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SUMMARY

Limestone calcined clay cements (LC®) are a broad class of blended mineral
compositions that are alternatives to conventional Portland cement (PC) and are one of the
most promising technologies to achieve carbon neutrality in the concrete industry.
However, a mechanistic understanding of fresh and hardened properties of LC3-based
pastes, mortars, and concrete, as well as empirical design approaches are lacking. This
dissertation addresses these knowledge gaps by developing composition-property linkages
with the purpose of facilitating the transition of LC® from the laboratory to practice.
Specifically, the influence of LC3 composition on early hydration kinetics, rheological
properties, compressive strength development and durability assessed by surface resistivity
test is investigated. The compositional design space considers variations in water-to-solids
ratio, proportions of constituent materials (PC, calcined clay or “metakaolin” (MK),
limestone (LS)), added gypsum content, limestone particle size and superplasticizing
admixture dosage. The composition-property linkages are established by combining

laboratory data with data analytics approaches including Machine learning (ML).

A guiding hypothesis is that the sulfate balance (defined in this dissertation as time
difference between the maximum of silicate peak and the sulfate depletion point measured
during isothermal calorimetry), influences both the fresh (i.e., rheology) and hardened
properties (e.g., compressive strength, surface resistivity) of LC3. To examine this, first, a
non-parametric kernel regression technique Nadaraya-Watson (NW) estimator is applied
to the heat evolution curves obtained from isothermal calorimetry, allowing quantification
of the influence of compositional factors on early hydration kinetics (e.g., slope of silicate

peak, sulfate depletion point) in a novel way. Thereafter, linkages between composition

XVii



and sulfate balance are established first and then the hypothesis of the role of sulfate
balance in influencing fresh and hardened properties of LC? is tested in further chapters.
Next, to predict the rheological behavior of LC2, domain knowledge is embedded in ML
in the form of five physicochemical predictors, all based on composition. The ML
modeling approach helps to elucidate the diversity of mechanisms through which the MK
component dominates the rheological behavior of LC3, both directly and through its
interactions with the other mineral constituents. Analytical measures (e.g., changes in
portlandite and bound water contents over time) show how microstructural development
translates to compressive strength and surface resistivity development. For instance, LC?
mortar strength over 28 days of hydration can be accurately predicted not only from its
portlandite content over time, but also shows strong correlation with concrete surface
resistivity development. Finally, a multi-objective optimization tool is developed to
simultaneously predict LC®s global warming potential and compressive strength
development, which are two parameters central in the industrywide shift in cement
compositions. Overall, this dissertation provides new foundational understanding of LC*'s
early hydration kinetics and property evolution that supports the concrete industry’s
adaptation to LC3; this work provides insights that not only rely on empirical findings but
also generates models and analytical techniques that can be used to accurately predict fresh

and hardened properties based on LC® composition.

xviii



CHAPTER 1. INTRODUCTION

1.1 Background

In retrospect, concrete has advanced human civilization by enabling construction
of key components of global infrastructure during the last century such as dams, bridges,
and residential buildings. Therefore, it has become the most important and most used
human-made material on Earth, serving the needs of humankind [1]. However, concrete
production is also a destructive process in our planet and a culprit behind the climate
change. Because, 7-9% global anthropogenic carbon dioxide (CO2) equivalent greenhouse
gas emissions are associated with manufacturing of one of concrete’s component, cement
[2, 3]. Portland cement (PC) production in 2018 was ~4.1 Gt [4], with 86.6 million tons in
United States, and estimated to increase to ~4.7 Gt by 2050 when population on Earth is
expected to grow up to almost 10 billion people [5]. In other words, a “game changer” is
needed in the cement industry to curb the CO2 emissions associated with its production
while providing construction technologies for increasing urbanization. Such a
transformation in the cement industry towards sustainability would allow exploitation of

concrete’s everlasting benefits to humanity without endangering the environment.

During the production of PC clinker at kiln temperatures higher than 1400°C,
between 0.85 and 0.95 ton of CO> are emitted into the atmosphere per ton of PC [6]. This
is due to the calcination process, i.e., thermal treatment that leads to a chemical
decomposition, during which limestone (CaCOs) is decomposed into calcium oxide (CaO)
and CO.. Hence, the CO: released into the atmosphere comes both from the chemical

reaction that occurs in the cement kiln, and from the combustion of fossil fuels needed to



reach the high temperature. Accordingly, research is focused on using alternative fuels and
carbon capture to drive the production process of cement clinker to a greener future,
together with studying alternative cementitious materials (ACMSs) with lower carbon
footprint, which incorporate some supplementary cementitious materials (SCMs) partially

substituting for PC clinker [1, 3].

SCMs are materials that can partially replace PC or fine aggregate to improve the
workability, and long-term mechanical and durability properties of concrete [1, 7-9]. SCMs
are finely divided siliceous or aluminosiliceous minerals that can be derived from many
industries as by-products. For instance, fly ash as one of the most widely used SCMs, is a
by-product of coal-combusting thermal power plants. Furthermore, other typical SCMs
used in concrete industry such as blast furnace slag (BFS) and silica fume are by-products

of pig iron and ferrosilicon production, respectively.

Partially replacing PC clinker with SCMs is a recognized strategy to reduce CO;
emissions that has been documented by many institutions [10, 11]. For instance, partially
substituting fly ash for PC clinker is one of the cost-beneficial sustainable approaches in
the global greenhouse gas abatement curve for 2030 [11]. Concurrently, it is expected that
by 2030 the industrial waste generation will increase by more than 2.5 times [12], causing
environmental pollution. Hence, identifying an ACM that can also incorporate SCMs or
industrial waste materials would have the double effect of contributing to the management
of industrial waste and providing an additional solution for a greener concrete industry.
However, despite being low-cost alternatives, fly ash and blast furnace slag feedstock may
not meet the demand by concrete industry in the long term. On the one hand, the abundance

of fly ash is threatened in many countries, including U.S., by the recent plans of retiring



the existing coal-fired plants [8]. On the other hand, slag abundancy worldwide was
reported as ~10% of the total cement produced and is not projected to increase towards
being a sustainable SCM for cement production [13]. To design and adapt an ACM, which
is more environmentally friendly than PC in the long run, limestone calcined clay cements
(LC?) emerged as a promising technology. This attention is largely due to its mixture
formulation, which incorporates widely abundant SCMs, clay and limestone, and its
satisfactory performance in laboratory [13]. Among common clay minerals, kaolinitic
clays — common in humid equatorial and subtropical regions (Figure 1.1) [13, 14] -, has
been selected to produce LC® because of its capability to transform a highly reactive

material called “metakaolin” upon calcination [15].



llite/mica Kaolinite Smectite

Figure 1.1 — Global distribution of common clay minerals (Adapted from [14])

1.2 Motivation and Problem Statement

Several studies have explored the limestone-blended ternary cements as well as PC-
limestone and PC-calcined clay binary binders that ushered in the advent of LC® with
potentially fewer CO, emissions than PC [13, 16]. LC? is proposed as a sustainable
alternative to PC because it partially replaces PC with SCMs that are abundant on earth,
such as clay (used after calcined), and limestone [13]. A typical LC? formulation consists

of 50% PC clinker, 30% calcined clay, 15% limestone, and 5% gypsum, by mass; though,



these proportions may vary. It promises 30% reduction in CO2 emissions compared to PC,

mainly due to lower PC clinker content in its formulation [16].

