tolmeofsokent(m) eI
1y 1au 1314
200 200 13.14 957
600 600 219

Hydration heat flow of C38 with and without CaA 15 shown in Figure 3.2, The presence of CaA
evidently prolongs the starting point of the induction period. The majority of previcus studies
have proposed that the effect of aluminate on the hydration during the induction period 15
caused by inhibiting the dissolution of Cs3 [71,72]. However, it should be ncted that the
“mduction pertod” in these shidies refers to the time from water addition to the end of the low-
rate period. In contrast, this study tries to distinguish the inhibitmg effect of aluminates on
dissolution and nucleation processes. By replacmg the concept of thermodynamic state
between the solid and bullk pore solution with the state within the mterfacial regions near the
surface, wepropose that the sharp decrease inheat release 15 a result of the increase n saturation

degree within the near surface with respect to Cs3 dissolution.

The occurrence of a delayed starting point, as shown in Figure 3.2b, can be attributed to the
inhibiting effect on dissclution by Al species absorbed onthe surface of C32. During thisperiod,
the pH value of the pore solution 15 typically below 12,6, As hydration progresses, the pH
increases and the effect of Al on dissolution 1= eliminated [73,74] It means that the Al in
solution has little influence on the dissolution of Ca8 during induction period. This finding 1s
consistent with the result that the lowest pomnt of heat release rate in C33 with Cs4 15 even
higher than that of pure Cs3 durning induction period (Figure 3.2a). The ending time of low-rate
period 15 delayed by the presence of aluminate due to the inhibition of both dissolution and
precipttation, which is sirmilar to the effect found m [75].

The addition of K OH and E2504 has been found to mitigate the effect of Cs4 on the induction
period and even shorten its duration. In particular, the heat flow of samples in KOH solution 13
much higher than the others in this period, indicating a higher dissolution rate of C532 in EOH
solution than m other solutions when the nmucleation of the hydration products talces over the
hydration process. The presence of K 1ons and high pH in the solution accelerates nucleation,
resulting in a reduction in the duration of induction pertod. B350y eliminates the effect of Al
by reducing the concentration of Al through eftringite precipitation Although CsA has little

effect on the starting point induction pertod 1n K250y solution, it does reduce its duration, and
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as such, further attention should be paid to the nucleation and growth of the hydration products.
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Figure 3.2. Hydration heat flow of C3S with the presence of CsA and additives in the first 5 h (a). Induction period
of CsS hydrating in solutions with and without C3A (b). Samples were mixed with a water to solid
ratio of 0.5 and cured at 25 "C, corresponding to Figure 7 in paper I.

3.1.2 Main peak

Figure 3.3 presents heat release at the mam pealr from hydration of C53 in different solutions.

Afterthe low-rate period the interaction between water and Cs3 will proceed to an acceleration

period during which time the growth of hydration products occurs, the heat release of Cs3
hydrating in Ep304 solution at 20 °C overtakes the other two mixes and maintains the
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mazximmim until deceleration period at about 10h KOH induces the time of main peak appears
much earlier than the others at 25 °C, butthe maszimum hydration rate 15 still observed in E23Cy
solution. This indicates that 2804 has the most enhancement of the growth of hydration

products at acceleration period.

In previous studies, two hypotheses, namely the diffusion layver hypothesis and the
impingement hypothesis, have been proposed to explain the heat evolution at the main peals.
However, these hypotheses were unable to provide a satisfactory explanation for some
experimental evidence [10]. In recent years, another two hypotheses, namely the confined
growth and dissolution limitation hypcotheses, have been introduced and critically evaluated.
Moreover, the hypothesis about the C-5-H growth seems tobe quantitatv ely supp orted through
a needle model [76]. However, the underlying mechanism behind the formation of C-3-H

needles 15 still lacking a fundamental explanation.
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Figure 3.3. Hydration heat flow of CsS with deionized water, KOH and K2SO4 from 0.5 to 12 h. The solid line is
hydration data with a water to solid ratio of 0.5 at 25 "C from [68], and the dash line is hydration data
with a water to solid ratio of 2 at 20 "C.

Fesults m this study (see Figure 3.4) provide the evidence for the nucleation of a primary mono
floc (0), formation of a dimer floc (1), a single strip from the nearly oriented attachment (2)
and the clusters from a strip attachment (3) or primary particles attaching to strips. This implies
that the precipitation of C-2-H 15 very similar to the crystallization process of some other
polymers or mmerals [77,78], which starts from the nucleation of primary mono flocs that are
pocrly crystalline nanoparticles or colloidal The mono flocmay correspond to the intermediate
C-3-H phase during the precipitation process as highlighted in the previous investigations
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[79,80]. As it 15 thermodynamically metastable, it tends to aggregate into strips through
ortented attachment within a local region. Asthe precipitation of mono floc and strips increases,
the mono floc will attach to the strip and strips will agglomerate to form more stable clusters
or blocks. The primary mono floc seems tobe a globular grain with size smaller than ~&0 nm.
The presence of Ca, KOH and 2304 will alter the size of mono floc as well as the orientation
of particle attachment, resulting in a varation mn length of strips (needles) and morphology of
products.

Figure 3.4. SEM images of CsS hydrated in deionized water at 25 "C. The hydration was stopped at 4 h after water
addition by freeze-drying. An image with higher magnification was provided to give a clear picture of
the particles on the surface (a) [68]. Nucleation of primary mono-flocs and dimer flocs was detected
above or near the etch pit. C-S-H grows by nearly oriented attachment and block attachment. Hydration
products of CsS with KoSO4 solution at 20 °C stopped at 4.5 hby solvent exchange (b [22).

3.1.3 Hydration mechanism up to the main peak

Thereaction of Cs2 in water can mainly classified into five stages. StageI 15 a fast dissolution
i1 the first few minutes right after contacting with water Stage IT 15 the state for approaching
dissolution equilibriam with respect to Cs3 within the local zone near the surface In stage ITT
a new surface equilibrium with respect to nucleation of hydration products would be
established Afterwards it goes mto stage IV with the surface nucleation, and Stage V will
follow when the precipitation of hydration products tales over by attachment to growth,

Stage I and IT corresponds to the first dissolution peak in the hydration heat flow, which is
controlled by the dissolution rate of mmerals (07 process illustrated i Figure 3.5). After these
two stages, therate of reaction 15 limited by the micleation and growth rate of themain products
C-3-H Mucleation of C-3-H 15 a colloidal assembly process similarly found mn the
crystallization of many other minerals [77,78]. The kmnetics of this process 15 a key to
understand the hydration mechanism in the mam peal of hydration. The pH value iz a critical
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parameter to control the nucleation (0 process) and dimer assembly (1 process), since it
deterrnines the calcium and silicate 1on species in pore solution (see the results from GEMS
modellings in [68]). Alionshave an inhibiting effect on the dissolution to affect the process O
and change the kinetic of nucleation of C-3-H. Presence of other inorganic 1ons such as K,
3045 will alter the attaching process (2 to 3) aswell
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The packing of globular particles produce more sites for nucleation and attachment

Figure 3.5. llustration of hydration process up to the main peak time from the nucleation perspective.

The presence of some organic substances has been observed to ncrease the solubility of C-3-
H [281], as indicated by an mcrease in calenim concentration. This effect brings the solubility
of C-3-H closer to, and sometimes even higher than, the equilibrium line of C53 hydration. The
interaction between organic admixtures and 31 1ons results in the release of more 1ons nto the
bull solution from the near surface region, leading to a higher silicate 1on concentration in the
solution than in the pure system This modification of the double laver reduces the
concentration of 21 and Ca mn the near surface region, which in turn requires a higher
supersaturation state for the precipitation of primary C-3-H on the surface with these
adriztures. Furthermore, some organics such as PCE can stabilize the primary floc [82],
hindering the attachment between primary particles

3.2 Hydration of cement blended with SCMs

A device for mstantaneous monitoring of electrical conductivity was designed, with a focus an
understanding the relationship between the conduction and structure of paste This section
presents the correlation between the electrical properties, hydration process and structure
evolution in the hydrating Portland cement and the blended pastes. The evaporable water
content in paste was measured by a newly designed procedure, so that it enables the calculation
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of the electrical conductivity of the pore solution based on the chemnical composition of the
binders and the volume of evaporable water. The formation factor was calculated to distinguish
the effect of pare solution and structure on conduction. The change of liquid connection has
been evaluated during the hydration The average growth rate of the formation factor is defined
to indicate the setting and hydration reactivity of cementitions materials,

3.2.1 Hydration induced conduction change

The process of cement hydration can be divided nto two simplified stages: the dissolution of
solid minerals in water, which increases the 1on concentration in the liquid pore solution; the
precipttation of hydration products to create solid network Figure 3.6 depicts change of
conduction in paste during the hydration, which 1s mainly caused by the changes in volume of
solid particles and liquid pore solution The electrical conductivity of solid particles is
approximately 1 % 107 m3/cm. This value is much lower than the typical ionic conductivity of
pore solution, o, = 10-200 m3/cm [83]. Thus, the dry solid comp onent can be considered as an
insulative element (gs—0).
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Figure 3.6. A graphical representation of the temporal evolution of electrical conductivity during the hydration
process.

3.2.2 Conductivity of pore solution over time

The pore solution 15 the primary conductive component in the paste, and the 1onic conductivity
of the solution depends on the type and concentration of 1ons. The concentration of highly
soluble alkalis can be determined by using the evaporable water content and chemical
composition of binders (see Table 2.1 The electrolyte conductivity of the pore solution can be

represented as the sum of the molar conductivity of each 1on species [84] The detailed
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procedure and equations for calculation of 1onic conductivity of pore solution have been

elaborated inpaper IT [59], assuming that allzali metal oxide has a fast dissolution to a certain

percentage in the first few minutes
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Figure 3.7. Calculated conductivity of pore solution. (a)- the values in this study. (b)- the conductivity value
calculated based on the concentration of squeezed pore solution from literatures: solid line from [17]
with w/b=0.75, and dash line from [85] with w/b=0.5. Notes, C: Portland cement; FA: fly ash; S: slag;

L: limestone, corresponding to Figure 7 in paper I1.

Figure 3 7a illustrates the calculated conductivity of pore solution in paste samples along with

the regression lines. It shows that an increase in wvb results in a decrease mn electrical

conductivity of the pore solution as a higher wb lowers the concentration of allzali 1ons by

infroducing more evaporable water into the paste. Blending SCMs reduces the electrical

conductivity of pore solution, which s consistent with data from published papers based on the

squeezed pore solution data (see Figure 3.7b). It was also discovered in the previous

investigation [63] that blending 3CMs reduces the electrical conductivity of pore solution.
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Ewven though the fly ash used m [67] has high alkali content (3.9 % K20 and 0.9 % Naz0), the
concentrations of ¥, Na*, and hydroxide in the fly ash blended pastes are swnilar with those
i pastes with 1dentical quartz replacement, supporting the assumption that alkalis in fly ash
have avery low solubility

The measured conductivity of paste 15 lower than the calculated conductivity of pore solution
because the presence of cement particles breaks the connection between pore solution. The
chemical composition of Portland cement used in this study 15 highly srmilar to that of cement
used in [85], so the calculated conductivity of PO5S5 (light blue hexagon in Figure 3.7a) based
on chernical composition 15 close to that of ordinary Portland cement with w'd of 0.5 based on
the data of squeezed pore solution (dashed line sphere in Figure 3.7b) Hydroxide 1on is the
major conductive 1ons in the pore solution of cement-based materials which accounts for
around 70 % of the electrical conductivity (see Figure 3.7b). The electrical conductivity of pore
solution remains almost constant until it has a sharp increase after about 6 h The evolution of
conductivity of pore solution 15 well regressed by the Hill function [59]. The fitted lines exhibit
the same trend as the evolution of the value calculated from the squeezed pore solution. This
verifies that method 1n this study can effectively quantify the specific conductivity of pore
solution without the need to extract the solution from the paste oruse any expensive equipment,

as surnmarised in [86], to measure the 1on concentration of squeezed pore solution.

3.2.3 Evolution of microstructure

To differentiate the impact of pore solution and microstructure, the formation factor (7) was
introduced. It was originally proposed by Archie [87] to describe the relationship between the
electrical conductivity of sandstone and its permeability or porosity. F 13 now commonly used
in cement-based matertals to indicate the diffusivity of 1ons in hep, which shares a porous
nature with sandstone, according to the definitions m [83,29]

F = g (t)f o (t) (3.1

where o,(t) represents the conductivity of the bulk paste, while @,.(t) indicates the
conductivity of pore solution at a given hydration time, £. In this study, o,(t) is equivalent to
the conductivity of naturally satrated hep. o,(t) was measured by the designed device, and

data of &, (t) was generated from the regression line in Figure 3.7,

F ofthe porous matrix 15 determined by porosity and pore connectivity, which can be described
by the equation [88,20]:

1
F=— 3.2
v (3.2)

where ¢ 15 the porosity of paste and § 15 the pore connectivity index. In this study, the water
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accessible porosity was used to calculate the pore connectivity mdex

Figure 3.8 shows the evolution of formation factor in pastes with various binders up to 180 d.
Irutially, ' remains constant for a period of 2 to 9 h, which vares depending on the w/'b and
types of 3CMs Theirutial Fishigherthan 1, and it decreases with mcreasmg wib. It 15 followed
by a sharp increase after the constant period, whose phenomenon 15 similar to the percolation
of solid at the setting time found in ultrasound tests [91] The effect of w on 7 15 magnified
during the fast growth period, The ratio of F in hep, with a wvb ratio of 0.35, to that in hep with
a w'b ratio of 0.45 was found to be 1.90, 257, 390, and 2.05 for CEM I, fly ash, slag, and
ternary systemns, respectively. The differences n # of binary and ternary slag pastes become
negligible after 28 d. The fly ash blended pastes exhibit the highest increase in Fup to 180 d
Figure 3.8 b shows that as the hydration process continues, the 5 value decreases significantly
from the pomnt of water addition until 24 h. Despite the slag blended systems having a higher
volume of evaporable water than CEM I pastes with 1dentical wib, the 5 value of slag blended
pastes 15 lower than CEM I, as demonstrated by the data for P235and P335 in Figure 5 of paper
IT [59]. This difference results in a higher # value for the slag blended paste Therefore, the

dissimilarities in Fvalues among various binder systems primarily stem from variations n 3.
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Figure 3.8. Evolution of formation factor for all pastes (a) and pore solution connectivity of binders with w/b of
0.35 over time, adopting from Figure 8 in paper 11.

For analyzing the change rate of microstructure, the average growth rate of ' (g-F) 15 defined
asEq. (3.3): where F(t} 15the Fof paste at hydration time ¢

a-A=22 (3.3)

A shown in Figure 3.9, theprogression of a-F for CEM I paste can also be classified into three
phases. The a-F 1n Period I has a sharp decrease followed by a constant pertod. It involves
mineral dissolution, ettringite precipitation, and C-3-Hnucleation The -7 in Period I exhibits
a sharp increase because a rapid growth of ettringite, C-3-H, and portlandite joints particles to
block the connectivity of pore solution. In Period I «-F displays a decreasing trend due to the
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slowmg down of hydration and water consumption. For blended paste, period IV corresponds
to a new peak during deceleration, mdicating a refining of the pore size due to the later age

hydration of 3CMs. These periods correlate to the changes of connectivity and size of pores in
the pastes during hydration.
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Figure 3.9. Evolution of a-F over hydration time, adopting from Figure 9 in paper II.

3.2.4 Moisture content and formation factor

The electrical conductivity of cement-based materials depends on the composition of the paste,
which consists of msulative dry solid and conductve liquid solutions (Figure 3.6) After an
extension of the percolation theory to the continuum cases |92,93], a general formula similar
to Archie’s law describesthe conductvity of cement-based materials

Tp = @ * Ops * (¢ — @)™ (3.4)
Afterthe substitution of conductivity with 7, we get:
F=1fax(dp— )" (3.5)

In this study, the conductive component 15 assumed to comprise 1ons m pore water and layer
water, with ¢ representing the volume of evaporable water. ¢, 15 the critical volume required
for percolation of the conductive component, while s and « represent the shape factor and the
constant, respectively. Figure 3,10 and B? in Table 6 of paper 11| 59| indicate that theregression
curv e matches the experimental data well

The shape factor and percolation threshold are affected by the type of binders Systermns with
cormplex shapes, such as sand and chalk, have a higher shape factor (1.6) compared to single-
shaped particle systems Calcium montmorillonite has the highest shape factor of 3.28 [94].
The difference in the threshold for percolation may improve the understanding and modelling
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of mass transport 1n concrete contaming 3CMs by some lattice models

700'_ PO (w/b of 0.35 to 0.55)
600 - P1 (W/b of 0.35and 0.45)
] P2 (w/b of 0.35 to 0.55)
500 P3 (w/b of 0.35 to 0.55)
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Figure 3.10. Relationships between the volume of evaporable water (g.) and formation factor (F). PO, P1, P2 and
P3 correspond to CEM I, the fly ash, slag, and ternary blended pastes, respectively: adopting from
Figure 13 in paper I1.

3.3 Chapter summary

The mechanism of cementitious materials reacting with water at the early age 15 a complicated
scientific problem. Eeaction of the main mineral, Cs3, has not been thoroughly understood to
date Experimental studies have shown that the dissolution theory can hardly explain the
anomalous interaction at high water to solid ratio. Therefore, a theory based on the
crystallization and precipitation process of the main hydration products has been proposed. The
hypothesis suggests that C-3-H primarily nucleates within the near-surface region, bridging the
gap between dissolution and protective layer thecries The precipitation of C-3-H 15 a
nonclassical nucleation process involving primary particle nucleation and growth by particle
attachment The acceleration of C-3-H growth rather than etch pit dissolution may explain the
rapid reaction rate ncrease after the induction pertod. The dissolution of C53 and precipitation

of C-3-H are affected by potassium salts and pH levels.

The mteraction of water with supplementary cementitious materials 1s a more complex process
than that with Cs3. Therefore, a more comprehensive detection method based on conductivity

was used to monitor the interaction process at early age Electrical conductivity evolution in
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hydrating pastes relates closely to chemical reaction processes and can be classified into four
stages duning early hydration. Differences in the connectivity of pore solution primarily
account for the variations in the 7 of pastes with different binders. The wvb ratio impacts the
electrical conductivity and 7 of pastes by altermg the allzali concentration in pore solution and
increasing pore connectivity. The growth rate of the formation factor can indicate the reactivity
of different binders. Blending 3CMs refines the pore structure, decreasing pore connectivity.
Monitoring conductivity can demonstrate the relation between evaporable water volume and
formation factor, facilitating in-si montoring of moisture, allzali 1on concentration, and pore

connectivity
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4 Interaction of water with hardened cement-based materials

The hardened cement-based paste 15 @ complex poraus matrix with a wide range of pore sizes
Jrom 9.5 mm fo tens of micrometers. Dhie fo the hydrophilic nature of cementitions materials,
the surface of the pore wall beracts strangly with water. Understanding the miterction
between the pore striichiire and water is essential to develap effective strategies for impraving
the durabiity of cement-based materials. The effect of SCMs on water-related relacation
processes in hop with different RH levels has been qumntitatively divistrated for the first time i
cement-based materials resenmh. This chapter camprises the contert of paper IIT and IV,

4.1 Desorption isotherms

Water vapour 1sotherm 15 very useful for understanding the moisture-related behavior of
cement-based matertals and its relationship with pore structure. It has been utilized for
modelling moisture transport, understandmg drymg shrinkage mechanisms [95,96], and
explormg microstructural changes during the drying process [97] This section presents the
effect of 3CMs on nanopores in hardened pastes, which was investigated by dynamic water
vapour desorption. C-3-H content was determined from sorption data, and portlandite content
was determined by thermogravimetric analysis. The hydration degree of 3CMswas evaluated
by the means of GEMS simulation

4.1.1 Effect of SCMs and w'd on isotherms

Figure 4.1 shows that the type of 3Chs and w/b male 1mpact on the desorption 1sctherms.
While paste mixzing with w/b of 0.35, the replacement with 3CMs increases the moisture
content (%) in the heps under the whole range RH mntervals from 11 %6 to ~%5 %. Moaoreover,
the effect of 3CMs on desorption 1sotherms 15 dependent on the wib of the pastes. An increase
i w¥b causes an increase in motsture content of CEM I pastes at all RH conditions. However,
the mcrease m moisture content of the blended pastes mamly occurs at EH above 40 %% as the
w/b increases to be larger than 0.45 |44 A similar phenomenon has been reported by Olsson
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etal [39]in desorption data of the well hydrated Gwater curing for 4 years) pastes blended with
slag Effects of 3CMs introduce additional complesities to the prediction of moisture state and
transport i concretes contaming 3Chs
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Figure 4.1. Water vapour desorption isotherms of pastes measured at 20 “C. Plots in a are comparisons hebween
different binder systems with the same w/b, exampling with w/b of 0.35. Plots in b are comparison
between different w/b for CEM | paste, refer to [44] for more detailed data.