Thermal treatment (calcination) is necessary to produce calcined clay, which is
usually carried out between 600 °C and 800 °C [13, 15, 17]. Typically, kaolinitic clays are
sourced for producing LC? because kaolinite transforms to a highly reactive aluminosilicate
material called calcined kaolinite or mostly “metakaolin” upon calcination [15, 17]. This
reactivity of metakaolin originates from the 5-coordinated Al groups that manifests post-
calcination (Figure 1.2) associated with the removal of the hydroxyl groups creating a
disordered structure [15, 18]. Clay calcination can be realized with either a traditional
rotary kiln — also used for PC production - or a flash calciner [18, 19]. Also, metakaolin is
considered a very fine material in the concrete industry because the median particle
diameter of PC is usually 10 times coarser that of the metakaolin [20]. Owing to its great
fineness and chemical reactivity, incorporation of metakaolin into concrete leads to denser
microstructures and thus can improve the hardened properties of concrete such as
compressive strength [20, 21]. However, metakaolin is an expensive material - can be as 5
times costly than PC - resulting from its processing and high demand by many industries
despite limited availability [13, 17, 22]. Therefore, dependency on high metakaolin content
can drive the cost of LC2production to undesirable levels. The solution could be to use low

amounts of metakaolin or impure clays without compromising performance.
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Figure 1.2 - Varying ?’Al NMR spectra of kaolinite with respect to calcination
temperature (From [23])

Limestone does not require any thermal treatment for its use in LC2, which offsets
the additional cost of calcining clay to some extent [13]. However, this does not mean that
limestone requires no processing. In fact, it needs to be ground to a certain particle size
distribution and fineness prior to its use in concrete, which are important variables for
performance, cost, and sustainability of the binder. From an environmental and cost
standpoint, incorporating relatively coarser limestone particle sizes and lower metakaolin
fractions may be preferable, because this suggests less processing (i.e., less grinding
required for relatively coarser limestone) needed to produce LC3-based concrete [24]. What
is critical to address here is the performance varied by these changes in the binder
formulation. To illustrate, limestone can create “filler effect” (detailed in Section 2.1.2)

when it is finer than PC. The filler effect can improve the packing in solid matrix and



modify the early hydration. As a result, strength development and durability may be
benefited [7, 9, 25-27]. It should be noted that these beneficial impacts from fine limestone
particles are mediated by their content in mixture design. Because limestone itself does not
form space-filling hydration products, an excess amount of limestone is likely to reduce
hydration products in a cementitious system independent of its particle size, decreasing
concrete performance. Therefore, structure-property relationships, which represent the
variations in the characteristics and proportioning of constituent materials, should be
established to inform sustainability and performance-based mixture design with LC2.
Independent of the potential modifications related to proportioning of PC, calcined clay
and limestone components, proper sulfation - typically achieved by inclusion of a calcium

sulfate carrier - will be the first step toward high performance.

Incorporation of a calcium sulfate carrier (i.e., gypsum) is a common practice to
circumvent the undersulfation — sulfate addition less than optimal - due to the presence of
calcined clay with high alumina content in LC3. The undersulfation may cause flash setting
or delay in the silicate reaction, which reduces early strength (< 3 days) [28-31]. The early
strength can be negatively impacted also by the oversulfation — sulfate addition more than
optimal [32]. These results underline the significance of the sulfate balance toward
satisfactory strength. However, an agreement could not be established between researchers
as to whether alumina content of calcined clay impacts the sulfate balance of LC® [30, 31].
Further, the effects of w/s and superplasticizer content has been overlooked despite the fact
that these parameters are commonly adjusted in mixture design for field applications.
Reaching a complete understanding on this phenomenon is pivotal owing to great influence

of sulfate content on the phase assemblage of LC3 [33]. Apart from the incomplete



understanding on this phenomenon, a technical need exists in this domain to predict the
sulfate balance of LC? based on a diverse set of compositional predictors not limited to

variations in calcined clay characteristics.

It can be inferred that in multi-component cementitious systems like LC3, the size,
reactivity and proportioning of constituent materials interplay a role for the property
evolution, amplifying the difficulty of establishing the structure-property relationships.
While many published studies investigated the properties of LC3, clear understanding of
the structure-property linkages arising from the complex binder chemistry of LC® remain
poorly defined. To contribute to the design guidance of LC®and facilitate its deployment,
it is of paramount importance that property evolution of this binder is well understood
based on its composition — used interchangeably with the word “structure”. In this
dissertation, the properties of interest span the early hydration kinetics including sulfate
balance, rheology, compressive strength development, and durability assessed by surface
resistivity. The compositional space, on the other hand, considers variations in the
constituent materials ratio (PC:MK:LS) and characteristics (i.e., limestone particle size),
extra gypsum dosage, w/s, and superplasticizer content, which are understood to be the

main design parameters of LC® based on the literature.

1.3 Obijectives: Data Analytics Guided Design of LC3

The ability to predict fresh and hardened properties is crucial for transitioning LC3
from the laboratory into field placements. However, in contrast with the PC concrete where
decades of data and experience relate compositional and environmental parameters to

performance, empirical design approaches for LC? are lacking. By combining laboratory



data with data analytics approaches, this research aims to build composition-property
linkages for sulfate balance, rheology, strength development and durability as illustrated in

Figure 1.3.

It is hypothesized that the sulfate balance can significantly influence both the fresh
and hardened properties such as rheology, strength and surface resistivity development
given the synergy between the sulfate content and phase assemblage of LC3 [33].
Therefore, the sulfate balance of LC? is addressed first in this research. Thereafter, to
include the effects of sulfate balance in composition-property linkages for rheology,
strength, and surface resistivity the composition is consistently varied by added gypsum
content in the experimental matrix of these studies in addition to other variables such as
PC:MK:LS and limestone particle size. Presumably, the empirical and analytical findings
of this research can serve as an optimization basis towards globalization of LC?
formulations, using regional materials, to achieve desired performance, and to facilitate the
adaptation by industry of this emerging sustainable binder. Accordingly, the specific
research aims are as follows:

1) Establish a methodology to quantify the early hydration Kinetics (e.g., sulfate

balance) and understand the relative importance of the compositional factors.

2) ldentify significant system variables and develop predictive models for LC3

rheology.

3) Understand the relationship between hydration kinetics and yield stress of

paste.