4.1.2 Calculating the pore size distribution

The BJH method has been widely used to estwnate the pore size distnbution (PED) in
cementitions materials using data from water vapour desorption [ 96,98,99], which was initially
proposed by Barrett, Joyner, and Halenda [100] for determining the pore size distribution in
porous materials based on M2 sorption 1sctherm. Although the pore geometry in heps 1s more
intricate than the assumed cylindrical shape in this approach, and cavitation occurs during the
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desorption process [101,102], the computed results can provide waluable nsights for
comparative analysis, such as the present smdy To calculate the pore size distribution, a
physically adsorbed layer of molecules on pore surfaces needsto be considered. The radius of
an open cylinder pore (rp) 15 determined by adding the thickness #; to Eelvin diameter r (7 =
ri + tr). The correlation between the statistical thickness of the water film and FH in hep was
inttially discovered by Hagymassy et al. [103]. Badmann [104] developed this to describe the
correlation using two parameters, K; and Kz Parameters for pastes m this study were
deterrined by a trial-error method to adjust the constants for different binder systems to ensure

a good match between the measured and calculated total pore volume.

This method uses the Eelvin equation to establish a relationship between the radms of the
condensed liquid in cylindrical pores and the relative humidity (represented by Ry However,
1ons 1n a solution can affect the equilibrium vap our pressure on the plane surface (), which 13
different from the pressure on the pure water surface (po). Raoult’s law [105,106] provides an
empirical expression of the correlation between the 1on concentration and the RH on the plane
surface (RH;), as shown in Eq. (4.1). The total moles of 1ons i the solution are represented by
“ry", and “r" refers to the moles of water in the solution. Consequently, the observed relative
hurmidity value (RH,) 15 a result of both curvature and 1on effects, which can be described by
Eq. (4.2).

RH =2=_Tv (4.1)

o Ty +T1

RH, = RH, RH. (4.2)

The influence of ions on the RH; of the pore solution has not been considered in previous
studies [96,98,99], where the observed RH, wasused as RH; Figure 4. 2 presents a comparison
of the calculated PED with the RH, of the pore solution and pure water. Although the 1ons in
the pore solution have a minor influence on the calculated width and volume of pores with a
diameter less than 10 nm, neglecting the 1on effects results in a significant underestimation of
the size and volume of capillary pores (width greater than 12 nm). Therefore, 1t 15 crucial to
include the influence of 1ons on the surface pressure of the pore solution when determining the

F3D using the BIH method on water vapour desarption 1sotherm.
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Figure 4.2. The effect of ions in pore solution on the calculated PSD of hcps, exemplifying with CEM | pastes,
corresponding to Figure 4 in paper 111.

Figure 4.3 illustrates the pore size distbution obtained using the BIH method to analyze the
water vapour 1sotherm data. The porewidths, calculated as the diameter of open cylinder pares,
are between 1-90 nm. It means that water vapour desorption analysis can provide effective
indication of mesoscale pore structure in hep. It should be noted that a sudden decrease in the
moisture content drying from 36 % to 30 % EH can be atfributed to cavitation occurring in
larger pores [101,102]. It 15 not useful to designate the calculated volume at this interval to
pores of a specific size However, it 15 noteworthy for comparative purposes in evaluating the
volume of ink-bottle gel pares in various binder systems. Incorporation of 3CMs leads to a
minor reduction m the volume of interlayer space i hep. The use of both slag and fly ash
results in an increase n the value of cavitation-mduced peaks, indicating a refinement of the
large gel pores and the reduced pore connectivity. At higher wib, the refinement effect of slag
and fly ash 1s more pronounced, leading to a larger difference between binary and CEM Thoep.
The blending of slag and fly ash sigruficantly increases the volume of open large gel pores
(3.3-12 .3 nmy), with the most sigruficant effect observed forhep with a wb of 0.35.
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Figure 4.3. The PSD in hcp calculated by BJH method from water vapour desorption, exampling with pastes with
w/b of 0.35, refer to [44] (paper 11) for the detailed information of all pastes.

4.1.3 Evaluation of hydration degree
Motsture content at 20-25 % RH is associated with water in the mterlayer space of C-3-H

Bonnaud et al. [107] conducted molecular dynamic simulations and discovered that nterlayer
water began to dry at approximately 20 % RH. The mesoporous structure of C-3-H gives it a
specific surface area at least one order of magnitude greater than cther hydration products
Whern the RH falls below the condensation point m the gel pores, most of the moisture in hep
15 adscrbed in the mterlayer space of C-5-H Usmg the common atomic structure of
1.65Ca0 3102 1.75H20 from [108] or 1.69Ca0- 3102 1. 80H20 from [109], the evaporable
water (dried at ~0 % RH) inthe C-3-H structure is roughly 7.3 » 107 mol/g (or 0.131 gfg) dried
C-3-H, with approzimately 0.55 mole of chemically bound water attached to Ca or 31 atoms
[110]. This value 15 close to the experimental result (0.1 gfg) in [111] and very stmilar to the
value used in [96,99] for calculating the C-3-H content. Assuming SCMs have few effects an
the evaporable water in the interlayer of C-5-H, Eq. (4.3} can be used to estimate the C-3-H
content in all heps in this study.

Wesy = —2 (4.3)

Pl 055

where .20 (mol/g) 15 the amount of water adsorbed 1n hep at 20 % REH (partially shown n
Figure 410, Ry csy 15 the amount of evaporable water in C-3-H with respect to the weight

dried at ~0 % RH (7.3 x 107 molfg), and Wegy is the weight of C-2-H in the dried hep. The
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amount of C-3-H in pastes have been calculated and presented in paper 10T |44 |

Thermodynarnic modelling has been popularly employed to investigate the influence of SChs
on the hydration process and phase assemblage in cementitious materials It was also used in
this section to evaluate the effect of 3CMs hydration degree on the phase assemblage in hop.
Figure 4 4 shows the hydration phases in the hep with different hydration degree of fly ash.
The hydration degree of CEM T 15 set to 92.2 %%, which 15 calculated by dividing the measured
content of portlandite in PO55 (22.0 % by thermogravimetric analysis) with the portlandite
content in the fully hydrated paste (2387 30 by GEMI). The focus centers on the quantities of
the two main hydration products, namely C-3-H and portlandite In the case of the fly ash
binary hep, portlandite will decrease due to consumption by the porzolanic reaction of fly ash
Moreover, the amount of C-3-H will increase with the hydration degree, during the process
before a complete consumption of fly ash Theoretically, a hydration degree of 38 ¥4 will
consume all portlandite in P145 Beyond this hydration degree, the content of C-3-H will
decrease due to the formation of stratlmgite.
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Figure 4.4. Phase assemblage of hydration products with the increase in hydration degree of fly ash, refer to paper
[11 [44] for data of other binder systems.

To validate the method using water vapour sorption data to calculate the hydration degree of
SCMs, the amount of portlandite was measured through thermogravimetric analysis. The
hydration degree of 3CMs 15 evaluated by its lmear correlation to the amount of C-5-H and
portlandite [44]. Figure 4.5 illustrates the hydration degree of fly ash and slag based on the
measured portlandite content and the calculated C-2-H content. The good agreement betw een
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the hydration degree estimated by these two methods confirms the reliability of water vapaor
desorption for assessing the C-3-H content and hydration degree. An mcrease in w/'b will
enhance thehydration of fly ash and slag. The calculated hydration degree of tly ash fallswithin
the range of 20 %30 %, which 15 consistent with previously reported data for heps blended
with 35 % fly ash under similar curing conditions [112,113]. The calculated hydration degree
of slag in binary and ternary hops ranges from 40 % to 52 % and 43 % to 59 %, respectively.
These values are similar with the measured degree of hydration for slag blended heps with a

w/h of 042, as reported in previcus studies [114].
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Figure 4.5. Hydration degree of fly ash and slag in the blended hcp after a 6-month water curing calculated by use
of GEMS and water vapor isotherm data, corresponding to Figure 10 in paper I11.

4.2 Water behavior in hep at low temperature

The nanosized confinement of water in hep will change the thermodynamics of liquid-phase
transformations during the freezing and melting experience This kind of confinement will also
change the dielectric response and dynamics of water In this section low-temperature
differential scanning calorimetry (LT-DEC) was employed to quantify the distribution of water
confined in different pores during drying under various EH levels. It sheds light on the water
distribution in gel and capillary pores with respect to freezable and unfrozen (supercooled)
water Broadband dielectric spectroscopy was used to mvestigate the dynamics of water
confined in the hep. Various relazation processes were observed, corresponding to the local
chemical environment of C-3-H microstructure, which contributes to a comprehensive
understanding of the C-3-H structure.
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4.2.1 Freezing and melting

Figure 4 6a presents a typical freezing and meltmg curve of hep equilibriom under 97 % RH
with CEM I paste as an example. The freezing-melting curve extubits a sigrnificant hysteresis,
with the average melting temperature being higher than the average freezing temperature It 15
a cormon phenomenon observed m many porous media [ 115]. This can partially be attributed
to the geometrical hindrance effect caused by the pore shape Furthermore, the attractive
potential from the pore wall nduces a compression effect, resulting in a non-monctonic
correlation between the freezing temperature and pore diameter dueto the competition between
hindrance and compression [116]. In cases of extreme confinement, water molecules are

inhibited from forming an 1ce structure to avoid crystallization [50].
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Figure 4.6. Example of low temperature DSC curve for hcp, with OPC paste conditioned under RH of 97 % (a)
and pastes conditioned under RH of 33 % (b): corresponding to Figure 1 in paper IV.

Sun and Scherer [ 117] suggested that water in pores with a width smaller than 4.5 nm did net
undergo ice formation during the cooling process. In addition, Bager and Sellevold [118]
observed no 1ce formation in hardened cement paste with equilibrium at 33 3% and 11 % RH
White cement paste at 33 % RH also did not exhibit any excthermic peak indicative of ice
formation [112]. However, as shown in Figure 4 6b, crystallization of 1ce was detected n slag
blended pastes (P245 and P345) at 33 % EH, while no ice was found in P045 and P145. This
intrigning observation may be attributed to the refined small neclk of ink-bottle pores. Turing
the drying process, it may be difficult to dry the mner part of these pores. The expulsion of
water from interlayer or small gel pores to larger pores during the cooling process, similar to

the freezing process of montmorillonite [ 120], may also result in this phenomenon.

4.2.2 Thermoporometry to determine moisture distribution

Based on the thermodynarmnic characteristics of water-ice phase transition in porous matrix, the

correlation between phase change temperature and pore size can be expressed by the Gibbs-
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Thomson equation [117,121].

n=—43 (4.4)
.p — ﬂTS ----------------------------------------------------------------------------------------------------------------------- .

In this equation, the radius of the cylinder pore 15 denoted as % (nm), and the undercooling 15
represented by AT, (°C), which 15 positive when the temperature 15 below the melting pomt of
the bulk ice crystal. The constant A4 15 determined by the surface energy between water and the
cement-based material, whilst the constant 4 15 related to the layer of unfrozen water and the
shape of the pore. The shape of the pore 15 typically assumed to be cylindrical, and for the
freezing process, the values of 4 and 4 are taken as 64.67 nm and 0.57 nm, respectively. For

the melting process, the values are 32 33 nm and 0.69 nim, respectively [117].

Taking into account the baseline for LT-DEC and the variation i heat capacity of the different
phases (liquid, ice crystal, and porous body), the quantity of ice formed at temperature T can
becomputed using Equation (4.5) due to the narrow temperature intervals in the data collection
[117].

me(T +niT) = me(F) + T3 [‘“""*‘“‘i""ﬁfﬂ“?" + ‘“""*:;‘?"?"] exp [ﬂ""‘”vpff‘“vﬁ'] ............................ (4.5)

where m.(7T) represents the ice mass at temperature T, and AT denctes the temperature interval
that was set to 0.02 °C in this study. A (J/g) denctes the heat of fusion for pore water, G(T)
(Wig) represents the heat flow into the sample, Qg (W/g) 15the baseline in heat flow, g (°C/s)
15 the heating rate, C,p (Jg/*C) denotes the heat capacity of the pore liquid, and Cye (Tigh
represents the heat capacity of the ice crystal The baseline of LT-DEC 15 estimated by fitting a
linear line from the onset of freezing to approxmmately -55 °C.

Figure 4 7 presents the distribution of ice volume in cement paste under various EH levels. The
curves for hep equilibriam with 33 %% RH are not included due to lumuted crystallization. As
expected, the 1ce volume m hep decreases as the RH decreases. The hysteresis phenomenon
during freering and melting processes 15 observed under all RH levels. When the temperature
15 converted to pore width using Eq. (4.4), the hysteresis effect becomes more noticeable,
particularly interms ofthe minimum pore width required for 1ce crystal formation. The freezing
curves suggest that the critical pore width for 1ce formation 15 around 4 nm, 1mplying that no
ice will form in pores smaller than this value However, previous studies have detected
crystallization peaks m silica nanopores with diameters as small as 3 nm [122], and molecular
dynarmic modeling has indicated a critical nucleation radit of 1 nm [123]. The critical pore size
for melting curves is approximately 2.4 nm, suggesting that the meltmg curves are more
suitable for evaluating moisture distribution n hep.
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Figure 4.7. Ice volume distribution in P045 under different RH conditions. (a) Calculated ice volume under RH
of 97 %, 75 %, and 55 % using Eq. (4.5), and (b) corresponding ice volume in nanopores based on Eq.
(4.4) with respect to freezing (F) and melting (M) process: Figure 2 in paper V.

Figure 4 2 illustrates the detailed distribution of evaporable water in PO45 and P145 during the
drying process, categorized into four different intervals: <27 nm, 2.7-10 m, 10-20nm, and =
20 nm. The change of water confined in the interlayer and gel pores 15 easily distinguishable
from the data obtained from P045 and P145. The results indicate that water confined in the
interlayver and small gel pores (< 27 nmy does not present any increase during the drying
process. Under 75 % RH, water in capillary pores i3 almost fully evacuated, and there 15 a loss
of more than half of the water m large gel pores [124] or interhydrate spaces (2.7-10 nm)
[125,126] The LT-D3C data reveals only a small loss of freezable water during a drying to 55 %%
EH compared to 75 % EH, and the major loss 15 detected in water confined in the mnterlayer
and small gel pores. This can be ascribed to a coarsening of gel pores. A drying process at 33 %%
FH induces a minor increase in unfrozen water due to the movement of C-3-H sheets
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Figure 4.8. Moisture redistribution in P045 and P145 during the desorption equilibrium (Figure 6 in paper V).
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4.2.3 Dynamics of water confined in hcp

Figure 4.9 shows that the comparison betw een the relaxzation time of P145 with EH of 97 %
and 33 %. Four relagation processes were detected relating to the water behavior The
relagation process 1 (K1) has the fastest relaxzation dynamic and the lowest activation energy,
which 15 attributed rotation/recrientation of hydrosyl m 31-OH environment [127] . Relazation
process 2 (R2) 15 the second fastest process, and it 15 more reasonable to be assigned as the
dynarmic of water molecular hydrating the silanol groups [128] or water confined in pores of
smaller than 1 nm [129] Relazation process 3 (E3) 15 dynamics of the unfrozen water m pore
with reduced hydrogen bonds and mixed with dynamics of hexagonal ice (ice ) Relazation
process4 (B4 15 a Maxwell-“Wagner process, relating to interfacial polanization between liquid
and solid face [130]. The saddle-lize temperature dependence of relazation time m between
10007 of 3 and 4 15 ascribed to the loss of evaporable water in matrsz. This somehow can

explain why B4 15 missing in samples with RH of 33 %,

Felazation of structural water (R1 and R2) 15 a p-process with Arthenms dependence. The
supercooled water in gel pores seems to have a Vogel-Fulcher-Tammann (VFT) dependence
at high temperature range. This fragile-to-strong transition (from VFT to Arrhenius) ocours in
supercooled water confined hydrophilic porous matris [50,52] However, the data in this study
15 msufficient for getting such a conclusion. R4 also has an Arrhenms dependence in
ternperatures below 250

3
e FTaul FTau2 FTau3 FTau4 ®lce
2 1 ©FATaul FATau 2 FATau3 & Ice-related
14 .
g o
0 o
» 254
1 S Nt A
\":"v > < 5
N =
=2 W{' S * &
_— L 2 * =
-2 * N N
? S
(g
3 v' o
4 -
/Q&\,,
/ w c
4 ¥ 5 O
% o
Yz o ® A
5 1 % 5 S o\\&‘\\\»
o e Pl
O o
6 4 ; o o ®
WFT 0®
i Structural water
-7 -

3 4 5 6 7 8
1000/T (UK)
Figure 4.9. Comparison of relaxation times of P145 at RH of 97 % (FTau*) and 33 % (FATau*). Data of ice I,
relaxation from [131] and ice-related relaxation in frozen tri-propylene glycol solution [132] are shown
for comparison: Figure 9 in paper 1V.
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The comparison of fitting results with Arrhenius equation 15 presented in Table 4.1, The
activation energy required for R1 lies in the range of 19.65 to 24.85 kl¥mol These values are
higher than the activation energy of 31-OH relazation in gonotlte (17.28 kImol or 0. 18 ev)
[127], but they are lower than that of the similar relaxzation in Co-montmorillonite [133]. Fly
ash and a further replacement of limestone seem to reduce the activation energy and mcrease
the logim), but the effect 15 very limited. A drying of P145 at 33 % RH has almost no effects
on both activation energy and the log(to) of structural water compared with a conditioning at
97 % REH. Activation energy of B2 in binder systems has a value between 3479 and 37.42
kJfmol. The behavior of B2 15 similar with that of process 2 observed in synthetic C-3-H [134]
and tobermorite [127] The activation energy of B3 15 similar to the activation energy of
diffusion of glassy bulk water (45 kJfmol [135]) and lower than the activation energy of ice |
relagation (~ 50 kJmol [131,136]). The addition of fly ash increases the activation energy of
E3, which 15 likely due to the lower 1on concentration i the pore solution. The effect of slag
on this process 15 mainly observed in the non-Arrhens temperature range, thus, P245 exhibits
similar activation energy and log (m) as PO45. When CEMI 15 partially replaced with limestone,
the activation energy of B2 decreases. In comparison to CEMI paste, fly ash results in a lower
activation energy of R4 Slag has little effect on the activation energy of B4, but it increases
the value of log(m).