4) Understand the influence of microstructural development on LC® compressive

strength and surface resistivity development.



5) Explore the relationship between compressive strength and surface resistivity.
6) Develop a multi-objective design tool, which can optimize the performance and

sustainability.

|
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Figure 1.3 — A schematic illustrating the research approach and objectives.
Composition-property relationships are constructed separately for the sulfate
balance, rheology, compressive strength, and durability (assessed by only surface
resistivity). Also, the influence of sulfate balance on rheology, strength and
durability are explored.

1.4 Thesis Organization

This dissertation consists of seven chapters. First chapter is the introduction, which
introduces the background, motivation, and research objectives. In Chapter 2, seminal
works regarding LC?® are critically reviewed. This chapter is divided to microstructural
concepts, which will be discussed in further results sections, and the fresh and hardened
properties of interest in this research. Chapter 3 investigates the sulfate balance of LC® and
presents a methodology based on Kernel smoothing to parametrize the heat flow curves.

This methodology is also used in Chapter 4, which examines the composition-rheology and
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kinetics-rheology linkages. Further, a Machine learning model is introduced in this chapter
to make predictions for LC®'s yield stress and plastic viscosity. The influence of
microstructural development on strength and surface resistivity is given in Chapter 5,
which also explores the relationship between resistivity and strength development. Chapter
6 demonstrates a proof-of-concept multi-objective design tool, which optimizes LC?
formulations with respect to strength and global warming potential. Finally, the main
conclusions and recommendations for future research and practices are summarized in

Chapter 7.
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CHAPTER 2. LITERATURE REVIEW

First section is devoted to a background of Kkaolinite summarizing its
physicochemical properties and atomic structure. Further sections present critical review
of seminal works about LC3. Readers are also referred to some review papers published
recently for additional background [8, 13, 34]. Per the focus of this dissertation on building
structure-property relationships, microstructural development, and property evolution of
LC? are reviewed. To dissect the microstructural development, three significant concepts
are introduced as follows: carboaluminate phases, the filler effect, and sulfate optimization,
respectively. These sections are followed by compressive strength development, durability,
and rheological properties of LC3. Finally, the knowledge gaps and technical needs

addressed in this dissertation are summarized.

2.1 Kaolinite

Kaolinite is one of the most abundant clay minerals on earth [14, 35]. Hydrothermal
treatment or chemical weathering of aluminum silicate minerals such as feldspar are of the
processes needed for its formation. For example, granitic rocks are considered as a
significant kaolinite source because they abound with feldspar [36]. Kaolinite is mined in
several countries such as Czech Republic, Germany, England, France, and the United

States, mostly in Georgia.

Physicochemical characteristics of kaolinite can be summarized with color, shape,
grain size and surface charge. Kaolinite is typically white to cream but depending on the
impurities such as quartz or iron oxide, it might display different colors such as red or
brown. Platelet-like (discoid) shape (Figure 2.1) was observed with kaolinite particles with

an aspect ratio of approximately 10 and grain size of < 2 um [37, 38]. Kaolinite is
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heterogeneously charged due to negatively charged siloxane surfaces that are hydrophobic,

and positively charged aluminol surfaces that are hydrophilic [38].

Figure 2.1 — Scanning electron microscopy image for kaolinite (From [39])

As a phyllosilicate mineral, kaolinite is also called a “layered silicate” due to its
layered dioctahedral crystal structure with a chemical formula of Al>Si2Os(OH)a. It belongs
to a triclinic crystal system and is classified as a 1:1 type clay, which contains one
tetrahedral sheet and one octahedral sheet (T:0), with a layer spacing of 7 A. Aluminate
and silicate groups form these layers, where the Al-incorporating octahedral sheets are
bonded to Si-incorporating tetrahedral sheets by means of oxygen atoms at each

tetrahedron (Figure 2.2) [15, 39].
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Figure 2.2 — Atomic structure of kaolinite (From [39])

Interlayer surface of Al-incorporating octahedral sheets also include most hydroxyl
groups. These hydroxyl groups contribute to the hydrogen bonding between adjacent
layers, reinforcing the dense layered structure of kaolinite [15]. Unlike some other clay
minerals such as illite that contain interlayer cations to balance the electrical charge,
kaolinite does not incorporate interlayer cations between the tetrahedral and octahedral
sheets. Therefore, it does not carry a net electrical charge, and has a low cation exchange
capacity. This lack of interlayer cations and the presence of hydrogen bonding forces
between the adjacent layers consolidate the kaolinite’s non-swelling nature, impeding the
penetration of water between layers. Thanks to its non-swelling nature, kaolinite does not
expand upon contact with water, which makes it appealing for the ceramic industry but not
limited to. For example, it can be used for synthesizing zeolite [40] and as an excipient in

the pharmaceutical industry [38].
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Kaolinite is an attractive material also for the concrete industry. The main reason is
the capability of kaolinite to transform from a non-pozzolanic material to a pozzolanic
material (called “calcined kaolinite” or “metakaolin’) after calcined between 600 and 800
°C as described in Section 1.2. Pozzolans (i.e., fly ash and silica fume) are blended with
PC to improve the mechanical and durability properties of concrete. These improvements
are achieved mainly in two ways: i) reaction between pozzolan and calcium hydroxide
(CH) formed via PC hydration (called “pozzolanic reaction”), and ii) better particle packing
in concrete matrix caused by fine pozzolan particles [7]. The former mechanism is the main

motivation behind blending metakaolin with PC and limestone to produce LC3[15, 41].

2.2 Key Microstructural Concepts

2.2.1 Virtue of LC3: Carboaluminate Phases

As mentioned in the Section 1.2, a typical LC? formulation consists of 50% PC
clinker, 30% calcined clay, 15% limestone, and 5% gypsum, by mass. This mixture design
was established largely thanks to a research paper published in 2012 [41]. In this study,
Antoni et al. [41] compared four PC-metakaolin-limestone ternary blends with PC
substitution rates ranging from 15 to 60% by mass but with a constant metakaolin-to-
limestone mass ratio (MK/LS) of 2. The mortar formulation with PC substitution range of
45% and MKJ/LS of 2, what has been later recognized as the typical LC® formulation,
achieved ~15% higher compressive strength compared to plain PC-based mortar at 7 and
28 days of hydration. The MK/LS was selected by the authors on the basis of roughly ~50%
alumina content in the oxide composition of metakaolin, which reacts with limestone —
assumed as pure calcite - at 1:1 molar ratio to form 1 equivalent of monocarboaluminate

(Equation 2.1). This hydrated phase not only contributes to strength by filling the empty
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pores, but also stabilizes ettringite in the solid matrix by preventing its decomposition to
monosulfate [42-44]. It is worth to mention that carboaluminates can also form through the
reactions between limestone and calcium aluminate phases from PC (Equation 2.2 and 2.3)

[33, 45]:

A+ CC+3CH+8H - C;A.CC.Hy4 (2.1)
C3A+ CC+11H - C3A.CC.Hy4 (2.2)
C3A +0.5CC + 0.5CH + 11.5H — C3A.CCq5. Hy (2.3)

On the contrary, Kunther et al. [46] — by means of thermodynamic equilibrium
calculations - showed that the monocarboaluminate formation can be maximized when
MKJ/LS equals to 1. Also, as the MK/LS increased, calcite and portlandite decreased with
an associated decrease of porosity filled by hydration products. Based on these studies, the
MK/LS has been understood as a significant compositional representation of LC3, because
it greatly impacts the phase evolution during hydration. However, further studies were still
needed to elucidate the impacting factors of the carboaluminate formation given some

contrary results mentioned above.