Table 4.1. Regression ofthe temperature dependence ofwater related relasation processesinheps with EH of 07 %%
and P145 with RH of 33 %

iz D Relamation  Slope (k) logiz) R? B (lTfmal)
Rl 1257 -13.25 0.998 2367
0045 R 1.944 -15.78 0.909 37.24
E3 2607 -17.02 0.994 49.90
F4 2896 -16.51 0.997 55412
Rl 1.119 -12.39 0.998 2141
0145 R 1518 -14.89 0.909 3479
fat] 2671 -la s IR 51.11
R4 2.500 -13.29 0.999 47.84
Rl 1.297 -13.63 0.997 24 812
0745 R 1836 -15.11 0.998 3513
E3 23582 -16.91 0.994 4041
R4 2870 -15.68 0.996 54.92
Rl 1.047 -11.85 0.998 1965
0345 R 1.944 -1573 | 37.20
E3 2194 -14.50 0.904 4202
R4 2831 -15.68 0.999 54.17
Rl 1.146 -12.36 0.998 2193
F145FEH33 {3 18344 -14.85 1. Hyu 5.8
E3 2434 -14.68 0.998 47.53
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4.3 Chapter summary

Water vapour desorption isctherm provides effective information of the mesoscale pore
structure i hop. It 15 essential to consider the effect of 1ons on the equilibrium pressure of water
vapour on a plane surface when calculating the pore size distribution using the BJH model The
novel approach based on water vapour sorption and thermodynamic modelling performs well
i the evaluating the hydration degree of 3CMs. It has been observed that the presence of 3Chs
markedly increases the motsture m hep at RH above 50 %%, This 15 attributed to ther effect on
increasing the volume of large gel pores and capillary pores. Cavitation occurs during the
desorption of water vapour at EH between 36 % and 30 36, which can result m an
overestimation of thevolume of the small gel pores. Wonetheless, the morease in the cav tation-
induced value reveals the refinement effect of 3CMs Furthermore, the dilution effect from

S CMs provides essential extra water for achievmg full hydration of the clinker

During the drying process, motsture in hep undergoes a redistribution due to the dynamic
microstructural changes Thermoporometry 15 an effective method for characterising the
moisture distribution Themelting curve 15 preferable to the freezing curve for evaluating water
confined in hep, and it enables to perform measurement of the water confined m pores larger
than ~2.4-27 nm. Regardless of the temperature to which the water is frozen, water i pores
smaller than the critical value, including interlayer and partial gel pores, will not form a
tetrahedral ice structure. The nfluence of 3CMs on the distribution of motsture has been found
to extend beyond the equilibrium state at 97 % RH to affect redistmbution during the drying
process down to 33 % RH Although some discrepancies in the discussion of dynamic pore
structure changes during the mnitial drying process have been cbserved between previous
publications [137-139], this study affirms that, under equilibrium conditions, the drying
process does not mduce any increase in volume of pores smaller than 2.7 nm A sever
coarsening of small pores occurs during the drying process between EH values of 75 % and
55 %. 3CMs have a limited effect on the dynamics of structural water, primanly influencing

the dynarmic of water in small gel pores and mterfacial polarization.
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5 Effect of SCMs on moisture and chloride transport

Moisture transport properties play crucial roles in determining the performance of cement-
based materials during construction process and the long-term service. The humidity levels in
the concrete substrate before applying any covering material are directly linked to the risk of
cracking and mould growth. Moisture also influence the transport of COz, O, and chloride
ions in concrete, which ultimately determine the deterioration process of reinforced concrete
structures [37,140]. Effect of SCMs on both water transport and chloride migration in cement-
based material will be investigated to provide better understanding for the design of more
durable cement-based materials. The impact of SCMs on pore structure in pastes will be
analyzed by interpreting various parameters. Finally, the moisture and chloride transport
characteristics of pastes blended with different SCMs will be comprehensively compared to the

pore structure parameters. This chapter summarises the content of paper V and V1.

5.1 Moisture transport

This section elaborates moisture transport properties of hcp measured by a novel method with
the corresponding procedures, as described in [28,58]. This method enables the measurement
of both water vapour diffusion coefficient (Dv) at steady state, total moisture transport
coefficient (Dw) and water vapour diffusion coefficient by semi-infinite drying (Dvs) for the
same sample in a single procedure. The influence of w/b and SCMs on the moisture transport

properties will be discussed in detail.

5.1.1 Water vapour diffusion at steady state

Figure 5.1 presents Dvof hcp measured by the tube method within four different RH intervals.
It is important to note that all “D,” values in the figures represent the average diffusion

coefficient within a specific RH interval. It has been observed that a higher RH interval leads

to a higher deviation within three parallel tests. However, it is worth mentioning that the tube

47



method shows a lower level of deviation compared to the cup method, as reported n [38].
Therefore, the tube method, as described i detail in paper V, 15 a reliable and valid alternative

totraditional cup methods for measuring vapour diffusivity under steady-state conditions.

For pastes with web of 0.35, the fly ash binary paste has the lowest D, within all RH intervals,
with a value smaller than half of that in CEM I paste (PC35). Effect of slag on the vapour
diffusion at steady state depends on the EH mtervals. It induces a reduction in coefficient
measured m EH intervals above 75 % but enforces a minor increase in coefficient between EH
of 75 and 50%. The impact of 3CMs on vapour diffusion reduction is more pronounced at the
higher w/b and at RH intervals above 62 8% (between 75.5 % and 50 %). For example, the Iy
of slag blended paste 15 only 0.52, 0.29, and 0.14 of CEM I paste for w'b ratios of 0.35, 0.45,
and (.55, respectively A higher wi'b causes an increase in the vapour diffusion coefficient for
all pastes. An increase of the w/b from 0.35 to 0.55 induces an elevation n the coefficient of
slag blended and CEM I paste, with a factor of approzimately 2.5 and 10, respectively. The
further replacement of CEM I with limestone generally leads to an increase in the vapour
diffusion However, this effect 1snegligible at the higher EH intervals
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Figure 5.1. Water vapour diffusion coefficient of hcp measured by the tube method in four different RH intervals.

Apparently, the measured vapour diffusion coetficient depends on the RH intervals Thereisa
significant mcerease in the 2, of CEM I pastes as RH mcreases. [, of pastes blended with 3Chs
seems to be mdependent on RHs. However, An increase in the D, can be observed as the RH
level reaches ahigher range (94 .6 % to 97.6 %) m both the adsorption and desorption processes,
as depicted mn [38] As shown m Figure 5.2, moisture transport in cement-based materials

involves the transportation of both gas (vapor) and liquid phases under non-saturated
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conditions, where the pore volume is only partially filled with the liquid phase. The dominance
of either process depends on saturation state. Before the liquid phase achieves contiguous
connection (percolation) at the critical RH condition, the moisture transport process is
dominated by vapor diffusion. In contrast, a Darcian transport of the liquid phase is prominent
after percolation, resulting in particularly high transport coefficients. Therefore, at high RH
intervals, the results from the cup method will overestimate vapor diffusion due to liquid flow
mixing. Baroghel-Bouny [37] provided a detailed explanation of this phenomenon. The RH
dependence of measured D, is well described by equation (14) in paper V [28], and Figure 5.2
presents the representative results in the top left corner.

A

| 2.20E-07
1.80E-07
=
1.40E-07
5 {4 b T
L] [=]
3 ' :
1.00E-07
LE Vapour diffusion R t(
g Flow in liquid Flow in liquid
o | 6.00E-08 ~———"7" ] ~—"
[ - J“ ,,_i :
& 2 Lio" = '
ﬁ 2.00E-08 . : . . . -g lv-k} g !
= 45% 55% 65% 75% 85% 95% > oL '
RH intervals = :
5 !
= e i Percolation of ligiud ph
oy ¥ Vapour diffusion ercolation of liqiud phase

J =
: — Surface diffusion

I Vapour diffusion
Y X
I ,

~33% RH & (Saturation state or RH)

Figure 5.2. Tllustration of dependence of water vapour diffusion coefficient, exampling with w/b of 0.35.

5.1.2 Moisture transport during the first drying

The total moisture transport coefficient (Dy) can be measured by the semi-infinite drying.
Using D, and the moisture content at the drying RH enables to calculate the water vapour
diffusion coefficient under the drying process (Dy;s). This has been demonstrated in paper V in
detail.

Figure 5.3 shows the moisture transport coefficient for hcps dried at RH of 75 % and 50 %.
Pastes dried at 75 % RH exhibit lower D, values compared to those dried at 50 % RH. Dy, is
dependent on the moisture content of cement-based materials. As the degree of saturation
increased from zero, D, decreased and reached its minimum value at a saturation degree of

0.5-0.8. Once the liquid percolation threshold was reached, D\ increased with the saturation
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degree | 37| Blending SCMs leads to a significant decrease in 2, during drying at both 50 %%
and 75 % REH While drying at EH of 50 %, the reduction in 23, caused by SCMs 15 most
noticeable in the hep with fly ash and a web of 045 With a further replacement of limestone,
the effect of slag in 1), wealkens, resulting m a 23, of temary paste almost twice as that of the
binary paste containing slag.

The effect of drying FH on Dy 15 comparable to its effect on Iy . However, the variation in
Dys between different RH levels 15 less pronounced than that n Dy, This phenomenon is
particularly noticeable in blended paste, which may be due to the greater moisture capacity of
blended pastes compared to CEM I paste. Effect of 3CWs on water vapor diffusion at drying
will be amplified at a higher wb, which 15 sumular with the finding in water vapor diffusion at
steady state

Hollow [1Samples dried at RH=50% Solid [l Samples dried at RH=75%
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Figure 5.3. The total moisture transport coefficient D, and water vapor diffusion coefficient during semi-infinite
drying D,s at RH=50 % and 75 % (20 "C), respectively: a- D,, of all pastes; b- D, of all pastes:
adopting from Figure 2 in paper V.

5.2 Effect of SCMs on chloride migration

Chloride migration coefficient in cement-based material 15 crucial for predicting the service
life of concrete structures exposed to marine and saline environment. This parameter 15 time-
dependent and decreases over time due to the contimious hydration of bnders, following an
empirical power function [141,142] Table 5.1 presents the chloride migration coefficient of
various pastes at different curing times, tested by the rapid chlonde migration (RCW) method.
Generally, the chlorde migration coefficient (Dgenr decreases as curing time increases, except
for PO55, which shows an unezpected increase. Additionally, an increase in w/b causes an

increase in Dgegr, although the influence of wv'd on Deear of slag binary paste at 180 d is
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relatively wealk. Blending of 3CMs in reduces the chlonde rmugration coetficient, particularly
i pastes with a longer hydration time and higher we'd ratios. Fly ash has the strongest effect on
the reduction of DRCM after 180 d. Interestngly, Drear of POS5 exhibits an increase with
hydration tume after 28 d, which has also been observed m some previous studies [141,142] It
was found that Portland cement-based concrete may have a higher chlonde migration
coefficient at a later age when the w/b ratio is relatvely high (= 0.5).

Table 5.1. The Dgess of pastes cured to 28, 90 and 150 4.

Chloride migration coefficient (x102 m?s)

Time/days
PO35 P045 PO55 P135 P145 P235 P245 P255 P335 P345 P355
28 802 1556 2108 890 1135 512 582 729 579 539 640
90 584 1167 2628 227 3.67 317 385 452 270 364 381
180 352 1046 2615 084 1.51 250 260 291 176 194 371

In the practical application scenario, the exposure environment is much severer than the lab
rocmn. Figure 5.4 presents a comparison of the chloride profile in concretes after a 20-year
exposure under a de-tcing salt road environment in Sweden. It shows that substituting Swedish
structural cement with 5 % silica fume has little impact on chloride penetration. However, the
benefits of reducing chloride content become more apparent when the replacement ratio
increases to 10 %% silica fume. For the concrete made with Finnish rapid Portland cement
containing 10-15 % limestone filler, blending of ground granulated blast-furnace slag seems
tohave very limited effect on the penetration front of the chloride at web of 0.4 It even caused
an mncrease in the chloride content at depth lower than 20 mm. However, its mhibiting on the
chloride ingress 1s much evident in concrete with wy'b of 0.5, especially i the depth larger than
20mm. It implies that the effect of slag on the chlorde migration in practical environment still
depends on the binder types and wi.
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Figure 5.4. The chloride profile in concretes after an exposure of 20 years under a de-icing salt road environment
adopted from Figure 4 in paper VI [42]. Notes: Anl- Swedish structural cement, SF- Silica fume, SL-
Finnish ground granulated blast-furnace, Fin Rpd- Finnish rapid Portland cement blended with 10-15 %
limestone filler.

5.3 Refinement of pore structure

Mercury intrusion porosimetry measurement 15 a useful method for obtaining comparative
indices of pore structure in cement-based materials by testing the threshold diameters of
intrudable pore space. The paore size corresponding to the peal m the dFllagf D) curve is
known as the critical entry poresize[143]. Figure 5.5 showsthatunder sealed curing conditions
after 390 d, the incorporation of fly ash in pastes with w/b of 0.35 and 045 induces a decrease
i1 the critical entry pore size. Conversely, the use of slag results in a minor increase in this
critical size compared with CEM I paste. This means that in the change of critical entry pore
size cannot explain the much lower moisture transport coefficients of the blended pastes (as
shown in Figure 5.1 and 5.3}, which was considered to be a significant factor controlling
moisture transport m previous publications [39,144]. It has been observed that slag can reduce
the critical entry pore size of pastes at a later age when cured inwater [9]. This 15 because such
a curing provides adequate amount of water in the large capillary pores, which enables the
hydration products toprecipitate and fill these pores during the later hydration of slag. However,
the sealed curing may not mduce this effect dueto the limited availability of water
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Figure 5.5. Pore size distribution of hcp after a sealed-curing for 390 d measured by mercury intrusion porosimeter,
adopted from Figure 6 in paper V [28].

Formation factor and pore connectivity are related to the transport properties of cement-based
materials as described by equation (1) in paper V. To find out the real refinement effect of
2B CMs, these two parameters have been calculated and presented in Table 5.2, Blending of
2B CMs decreases not only the conductivity of pore solution but also the pore connectivity and
inverse of F The tendency of pore connectiv ity () with respect to variations in w/ and binder
types is similartothat of 1/F. Asthe wéb increases, both 1/7 and S present a significant increase.
Fly ash causes a substantial reduction in 1/7 compared with CEM I paste, with a reduction
factor of approxzimately 1785 and 1/20 n pastes with w/b of 0.35 and 0.45, respectively. The
1/F the slag blended pastes 15 also much lower than that of CEM I paste with the same w/b,
0.45, and 0.55, respectively. The ternary pastes exhibit a similar 1/F or § as the slag binary
pastes. It 15 apparent that the real refinement effect of 3CMs 1sto reduce the pore connectivity.

Table 5.2. Properties of pastes at approximately 1 year (390 d), including electrical conductivity, pore solution
conductivity, inverse of F, porosity, and pore connectivity.

Flectrical conductivity {ma/om)

sample Paste Pore solution F @ A
PO35 0.251 165.9 1.52=10" 0.1a T E4=10™
P 0.701 131.3 5 34=1003 0.26 207=10™
POss 1.240 102.9 1.21=10% 0.35 F45=10"
P135 o9 104.4 1.78=10v 0.24 TAg=10™
Pl4s 0.02a 06.0 271=10M 028 BEI=10™
P235 0.075 140.4 4 0= 0™ 019 2A0=10T
P 0.128 114 5 1.12=10v 023 4 B5=10-®
P25 0.167 111.4 1.50=10v 027 S546=10
B335 0.070 133.3 5 26=10™ 0.20 2A0=10T
P35 0.085 86.0 0 7axl0™ 0.24 401=10"%
Faos 1111 Fa VR 45 & Bl U
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5.4 Transport properties in relation to pore structure
5.4.1 Correlation between £2),, 7 and porosity

A3 Dy in hep is motsture-dependent, Figures 5.6a—c show separate plots for correlations at
different RH intervals. Dy at EHY7-75 presents a lmear relation to the 1/F ofhep. Thisindicates
that the pore connectvity, rather than porosity, determines Dy at high EH intervals. The blended
pastes exhibit much lower pore connectv ity than CEM I pastes, which results in a much lower
vapor diffusion coefficient at high EH mtervals compared to CEM I pastes As RH interval
decreases to RH97-50, the connectivity of the pore solution declines sigruficantly, causing a
depercolation of liquid phase Therefore, the moisture transport process 15 primarily
deterrnined by porosity, as depicted i Figure 5.6d.

Even though both 1/7 and 5 of the blended pastes are substantially lower than that of CEM I
(Table 5.2}, the Dy of blended pastes 15 similar to that of CEM I with the same w/b in RH75—
50. Furthermore, the slope of the regression lme in the blended hep increases with the decrease
of RH levels It implies that the major deterrminant of Dy shifts from pore connectivity to
porosity. It 1s noteworthy that the data of fly ash blended pastes with w'b of 045 deviate from
the fitting line of the blended pastes, owing to their much lower pore connectivity compared to
the slag blended hep.

2.5E-06 2.0E-06
RH85-75
2.0E-06 RHO7-75 9 1.6E-06 - A
Z 1.5E-06 - = 1.2E-06 -
B yoirEoax 8 g b
* 1.0E-06 1 =L fek- & 8.0E-07 o
£ LOE06 R2=0.977 A 7 y=133E04x
5.0E-07 A .8 4.0E-07 g R2=0.962
A2
[ a5
0.0+00 4B : : : 0.0E+00 L& : : :
0.0E+00 4.0E-03 8.0E-03 1.2E-02 0.0E+00 4.0E-03 8.0E-03 1.2E-02
UF UF
1.00E-06 55
RH97-50
8.00E-07 > 59 1 497-50%
y = 2.59E-04x I 075-50% S
= 6.00E-07 R2=0.945 5-6.3 2 - : q
g o > ¢ & o270 o
5 4.00E-07 .("\ y = 7.08E-05x 39'67 /,,’ P255 A
® R2=0.997 3 PO35 A 2--
2.00E-07 4. /¢ -7.1 0/ P g
o -0 P145
0.00E+00 + . . 75 . . . .
0.00E+00 4.00E-03 8.00E-03 1.20E-02 2 19 -18 17 -16 -15  -14
UF Log ()

Figure 5.6. The water vapour diffusion coefficient in relation to 1/F and porosity. The hollow marks are the data
of CEM I, the solid marks are the data of the blended pastes and the marks filled with green color are
fly ash blended pastes.
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5.4.2 Relationship between Dzep and 1/F

The 1on transport coetficient in the paste linearly correlates to the pore structure parameter &
and its transport coetficient in the pore solution [88,90]. Ifwe assume that the binding capacity
ofthe hydration products can be neglected, the non-steady-state migration of chloride under an
applied electric field, Droy, can be estimated by the use of /1 D)., the chlonde migration
coefficient m the bulk pore solution, 15 often assumed to be 2.03 x 107 (r?fs) [33], although

Thevalue could potentially be smalleras aresult of interactions with other 1ons n pore solution.

I
== (5.1)

Figure 57 shows that in general the Drem of all the pastes 15 located close to the modelled line
(dash line in Figure 5. 7). However, the data of pastes with w/b of 0.35 deviate from the general
curve Because pastes with a sealed curing were used to measure the conductivity, the pastes
with wb of 0.35 are far from the saturation state under this curing condition. However, the
Drew was tested under the nearly saturated condition which might result in a deeper chlonde
penetration depth thus a higher value of Drem. The data of Chidiac and Shafikhani [145] has
been normalized to thevolume of mortar to fitin the figure Tt shows that Drewm of all themortar
generally locates close to themodelled lme as well Therefore, it can be concluded that the pore

connectivity or & of hop should be a key controlling factor onthe chloridemigration in cement-

hased materials
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Figure 5.7. The correlation between chloride migration coefficient and 1/F with data in this study at curing time
of 28 and 90 d and data adopted from [ 1435].
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5.5 Chapter summary

2BCMs evidently reduce the moishire transport coefficient of hep after curing for 320 d. Slag
decreases the chloridetransport rate inthe hep, and effect of fly ash on improvement of chloride
resistance shows after 90 d cunng. Beth fly ash and slag have a great reducing effect on the
pore connectivity in the pastes after a long-term curing Thetemary pastes with limestone have
the stmilar with the binary slag blended pastes after 1 year Ahigher w/ provides more water
for the later hydration of fly ash and slag, which mcreases their refining effect on the pore
structure. Thus, increasing the w'd amplifies the impact of 3CWs on motsture transport and
chloride migration coefficient in hop. Moisture content i hep plays a crucial role in the
moisture transport due to water condensation m its porous structure. Blended pastes exhibit a
more complex pore structure, resulting in that vapour diffusion coefficient (2) of the blende

pastes shows a very weak RH dependence at measured EH intervals.