To have a better understanding on the carboaluminate formation, the influence of
calcined kaolinite content in calcined clay have been studied extensively [33, 47-49]. For
instance, Avet and Scrivener [48] sourced seven different calcined clays with varying
calcined kaolinite contents for microstructural and strength tests. The authors found that
the degree of hydration of clinker in LC® blends, containing calcined clay with < 65%

calcined kaolinite, could reach up to 90% at 90 days of hydration, whereas in the case of
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calcined clays with > 65% calcined kaolinite, the degree of hydration did not increase
beyond ~72% after 3 days due to the extensive pore refinement. This pore refinement, in
other words too little pore sizes created (pore threshold radius in the order of several
nanometers), suppressed the further precipitation of carboaluminate phases. In addition,
Rietveld quantification displayed increasing total hemicarboaluminate and
monocarboaluminate content up to 50% calcined kaolinite but decreasing beyond this
level. At the same year, Maraghechi et al. [49] confirmed that the total amount of
carboaluminate phases peaked at 50% calcined kaolinite. Similar to other findings
mentioned previously, the authors also attributed the decreasing carboaluminate formation
at > 50% calcined kaolinite to the pore refinement. Therefore, to promote carboaluminate
formation, space availability in the solid matrix has been suggested as the main

determinant, which could be achieved by simply increasing the w/b [33, 50].

The significance of the amount of carboaluminate formed on LC? durability and
strength development has been detailed in [33, 49, 51]. [49] showed that the chloride
binding of LC®was directly correlated to the amount of carboaluminates formed, important
finding for corrosion resistance. On the other hand, the compressive strength development
between 2 and 3 days of hydration was attributed to the nucleation of carboaluminates [33].
Beneficial impact of carboaluminates on strength was supported by also a numerical model
established in [51]. In particular, the authors suggested using high metakaolin contents with
low PC replacement levels, and low metakaolin contents with high PC replacement levels

to achieve optimum carboaluminate formation.

Based on these studies, it is deduced that the strength development and durability

can be improved by carboaluminates whose rate of formation can be tuned by the
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metakaolin fraction in the mixture formulation. However, it should be kept in mind that
accelerated capillary porosity refinement by increasing metakaolin fraction can impede the
further precipitation of carboaluminates due to increasing saturation index beyond 3 days
of hydration [48, 50]. In other words, mechanisms underlying relatively short (< 7 days)
and long-term performance (> 7 days) of LC? are different, which add complexity to the

structure-property linkages.

2.2.2 The Filler Effect

Scientific literature abounds with both the experimental and modelling studies
examining the filler effect of SCMs [25, 30, 43, 52-55]. This phenomenon refers to
substantial improvements achieved in the particle packing of cementitious materials by the
inclusion of fine SCM particles [9, 26] as a partial replacement of relatively coarser PC
(illustrated in Figure 2.3c and d). The filler effect is not limited to modifications in the
particle packing, but it also bifurcates into the nucleation (Figure 2.3d and f) and dilution
effects (Figure 2.3e and f). The nucleation effect means accelerated hydration reactions due
to the additional surfaces provided by fine SCM particles. Some changes in the hydration
kinetics originating from the replacement rate of PC by SCMs are known as the dilution
effect. An example of this is the higher degree of hydration of clinker achieved when PC
is replaced by SCMs at constant w/s, because more water would be percolating in concrete
to hydrate the clinker particles [9, 26]. The filler effect can be created not only by the
chemically “reactive” SCMs but also by some “inert” materials such as quartz depending
on their particle size [25]. Because LC?® incorporates metakaolin and limestone as the
SCMs, the following discussion is centered on the filler effect of these two materials on

LC? properties.
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Figure 2.3 - lllustration of the filler effect in cementitious systems (From [56]).

The filler effect has proven to influence the sulfate requirement of LC3 [30]. The
finer the calcined clay or limestone the faster the hydration reactions due to the filler effect,
leading to a faster depletion of sulfate. Therefore, extra calcium sulfate source (i.e.,
gypsum) added into LC? systems should be optimized accordingly so that the alumina
reaction cannot delay the silicate reaction thus decrease the early strength [28]. In particular
the filler effect of limestone was found more significant in this context compared to

calcined clay because calcined clay particles tend to agglomerate [57].

Decoupling the significance of the filler effect for the sulfate requirement of LC3 is
noteworthy because the influence of sulfate balance prevails among phase assemblage,
porosity, and strength development of cementitious materials, as detailed in the next
section. Apart from this relation between the filler effect and sulfate requirement, some
studies showed that early compressive strength (< 3 days) benefited from the filler effect

by limestone [58]. However, no data investigating the role of the filler effect for LC?
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durability exists in the literature. Further, none of the studies published in the literature
quantified the importance of the filler effect relative to other impactful parameters such as
the MKJ/LS or sulfate content in terms of flowability or strength. This quantification can be
a meaningful contribution to the literature, especially from an engineer perspective, as the
filler effect means finely ground materials and thus more energy requirements to produce

LC3.

2.2.3 Sulfate optimization

Impact of sulfates on the properties of cementitious systems can be evaluated in the
context of early CsA reaction, and C-S-H morphology. The principal function of gypsum
— commonly used calcium sulfate carrier - in cementitious systems is to avoid flash set by
controlling the rapid reaction of C3A, resulting in ettringite formation. Subsequently, when
gypsum is depleted by participating in the hydration reactions, the sulfate concentration in
the pore solution drops up to 60 times, and C-S-H morphology changes from divergent
needles to an agglomerated structure [59]. Thereafter, sulfate ions desorb from C-S-H,
followed by an increase in aluminum concentration, resulting in the precipitation of AFm
phases such as monosulfoaluminate phases together with AFt phases such as ettringite [31].
However, adding extra gypsum more than required may decrease the degree of hydration
of aluminate and alite phases, and increase the volume of capillary pores. Consequently,
compressive strength diminishes as shown in Figure 2.4 for white Portland cement systems

[59].
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Figure 2.4 - Original strength-SOs-porosity graphic for white Portland cement
(From [59]).

Sulfate optimization has been considered as a necessary step in designing LC3
formulations due to its significance for early hydration kinetics and phase evolution [30,
33, 41]. Effect of increasing gypsum on the phase evolution of typical LC? formulation was
studied systematically in [33]. The results showed increasing ettringite but decreasing
portlandite and carboaluminate phases with increasing gypsum content. Similar trends
were observed also in [32] but with hemihydrate used as the calcium sulfate source instead
of gypsum (calcium sulfate dihydrate). The reason ettringite increased but carboaluminates
decreased with increasing gypsum content was explained by the preferred ettringite
formation to carboaluminates until gypsum was totally consumed. Considering the
differences in the phase assemblages (i.e., ettringite and carboaluminates) created by added
gypsum content, variations in macrostructural properties such as strength development and

durability also need to be examined in this regard.
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However, little published data are available in the literature investigating the
influence of the sulfate content on compressive strength development and durability of LC3
[32, 41]. Some studies suggested that an optimum level of sulfate exists to enhance the
early strength (< 3d), however, an increase of strength after 7 days was unlikely to be
achieved solely by the sulfate addition. In fact, increasing added gypsum resulted in a lower
strength beyond 7 days compared to companion mixes that did not incorporate any extra
sulfate source [32, 41]. For instance, the data from [32] showed diminishing 28-d strength
of LC? with added hemihydrate, which was attributed to the increasing capillary porosity
in C-(A)-S-H similar to the observation from [59] for white PC. These results imply that a
competition takes place between the two factors consisting of higher ettringite formation
and increasing capillary porosity in the solid matrix of LC? with increasing sulfate level.
Hence, LC? strength may be mediated by the net effect resulting from these two competing
phenomena. On the other hand, understanding is lacking on how sulfate content controls
the resistance of LC® against common durability mechanisms (i.e., freeze-thaw and alkali
silica reaction). Nevertheless, autogenous shrinkage - a dimensional stability problem that
can also cause cracking - was addressed in this context in [32]. This study concluded that
ettringite is a major player for autogenous shrinkage — volumetric change in concrete due
to hydration - which increased with hemihydrate addition. This increase in ettringite
content corresponded to higher internal crystallization pressure within the pores and

therefore decreased the autogenous shrinkage compared to control mixes.

Overall, more data and in-depth analyses are required to comprehend the significance
of sulfate optimization for the microstructural and macrostructural development of LC3, in

particular durability. It is, therefore, crucial to first understand the impacting factors of the

22



sulfate demand of LC® systems so that the optimum amount of extra gypsum can be
estimated toward excellent performance. As mentioned in the previous section, the filler
effect appears to be a significant factor in this regard. However, the importance of

metakaolin content, w/s and superplasticizer dosage also need to be quantified.

2.3 Property Evolution

2.3.1 Compressive Strength Development

Compressive strength development of LC2 can be affected by a myriad of factors
such as composition and proportioning of constituent materials, added gypsum and alkali
contents, and curing temperature [32-34, 41, 45, 48, 51, 58, 60-63]. Among these factors,
much focus has been on the influence of calcined kaolinite content in calcined clay because
of its significance not only for the property evolution but also for the sustainability and cost
of LC® [33, 48, 49, 51, 58]. While increasing calcined kaolinite content in calcined clay has
proven beneficial for compressive strength development until 3 days, it has been suggested
that 40% calcined kaolinite content in calcined clay could be sufficient to achieve
comparable strength to PC beyond 7 days [13]. The reason strength depended less on
calcined kaolinite level after 7 days was roughly completed formation of carboaluminates

until 7 days in all mixes including at least 40% calcined kaolinite [33, 47].

Overall, LC? has proven itself as a binder with a comparable strength to PC at both
early and late ages of hydration. However, there is a lack of similarity between the results.
For example, some studies reported lower compressive strength with LC3 than PC (baseline
samples) until 3 days [33, 41, 45, 49, 58, 61, 64], whereas relatively higher earlier strength

with LC2 was also observed [32, 62, 63]. These inconsistencies may be originating from

23



various reasons such as varying alkali content of PC clinker, limestone particle size or
calcined clay reactivity, which can mediate the strength development through the

modifications in the pozzolanic reactions and porosity refinement [51, 60].

While the relationship between calcined clay composition and strength has gained
the most interest by researchers, the role of limestone in this regard was paid less attention.
Nevertheless, small number of studies addressed the impact of the purity (i.e., calcite
content) [65] and particle size [58] of limestone. However, the effect of limestone particle
size on strength in comparison to other strength-impacting factors such as the PC
replacement level or metakaolin fraction has not been quantified yet. Conceivably, this
assessment can help design LC? concrete with respect to both sustainability and strength
criteria. It is hypothesized that increasing the PC replacement level beyond 45% without
compromising strength through the variations in particle sizes of calcined clay or
limestone, may be favorable from the sustainable-design point of view. Additionally, the
observation of continuous strength development of LC? after 28 days, when hydration
reactions are extremely limited, also needs to be explained [34]. This new understanding

can broaden the perspective to formulate LC? binders for continuous strength development.

2.3.2 Durability

Up to date durability studies for LC® span its resistance against chloride ingress,
alkali-silica reaction (ASR) and carbonation [49, 62, 63, 66-69], on which further research
is still encouraged [34]. Additionally, more data are needed to probe LC*'s performance

against other common degradation mechanisms such as freeze-thaw, sulfate attack and fire
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resistance [34]. Although carbonation seems to be a concern for LC2 [67], it has still been

manifested as a durable material against the chloride ingress and ASR.

LC? assures higher ASR resistance than PC owing to its pore solution with lower
alkalinity and higher concentration of aluminum ions. The aluminum ions in the pore
solution can restrict the dissolution rate of silica from aggregates by adsorbing on silicate
surfaces [34, 70]. An initial study confirmed this prospect of LC? in alleviating ASR [68].
In this study, the authors used a flash calcined low-grade calcined clay including 50.9%
amorphous and 49.1% quartz content in producing LC3-based mortars. Two types of LC?
were designed consisting of: 20%, (LC3-20) and 30% (LC3-30) PC substitution levels by
calcined clay and limestone at a constant mass ratio of 2:1. The LC3-20 and LC3-30 mortar
bars suffered 33%, and 56% less ASR expansion, respectively, compared to the PC-based
mortars at the end of testing period (100 days), measured based on an almost identical test
method to ASTM C1260 [71]. This improvement in the ASR mitigation with LC® was
attributed to its low alkali content in the pore solution, and formation of the ASR gels with

less swelling capability.