There are many parameters describing pore structure of hop, such as porosity, pore connectivity,
pore size distribution, the critical entry pore size, and formation factor Critical entry pore size
15 not the main controlling factor for moisture transport. The mmproved resistance to moistre
in the blended systern is primarily attributed to the pore structure refinement. The refinement
effect mainly reflects on the reduction in pore connectivity. The moisture transport properties
in the hcp are determined by both the formation factor and the porosity of small pores,
specifically volume of the middle capillary and mesoscale pores. However, at high RH the
formation factor is the primary factor affecting moisture transport, whilst at low RH, the
porosity of small pores is the main factor. Effect of SCMs on the chloride resistance of concrete
depends on the w/b, and the effect of slag is pronounced after 20-years of exposure under a
road environment for mixture with w/b of 0.5. & highly simplified model was developed to
estimate the chlorde migration coefficient with only one measured parameter 7 of hep. This

model 15 valid to caleulate the Drem of both plain and blended pastes as well as mortars.
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6 Monitoring the hardening process of the blended concrete

Traditional methods for festing the hardening of concrete require the strict cortral of
temperatire and frenidity, which is very different from the field conditions. The non-destrictive
test is wseftd for ensuring the application quadity of SCMs in field construction. I is also
essertial for the digital fabrication. This chapter will present an wpg raded system based on the
previaus version i paper II to replicate the sefting and strength development of concrete
cartaining SCMs. The cortertt af this chapter is from paper VIL

6.1 Flectrical conductivity

6.1.1 Calibrating the dimension effect

The calculation of electrical conductivity using Wenner's method assumes a seri-mfinite
boundary condition. However, in practical applications, the size of the concrete specimen does
not satisfy this boundary, particularly for the upper rows of sensors. To investigate the impact
of dimension on the calculation of electrical conductivity, a numerical simulation was
performed using COMBOL Multiphysics with a geometry similar with that of the container
(see Figure 6.1). In this simulation, the AC/DC mode was employed with the electric current
conservation equation, and the boundary conditions were set such that all surfaces of the
geometry were insulative. Thematrix was set to a constant electrical conductivity of 0.1 mi3/cm,

and a constant input current of 0.1 mA was applied from point Atopoint B,

The smmulated potential difference between V2 and V1 was used to calculate the electrical
conductivity by Wenner's method. The dimension factor () was evaluated by dividing the
given conductivity with the calculated cne. Figure 6.1 shows that yis about 1.96 at the first row
and decreases with depth. From these stmulated results the relationship between y and the depth

of sensors () can be established. The sirnulated values have been validated with the standard
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solutions (EICI), and 1t 15 confirmed to be very close to the expenimental value (see table in

Figure &.1)

Dimension factor for calibration

Given electrical conductivity [0.1 mS/cm]

d~y 1 .
o I 0 Applied constant current [10 mA] from A to B
-\
N .
\VAl Run one simulationat Each depthto get the value in table below
V2
0.8 Calculated conductivity Dimension factor
A Depth [nm] V1[mV] V2 [mV] &V [mV] based on semi-infinite ——————————————
100 assumption Simulated Experiment
10 51245 43459 7786  0.051 1.96 1.91
20 47015 40443 6572  0.061 1.65 154
- 0 5 45570 39833 5737  0.069 1.44 1.40
50 43865 39001 4864  0.082 1.22 1.22
80 43173 38728 4445  0.089 1.12 1.10
200 110 43121 38786 4335 0092 1.09 1.09
04 150 43026 38730 4296 0.093 1.08 1.07
Wenner method for electrical conductivity at semi-infinite ground
I
T = o
300 150 02 ZmAld
200 100 - - - ; R .
150 na 0 Dimension factor [y]=Given value/Value with semi-infinite assumption
= L2 il
%2 mim =0 i)

Figure 6.1. Evaluation of dimension factor by the numerical simulation and experiments, corresponding to Figure
2 in paper VI1.

6.1.2 From paste to concrete

After mcluding the temperature and dimension factor, the real-time electrical properties of
hydrating concrete were calculated and shown in Figure 6 2. To calculate the formation factor
(&) of concrete sample, the conductivity of pore solution 15 assumed to be the same as that in
paste (as shown m Figure 3.7). This treatment 15 based on two assumptions: (1) the presence of
aggregates has very limited mfluence on the hydration of binders, (2} the temperature change
induced by the heat release shows rminor effects on the 1on concentration of pore solution. It
should also be noted that the conductivity of pore solution in C338 15 estimated by multiplying
value of paste with w/ of 0.35 by a dilution factor of 1.09 (= 0.38/0.35).

£, = g, ()fo.(t) (6.1}
where 0.t} 15 the monitored electrical conductivity of concretes.

Theinfluence of aggregates onthe electrical characteristics is assessed by comparing formation
factor of concrete specimens (F:) with that of pastes (7, with the same wv'b ratio. This ratio i3
also equivalent to the ratio between conductivity of pastes and that of concrete.

Figure 6.2 presents the electrical conductivity, 7 of concrete and theratio of F between concrete
and paste. Compared to conductivity of pastes, a sumilar tendency of evolution was detected
during the hydration of concrete. The upgraded system (in paper VII) 15 better than the old
version (paper IT) in monitoring electrical conductv ity before final setting, since it can obtain
more stable and smocth data due to a modification on eliminating polanization effects. During
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the continuous decrease from 4 h to 20h, a peak occurs in electrical conductivity of all samples.
The time forthis peak coincides with the second reaction period of alummate with the presence
of sulfates The second alurminate peak causes a subsequent depletion of sulfate 1ons inthe pore
solution [ 146], so concentration of hydrosy] 1ons will increase in order to maintain electrical
balance. As hydrozyl 1ons are more conductive than sulfate 1ons, the conductivity of the pore
solution increases (see C255 in Figure 6.2a)

The imitial formation factors are almost constant. Theternary concrete hasthe highest formation
factor aver hydration time up to 168 h Although the formation factor of C255 15 lower than
C145 before 86 h due to a higher wb, 1t grows higher than that of fly ash binary concrete
afterwards Figure 6 2c shows that aggregates will reduce the electrical conductiv ity of matrix
by a factor of 2-7. Before setting, the factor 15 nearly equivalent to the ratio between the value
of solidfwater in concrete and that in pastes by volume. As the hardening process progresses
from&hto 16h, the factor increasesto a peak and then decreases significantly to values similar
with the ratio of volume fraction of mixing water in pastes and that in concretes
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Figure 6.2. The monitored electrical properties of concretes: graph a — evolution of electrical conductivity; graph

b — formation factor of concretes: graph ¢ — the difference between electrical properties of paste and
concrete, note that C338 was evaluated based on P335: corresponding to Figure 3 in paper VII.

6.2 Ultrasonic pulse velocity

According to Figure 6.3, the ultrasonic pulse velocity (UFV) of concrete remains nearly
constant before 2 h due to the limited consumption of firee water This period corresponds to
the induction time of cement hydration, during which the UFV of the fresh concrete is primarily
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governed by the volume fraction of solids. Some slight variations in the sequence may occur
due to temperature effects. After the slow rate period, the precipitation of hydration products
starts to build connections between particles, leading to an increase in UPV. The growth of
particle connection 15 faster in C145 than m C255 owning to the lower wi'b, which results ina
higher UPV of 145 than that of C255 after4 h

The square of UPV (v has a linear correlation with elasticity parameter of materials is, which
can be described by the dynamic Young's modulus and dynamic Poisson’s ratio [147]
Therefore, the change rate of elasticity can be inferred from the value of dv¥/dt, as shown in
Figure 6.3b. C245 has the highest dv¥/dt in the first 4 h. The increase in dv/ds of C145 occurs
later than C245, but the curve shape of these two concretes 1s similar From 4 hto 8h, C255
has the lowest dv*/ds due to its high wb. This could also result from the low growth rate of
solid connection caused by the dispersive distribution of the precipitated hydration products on
particle surfaces [68,148]. From 12 hto 18 h, there 15 an increase in the growth rate of elasticity
i1 C245 and C338 due to the aluminate reaction. The higher peals indicates that the dynamic
modulus of C338 grows faster than C245, likely due tothe accelerating effect of fine limestone
powder on hydration after 4 h.
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Figure 6.3. Monitored UPV in hydrating concrete (a) and dvdt, corresponding to Figure 5 in paper VII.

6.3 Comparison with traditional methods

6.3.1 Penetration resistance

The percolation theory of consolidation has been extensively employed to comprehend the
mechanics of soil during its drying process [149] Although Pelleng and Damme [150]
emphasized that the setting of cement-based materials differs from soil hardening by “wetting”
rather than “drying”, the physics underlying concrete setting 15 sirilar to soil drymg in that
both processes involve the formation of solid networks to a percolation point for a

transformation from a plastic to an elastic state To establish a quantitative description of the
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elastic modulus during hydration, percolation theory based on the hardcore/soft-shell model
was employed [151] The regression results by using the equations (6) and (7) i paper VI
within a certamn time mterval indicate the initial setting of concrete. The transition from a semi-
solid to a solid state can be indexed by the mflection pomt of the average growth rate of
formation factor (-7 Thea-F 15 calculated by dividing the formation factor by hydration time
[59]. The inflection time of average growth rate of TPV (o UPF) was determined using the
same protocol.

Table 6.1 summarises the critical time and setting time of all the concrete samples, and Figure
6.4 shows the correlation between critical time and setting time. The critical time of 2-F 15 a
good indicator of both the nitial and fmal settmg, with a strong linear correlation, regardless
of the nfluence of temperature. The inflection time of TPV can also indicate the fmal setting

time 1n a sirilar way but it has a weaker correlation to the initial setting time

Table 6.1. Critical time of a-F and a-UPV in percolation (tg), the inflection time and setting time.

Critical time [h] Setting time [h]
Sample Peak of Inflection time . . . .
toof UPV  toof F 2-UPV of a-F Initial setting Final setting
C145 2.80 2.68 7.00 8.48 381 6.82
C245 1.80 4.08 5.67 7.33 4.83 6.56
C255 240 241 7.25 8.58 3.73 6.97
C338 2.34 3.56 6.64 7.72 4.41 6.31
10 :
) y=1.926x - 4.85
Relation to UPV : R? = 0.988
8 1 Relation to F 1
E Linear (Relation to F) : =
. 1
g ® . ) ] —10
g= Initial setting 1
1
g -
S : Final setti
1 INal Settin
2 — g ! g
> 1
1
35 4 4.5 5 55 6 6.5 7 7.5

Setting time [h]
Figure 6.4. Correlation between critical time of monitored data and setting time of concrete: corresponding to
Figure 10 in paper VII.
6.3.2 Compressive strength

The mechanical properties of porous materials depend on the pore structures of the matrog
Several empirical functions have been proposed to describe the relationship between porosity
and compressive strength of concrete [152,153] Schuller [154] reparted a logarthmic function
as a typical expression. Formation factor relates to water accessible porosity accordmg to
Archie’s law [87]. By combining Archie’s law and Schiller's empirically fonction, Eq. (6.2) 15

obtained to describe the correlation between compressive strength and formation factor
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£ = f((inqbu ~ )+ inF 6.2)

m
where f; 15 the compressive strength, K 1s the constant parameter, and @$o1s porosity at which
the strength practically vanishes Parameters @ and e share the same definition in Eq. (3.5).
This equation describes the volume of pores filled with conductive liquid, so 1t may exclude
the empty pores and air voud inthe non-saturated concrete matriz However, the samples in this
study cured under sealed condition so the matrx 15 a naturally saturated state with few empty
air voids. In practical utilization, the saturation degree of the matrix should be taken mto

consideration.