Recent studies showed LC®s greater resistance against the chloride ingress
compared to PC and some other ACMs, mainly due to the great pore refinement [49, 62,
63, 69]. To illustrate, compared to plain PC or PC-fly ash binders, LC? displays a more
tortuous pore structure, leading to a better resistance against the penetration of aggressive
ions such as chloride [63]. This pore refinement in LC3 — which can be achieved as early
as 3 days — was mainly attributed to its calcined clay component rather than limestone.
Because, calcined clays can accelerate greatly the hydration reactions due to their highly

reactive nature and large specific surface area depending on their calcined kaolinite content
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[48, 72]. Therefore, in the interest of optimizing the kaolinite component in calcined clay
for the durability of LC?, various calcined clay sources with different kaolinite contents
have been experimented [48, 49]. In [49], the chloride diffusion coefficient of LC®
diminished with increasing calcined kaolinite, and was reported up to two orders of
magnitude lower than that of PC due to the great porosity refinement. In addition, chloride
binding of LC?3 was found significantly higher compared to PC for blends containing 40-
80% kaolinite in calcined clay. The dependency on kaolinite content in the calcined clay
was due to increasing Friedel's salt with increasing carboaluminates. Hence, not
surprisingly reinforced concrete members such as a typical reinforced bridge pier and
bridge girders were projected to achieve longer service life in the case of chloride exposure

when they were LC3-based in comparison to PC [66].

A meaningful contribution to the understanding of composition versus durability
such as chloride ion penetration can be achieved perhaps by also considering the potential
variations in the microstructure of LC? originating from various particle sizes of constituent
materials (i.e., limestone). Further, the role of sulfate adjustment is yet to be studied in this
context as mentioned previously in Section 2.1.3. It is hypothesized that LC®'s resistance
against the chloride ion ingress, can be modified by these compositional variables because

both these parameters can mediate the tortuosity and phase assemblage.

2.3.3 Rheology

Several in-depth studies regarding the rheological properties of LC® have been
published recently, which touched upon the composition-rheology linkages [73-76].

Among various compositional factors, calcined clay has proven itself as the central

26



determinant for the rheological properties of LC® from various reasons such as its high
specific surface area, negative surface charge and layered molecular structure [73, 74].
These properties of calcined clay enhance the overall water demand of LC? and promote
flocculation thus resulting in greater yield stress and plastic viscosity than PC [73-75]. It is
therefore not surprising to notice in the literature that superplasticizers have been necessary
for achieving proper dispersion with LC? binders (i.e., w/s < 0.5) [77]. Moreover, it has
been suggested that kaolinitic clays (1:1 type phyllosilicate) require more superplasticizer
than other clays (i.e, 2:1 type) because superplasticizer molecules may be intercalated
within the layered structure of calcined kaolinite [76]. In parallel, some research has been
devoted to optimize the molecular design of chemical admixtures for LC?, especially
polycarboxylate-ether (PCE) based, focusing on calcined clay-admixture compatibility
[64, 78]. Per the scope of this dissertation, preliminary findings about the admixture design
for LC? are not discussed in this section. Instead, up-to-date findings and the underlying

mechanisms of the rheological properties of LC? are detailed in the following.

To illustrate the relatively high yield stress and plastic viscosity of LC® compared to
PC, originating mainly from the inclusion of calcined clay, data from two recent studies
can be discussed [73, 74]. [74] showed that the 55:30:15 paste, traditional formulation of
LC3, achieved 222.8 Pa dynamic yield stress — the highest stress needed to stop the flow -
within 10 minutes after mixing, which was about 930% higher than that achieved by the
PC paste prepared with the same w/b of 0.45. Similarly, LC® exhibited a greater plastic
viscosity than PC, approximately 600% higher. These strikingly large differences between
two binders could be explained by the high water demand of calcined clay. [73] has

contributed to this understanding on the calcined clay effects by displaying a correlation
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between the zeta potential of the system and the static yield stress — the minimum stress

needed to initiate the flow.

The zeta potential is the electrokinetic charge measured at the slipping/shear plane,
which separates the particle from the mobile liquid (Figure 2.5) [79, 80]. The correlation
between the zeta potential and yield stress across different formulations revealed that
increasing calcined clay content reduces the zeta potential, which in turn diminishes the
repulsion between cementitious particles. This decrease in the magnitude of zeta potential
(shown as ¢ in Eq. 2.4) was due to the negative surface charge of calcined clay balancing
the positively charged limestone and PC. According to the DLVO theory, low absolute
values of zeta potential corresponds with weak electrostatic repulsive forces (Eq. 2.4),
which translates to flocculation (Figure 2.6) [73, 79]. Given this role of zeta potential, the
impacting factors of the zeta potential of calcined clay was examined in [81]. This study
showed that the zeta potential of calcined clay incorporating mixes decreases in magnitude
with increasing kaolinite content in clay. Based on these findings, it has been understood
that not only the particle structure or fineness of calcined clay prevails the rheology of LC?,

but also its surface properties need to be considered.

Wrepulsive = 27‘[8807'(,02111 [1+ (_Kh)] (2.4)
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Figure 2.6 - Interparticle potential energy curves for PC showing the significance of
the zeta potential to achieve dispersion in the cement suspensions [79, 82].

High initial static yield stress of LC® due to the presence of calcined clay has also

spurred researchers to investigate whether structures with satisfactory buildability can be
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produced by 3D-printing using LC? as the binder [75, 83]. The motivation behind this
endeavour is not limited to increase the use of ecologically beneficial LC3, but also to
facilitate the adaptation of 3D-printing methods in the concrete industry if ACMs like LC?
can be put at its disposal. Up to date findings recommended to improve the printability of
LC? by incorporating silica fume to the mix design [75], using calcined clay that includes
residual kaolinite [83] or adding viscosity-modifying admixtures [84]. Notwithstanding the
lack of data and understanding on how other factors than calcined clay modifies the
rheology of LC3, studies about the printability of LC? are important and expected to surge

in the future.

Depending on the various sources across different geographies, the composition of
calcined clay significantly varies such as its calcined kaolinite content and fineness, which
can lead to different rheological properties. However, the literature concerning with the
influence of varying calcined clay composition on LC? rheology is scarce. It is worth noting
that LC2 rheology is influenced not only by calcined clay but there are also other factors
that can play a major role. For instance, particle packing can be modified through variations
in limestone particle size used, which is significant for flowability of cement binders [85].
Further, the rheological behaviour of LC® may be altered by varying the added gypsum
content because of its influence on early silicate and aluminate reactivity [30].
Understanding LC3 rheology needs to be broadened by examining the contribution of other

compositional factors than calcined clay.

2.4 Summary of the Knowledge Gaps and Technical Needs Addressed
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Achieving sulfate balance is of primary importance in the design of not only LC® but
all cementitious binders including calcium aluminate phases (e.g., PC). However, as
explained in Section 2.2.3, understanding of the influence of compositional factors on the
sulfate balance of LC2 is lacking. In addition, notwithstanding the considerable number of
published studies regarding the sulfate balance of cementitious systems, a technical need
exists to define the early hydration kinetics parameters including the sulfate balance in a
quantitative and reproducible manner. Chapter 3 addresses this knowledge gap and

technical need.

Rheological behaviour of LC? is relatively under-investigated. As discussed in Section
2.3.3, a small number of published studies have emphasized the governing role of calcined
clay for the yield stress and plastic viscosity of LC®. However, these studies did not
investigate the effects of varying particle sizes of limestone or added gypsum content that
can a priori influence the rheological properties of LC? through the variations in particle
packing or sulfate balance of the system, respectively. Chapter 4 addresses this knowledge
gap by providing insights relying on empirical and statistical analyses. In addition, a ML

model is introduced to predict the yield stress and plastic viscosity.

In contrast, the role of calcined clay composition and content on LC?'s bulk properties,
such as compressive strength development, has been examined extensively by researchers.
However, the influences of the filler effect and sulfate balance have not been well-
examined in this context. Chapter 5 relates LC*'s microstructural development to bulk
property development (i.e., compressive strength and surface resistivity), while quantifying

the compositional effects on the strength and resistivity development. Strong correlations
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established in this chapter (e.g., between compressive strength and surface resistivity

development) can guide the mixture design of LC3.

The transition of LC2 from the laboratory to field is highly dependent on the ability to
formulate it with respect to performance and sustainability. This is an optimization problem
because both the performance and sustainability are dependent on composition (e.g., PC
fraction). Chapter 6 addresses this problem by providing a multi-objective optimization
tool. As a proof-of-concept, this optimization tool develops various LC® formulations to
achieve desired compressive strength and global warming potential criteria while

simultaneously predicting these properties.
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CHAPTER 3. A QUANTITATIVE APPROACH TO
DETERMINING SULFATE BALANCE FOR LC?

3.1 Introduction

The consumption of sulfate ions in the first 24 h of hydration is mediated by C-S-H
and ettringite formation in PC-based binders [29, 30, 86]. For instance, during the
acceleration period of hydration sulfate ions can first be bound in C-S-H and ettringite and
then released from C-S-H to react with calcium aluminate hydrates (e.g., C3A) to form
ettringite again [29, 59]. If the amount of sulfates in the mix design is not enough to curb
CsA dissolution, cement pastes rapidly harden due to rapid precipitation of aluminum
hydrate phases (i.e., C2AHg or CsAH13) [87], which is also known as “flash set”. The
undersulfation also delays the silicate reaction because the dissolution of C3S can be
suppressed by a high concentration of aluminum ions in the pore solution [28, 29]. As a
result, some early age properties such as compressive strength may diminish [28]. Based
on the direct relationship between the capillary porosity and sulfate content [59], it can be
deduced that the sulfate content is significant not only for early age properties like strength

but also for durability.

The above-mentioned mechanism of the interaction between sulfate ions and cement
hydrated phases brings about a myriad of factors influencing the sulfate balance of
cementitious materials. These factors span the physical and chemical characteristics of
constituent binder materials, fineness of C3A and calcium sulfate source (i.e., solubility)
[30, 31, 88, 89]. Hence, the understanding of the sulfate balance of cement binders merely
based on mix design or compositional variables is a challenging multi-faceted problem.

This problem is aggravated in the case of blended cementitious materials, especially LC2.
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Because, LC? incorporates two SCMs, limestone and calcined clay, onto which sulfate ions
may be adsorbed through bridging with Ca?* [57]. Given these complexities, the sulfate

balance of LC? could not be predicted a priori based on composition.

The sulfate balance of LC? has been evaluated as to whether aluminate peak occurs after
the silicate peak in the heat flow curves obtained from isothermal calorimetry. The heat
flow curves show that the alumina peak is delayed, therefore separated from the alite peak,
with increasing sulfate content, which is typically provided by extra gypsum. In this
context, a common practice to understand the sulfate balance based on heat flow curves
has been to compare the time of occurrence of the sulfate depletion point, also called as the
onset of aluminate peak, between various mixes [30]. The sulfate balance, however,
addresses not only the sulfate depletion point, but its proximity with the silicate peak [90].
In other words, the sulfate balance is achieved not when the sulfate depletion point is
delayed but is separated from the silicate peak. Therefore, identifying the heat flow
parameters (i.e., time of maximum of silicate peak and sulfate depletion point) accurately
can allow for quantification of the sulfate balance. With this approach, the impacting
factors for the sulfate balance of LC® could be investigated in a quantitative and

comparative manner.

It was recently shown that a significant factor for the sulfate balance of LC? is the
rapidness of the silicate reaction, which can be accelerated via the filler effect of SCMs
[30, 57]. This is due to the accelerated nucleation of C-S-H, which can adsorb the sulfate
ions from the pore solution. Hence, the higher the C-S-H nucleation the earlier the sulfate
depletion. However, a disagreement exists as to whether the alumina content of calcined

clay affects the sulfate depletion point independent of its particle size or specific surface
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area. Contrary to some previous studies [31, 41, 91], [30] suggested that the aluminate
content of calcined clay does not modify the optimum sulfate level of LC3. Further, these
studies were only concerned with the sulfate depletion point and did not quantify its
proximity to the silicate peak for evaluating the overall sulfate balance. In addition to this
controversy revolving around the alumina content, there is little published data available

to understand the influence of w/s and superplasticizers on the sulfate balance of LC3.

3.2 Research Significance

Determination of the correct sulfate need in limestone calcined clay cements (LC®)
to control aluminate hydration is critical for early hydration and property development, but
the role of the metakaolin fraction has not been previously well-explored. In addition, there
is little published data available investigating the influence of water-to-solid ratio (w/s) and
superplasticizers in this context. This study assesses the influence and quantifies the
relative importances of compositional predictors on the sulfate balance and cumulative heat
evolved by 24 h of LC3 through a stepwise regression model. Moreover, a methodology is
developed based on Kernel regression to precisely identify the heat flow parameters such
as the sulfate depletion point and the slope of silicate peak. This approach allows the sulfate

balance to be defined quantitatively.

3.3 Experimental

3.3.1 Materials

Type /11 PC, a high purity (> 95%) metakaolin, and three different limestone

powders were sourced from Argos Cement (Atlanta, GA), BASF (Gordon, GA) and Imerys
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(Sylacauga, AL), respectively. Also, reagent-grade gypsum was used (> 98% calcium
sulfate dihydrate) in this study that was sourced from Acros Organics (Fair Lawn, NJ).
Limestone powders (> 98% CaCO3 by mass, as determined with TGA) were selected based
on their average particle diameters (Dso) representing smaller-sized (L3), larger-sized
(L25), and similar-sized (L15) to the PC used. The particle size distributions (Figure 3.1)
were measured using ethanol as a dispersant (Malvern Mastersizer 3000E). Table 3.1
introduces the median particle diameter (Dso) and specific surface area of all the materials
calculated from their particle size distribution analyses. The oxide compositions of the
materials determined by XRF analysis, and the phase composition of PC determined by

Rietveld analysis with XRD under Cu-Ka radiation are introduced in Table 3.2.
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Figure 3.1 - Particle size distribution of materials used
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Table 3.1 - Dso, specific surface area (SSA) and specific gravity of raw materials