Consequently, a loganthmic function was used asthe base for regression between strength and
F Figure 6.5a depicts a lmear relationship between the compressive strength of concretes
containing 3CMs and natural logarthm of the formation factor InF, with a coefficient of
determination (R%) of 0,99 This finding is a remarkable quantitative description that can be
used for in-situ monttoring of strength development of the blended concretes. Moreover, it 15
independent of both curing ages and binder types. On the cther hand, Figure 6 5b displays the
correlation between compressive strength and electrical conductivity of concretes. Although
the R? value is high at 096, Figure 65d illustrates that the deviation in value predicted by
electrical conductivity is significantly higher than that by 7 This 15 mamnly because 1on

concentration of pore solution affects the electrical conductivity of concretes.

Fora theoretical description using physical principles, Luping [155] ntroduced a model based
on Griffith's theory, which includes the average pore radii to describe the relationship betw een
compressive strength and pore structure Kumar and Bhattacharjee [156] furtherly simplified
the correlation. This study used the simplified function and the Archie’s law to build a
correlation between compressive strength and formation factor as Eq. (6.3). C1 and Cz are

constant parameters. The detailed derivation of this equation has been elaborated m paper VI

1
_Cl-CgF ™

fe= ﬁ (6.3)

Figure 6 5¢ shows the correlation between £ (im = 2) and compressive strength is quite good
with a regression result of R%=099 Hence, the compressive strength can be well indicated by

the formation factor in both the empirical and theoretical description.
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Figure 6.5. Quantitative correlations between compressive strength and electrical properties in different functions,
corresponding to Figure 13 in paper VII.

To highlight advantage of using formation factor, Figure 6.6 displays the regressions betw een
compressive strength and ultrasonic pulse velocity (UPV). Mumerous empirical relationships
for correlating value of UFV () and compressive strength have been documented in a review

paper [157] The results in this study can be regressed with an exponential expression as Eq.
(6.4

fe=A- ey (6.4)

where A and B are constant parameters related to the concrete mix. Despite with RB? of 0.96,

there 15 a sigruficant deviation of data points from the regression line in the case of C145 and
2255
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Figure 6.6. Quantitative correlations between compressive strength and UPV: Figure 13 in paper V1.
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6.4 Chapter summary

The upgraded device can properly measure the electrical conductivity of hydrating concretes
with 3Chs at various depths, meanwhile accounting for the dimension factor Moreover, the
temperature sensors integrated within the device provide test of the internal temperature with
adequate accuracy at different depths, which 15 also useful for normalizing the electrical

conductivity to a reference temperature.

Both the formation factor and UPV serve as good indicators for the hardening process of
concrete up to final setting. The development of UPV and formation factor undergoes a sudden
change during the hardening process, which can be explained by the percolation theory The
inflection time of formation factor shows a linear correlation with the initial and final setting
time of concrete Although all mdices (ncluding electrical conductivity, formation factor and
PV can indicate the development of compressive strength in concretes, the formation factor
1zthemost reliable indicator as it appears to be independent of binder types, mixing proportions,
and curing ages. Quantitative descriptions have been established for the compressive strength
i relation to all the indices, among which two correlations between compressive strength and
formation factor exhibit the highest accuracy.
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7 Conclusions and future research work

7.1 Conclusions

Supplementary cementitious materials (SCMs) are one of the promising options to reduce the
emissions from production of cement and concrete. Most of them have a lower reactivity than
cement clinker, so activators are commonly added to mitigate this issue. Both the SCMs and
activators alter the hydration of the blended binders, change the microstructure of hardened
cementitious materials, and thus impact the transport process related to the durability. Water
plays a crucial role in the hydration reaction, in the microstructure of hydration products and
in the deterioration process of cement-based materials. This study has revealed the limitations
of dissolution theory and based on this, proposed a new hypothesis to explain the mechanism
in early hydration of C3S. A novel non-destructive method was developed to detect the
microstructure change during the setting and hardening process. A new approach for assessing
the hydration degree of SCMs has been proposed by use of thermodynamic simulations and
water vapour isotherm. The proposed moisture transport testing method enables an effective
detection of steady-state and transient moisture transport coefficients. The key structural
parameters for moisture and ion transport in cementitious materials have been identified, and
a simplified model has been proposed for an accurate prediction of chloride migration

coefficient in the blended cementitious systems.

Hydration of C3S at early age is not solely controlled by the dissolution rate of minerals. The
duration of the induction period is mainly determined by the nucleation rate of hydration
products in localized areas on the surface. The new hypothesis proposed in this study is focused
on the crystallization and precipitation process of the main hydration products, which provides
a better explanation of early hydration mechanism. it suggests that C-S-H primarily nucleates
within the near-surface region and its precipitation involves a nonclassical nucleation process.

Additionally, the effect of potassium salts and pH levels on the dissolution of C3S and
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precipttation of C-3-H can be well explained by the proposed hypothesis

The process of water interacting with cement and SCMs 15 more complex than it with Cs3, s0
a non-destructive method was proposed to monitor early-age mteractions based on electrical
conductivity test. The evolution of electrical conductivity in hydrating pastes closely relates to
chemical reaction and can be classified into four stages. The formation factor, calculated by
dividing the pore solution conductivity by the paste conductivity, accurately reflects the
evolution of pore structure during the hydration process. The differences in formation factors
observed among various cementitious systems primarily derive from disparities i the pore
solution connectivity Blending SCMs refines the pore structure, better indexed by the
decreased pore connectivity, which results in a much higher formation factor of hep.
Conduct ity monitoring demonstrates the relationship between evaporable water volume and

formation factor, facilitating in-sihy monitoring of moisture content in cement-based materials.

S CMs not only impact the pore structure but also change the phase assemblage and the water
structure m the local environment of C-3-H. Water vapour desorption 1sotherm is an effective
test for detecting the mesoscale pore structure m pastes with 3Chs. When calculating pore size
distribution using the BIH model, it 15 important to consider the effect of 1ons on water vapour
equilibrium pressure on a plane surface. The proposed novel approach performs well to
evaluate the hydration degree of SCMs based on water vapour sorption and thermodynamic
modelling Cavitation during desorption results in an overestimation of small gel pore volume,
but it somehow mmplies the refinement effect of SChs on pore structure. Replacing CEM I

with slag and fly ash increases both small and large gel pore volumes

Interaction of water with hop under low temperatire can be effectively unraveled by
Thermoporometry  for characterising moisture  distribution  and  broadband  dielectric
spectroscopy for detecting water dynamics. The melting curve performsbetter than the freering
curve for testing water confined m pores larger than 2.4-27 nm Water m smaller paores,
including mterlayer and a part of gel pores, cannot form a tetrahedral 1ce structure during the
cooling process. SCMs affect not only motsture distribution equilibrium at 97 % EH but also
influence motsture redistribution during a drying down to 33 % RH. Despite controversies in
previous publications on pore structure changes during the first drying, this study confirms that
the drying process does not induce any increase in volume of unfrozen water (< ~2 4 nm) under
equilibrium conditions. Gel pores coarsen severely during the drying between 75 % and 55 %%
FH 3CMs have luruted effects on the dynamics of structural water, and they primarily

influence dynarmics of water m small gel pores and the interfacial polarization

SCMs have a significant impact on the pore structure, thus altering moisture and chloride

transport in cement-based materials. The reduction in moisture transport coefficient and
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chloride migration coefficient caused by S3Chs 15 more pronounced at a higher web and after a
longer curing. Pore structure refinement, specifically the reduction in pore connectrrity, is the
primary reason for the decrease in motsture transport coefficient of blended systems The
moisture transport properties in hep are determined by both the formation factor and the
porosity of small pores, with the formation factor bemg the primary factor at high RH and the
porosity of small pores being the primary factor at low EH The effect of 3CWs on chloride
resistance also mainly derives from the refinement of pore structure, which depends on the w/b
and curing ages. A simplified model based on the formation factor can be used to estimate the

chloride migration coefficient of hep and mortars.

A reliable non-destructive monitormg method 15 useful for promoting the use of 3CMs in
concrete. The upgraded device properly measures the electrical conductivity and mnternal
ternperature of hydrating concretes with SCMs. Both formation factor and TPV are good
indicators for the hardening process of concrete. The formation factor 15 the most reliable
indicator for compressive strength development and 15 independent of BCMs types, miing
proportions, and curing ages. Cuantitative descriptions have been established for the
compressive strength in relation to the monttored indices, and Correlations between

compressive strength and formation factor exhibit the best prediction
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7.2 Future research work

Hydration during the mam peal controls the setting and hardening of cement-based materials.
This study paid more attention to early hydration up to the end of induction period, but a
concept model has been proposed for understanding the hydration of C33 after the mduction
period. It is of great nterest to further develop an analytic model based onthe conceptial model
to provide a quantitative description forthe precipitation of hydration products at the main peals.

The electrical conductivity test has been verified as a very effective method to momtor the
moisture related interaction process in SCMs at relatve early age The main purpose of the
project is to develop a method for assessing the moisture drying mn the blended concrete.
Therefore, a clear correlation between the moisture content and electrical conductivity in
concrete 15 meanmngful topic in further research. Chloride ingress, carbonation and the
combined effects will also change both the moisture and 1on concentration in concrete.
Exploring the function of the device for momitoring these processes in low-carbon concretes 1s

very interesting as well.

The refinement effect of 3CMs on the pore structure and its impact on moisture and 1on
transport depend on the later age hydration. Thus, 1t 15 essential to conduct further research on
the effect of cunng conditions on the pore structure and spatial distribution of hydration
products. This can be achieved by combining different advanced tests to reveal differences in
phase assemblage and local pore distbution in hep after different long-term curing regimes.
Such studies not only enhance our understanding of the mmpact of 3CMs on the durability of
concrete butalso contribute to a deeper comprehension of the mechanisms governing hydration
at later stages.

Experimental results from this study provide abundant data for validation of models that
predicts moisture transport based on pore size distribution or pore network m blended pastes.
Anothertopic for futureresearch 15 the development of a moisture transp ort and fization model
based on pore structure. Models that incorporate the effect of the interfacial transition zone are
also necessary to predict moisture content and diffusion in concrete contamning various kinds
of BChs.
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