PC Metakaolin L3 L15 L25

Do (Um) 2.90 1.05 094 198 256

Dso (Um) 13.80 3.37 3.03 1337 24.99

Do (Um) 30.50 9.74 8.32 32.04 85.00

SSA (m?/kg) 268.10  2211.00 2477.00 924.30 824.90
Specific gravity (g/cm®)  3.03 2.48 2.67 2.62 2.60

Table 3.2 - Oxide and phase composition of the materials

PC Metakaolin Limestone

CaO 61.74 0.04 55.00
SiO2 20.48 51.41 0.80
Fe20s3 3.07 0.33 0.30
Al203 4.46 43.04 0.30
SOs 2.56 0.05 0.00
Na2O 0.09 0.20 0.00
K20 0.43 0.10 0.00
MgO 3.20 0.00 1.80
TiO2 0.22 1.56 0.00
Loss on ignition (%) 2.10 1.43 41.80
CsS 57.60 - -
C2S 34.10 - -
CsA 1.90 - -
C4AF 4.40 - -
C$ 1.2
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3.3.2 Mix design

To build composition-sulfate balance linkages for LC2; metakaolin fraction, w/s,
LS particle size, added gypsum content and superplasticizer (SP) content were varied as
described in Table 3.3. Accordingly, the effects of w/s, LS particle size, added gypsum and

SP could be investigated for each PC:MK:LS.

All the pastes prepared with w/s of 0.40 included 0.5% superplasticizer (BASF
MasterGlenium 7920) by mass of solid (PC+MK+LS+Gypsum). SP content in each
PC:MK:LS was varied only at w/s of 0.55. The effect of added gypsum content was
explored at w/s of 0.40 for each PC:MK:LS, also at w/s of 0.75 for only the 55:30:15 paste.
The pastes prepared with w/s of 0.55, 0.60 and 0.65 included constant 2% added gypsum
for each PC:MK:LS. LS particle size varied in each PC:MK:LS paste at w/s of 0.40, 0.65,
and 0.75, whereas the pastes prepared using w/s of 0.55 and 0.60 included only L15. As a
result, 58 pastes were prepared for testing with isothermal calorimeter. Deionized water
with a resistivity of 18.2 MQ was utilized for all mixes.

Table 3.3 - Experimental matrix based on mass ratio for isothermal calorimetry

Water-to-solid ratio LS particle Added gypsum SP (wt.

PC:MK:LS (wis) size (Wt. %) %)
55:3015  0.40,0.55,06,0.65,075 > 1° 0,2,5 0’(’2’5?'&5

55:22.5:22.5 040,055,06,065,075 o 11> 0,2,5 %02
55:15:30  0.40,0.55,06,0.65,075 o 1° 0,2,5 0,0.1,05

3.3.3 Experimental
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Paste samples for isothermal calorimetry were prepared using a 5-speed high shear
blender. The mixing procedure was adapted from [92, 93] and can be summarized as
follows: Only solids (PC+MK+LS+gypsum) were mixed for 30 s at low speed to achieve
homogenization and then water was added. After, the paste was mixed for 30 s at low speed
and then 60 s at medium setting. The paste was allowed to rest for 90 s and then the mixing

was finalized with an additional 60 s medium-speed mixing.

Heat evolution of cement pastes was investigated using an isothermal calorimeter
(TAM Air, TA Instruments). The samples were prepared outside the calorimeter at room
temperature (23+2 °C (73.4+£3.6 °F)) and then 10 g of pastes were loaded into the
calorimeter. Rate of heat evolution and cumulative heat evolution of cement pastes were
assessed at 23 °C (73.4 °F) up to 48 hours. To ensure reproducibility (i.e.., coefficient of
variation < 3% cumulative heat evolved by 24 h), two replicates were prepared for the

sample, and the average values were reported.

To understand the modifications in the evolution of hydrated phases caused by
adding extra gypsum, in-situ XRD was performed on the pastes 55:22.5:22.5 including L3
prepared at w/s of 0.40 with SP addition of 0.5% by mass of solid. One paste was prepared
without extra gypsum, whereas 5% extra gypsum was added to the other paste. The paste
mixing procedure for in-situ X-ray diffraction (XRD) measurements was the same as
isothermal calorimetry. Fresh cement pastes were cast into 27 mm diameter sample holders
and covered with a 6 um polyester film made of stretched polyethylene terephthalate to
prevent evaporation and carbonation [94]. The scans were taken up to first 24 h of
hydration. XRD (Malvern PANalytical Empyrean) was performed at 45 kV and 40 mA

with 0.154 nm Cu Ko radiation. The scans were obtained between 5-60° 20 at room
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temperature within 11 min. of mixing, with a step size of 0.0313 ° 26. A 1/8° divergence
slit and a 0.04 rad. soller slit were used. A qualitative approach was taken to track the
evolution of hydrated phases (i.e., ettringite and hemicarboaluminate) based on the non-

overlapped peak heights similar to the approaches reported in [94, 95].

3.4 Computational methods

3.4.1 Regression model for predicting the sulfate balance of LC?

Five compositional predictors were identified, which are hypothesized to influence the
sulfate balance of LC:

e Superplasticizer (SP) content (by mass of solid),

e Solid volume concentration (),

e MK fraction (wt.% of solid),

e Average particle size of the total cementitious solid (APS), and

e S03 (%) of total cementitious solid (by mass percentage) based on XRF (Table

3.2).

In this study, same commercial PCE-based superplasticizer was used across mixes, but
the dosage varied. The literature shows that these polymers can adsorb on C3S and impede
its dissolution [96]. This implies that the sulfate balance of mixes can be significantly
altered by varying dosages of PCE-based superplasticizers because it is directly related
with initial C-S-H formation. Therefore, regression model incorporates superplasticizer

content as a predictor.
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The aluminate peak of LC2 can be modified by w/s [33]. To capture these variations,
solid volume concentration (Eq. 3.1) was introduced into the model. Instead of w/s solid
volume concentration was introduced because it is a more generalizable predictor than wis.
That is, unlike w/s the specific gravity of constituent materials was considered in the solid

volume concentration.

(8Gope X Mope + SGyxg X Myg + SGrs X Mg + SG; X mg) X w/s
SGy

= (1+ 7t (1)

MK fraction has proven to influence both the silicate and aluminate peaks [48].
Therefore, the predictor MK was defined based on the percentage of metakaolin in total
solid by mass. It is also worth mentioning that combining MK and limestone fractions at
different mass ratios while keeping the PC content constant can mimic different clay grades

and thus enable interpretations to be made in that regard [30, 33].

The filler effect of fine MK or LS particles corresponds with accelerated C-S-H
formation. This can alter the sulfate balance of LC® because of the ability of C-S-H to
adsorb sulfates as mentioned earlier. To capture these changes in the sulfate balance caused
by the inclusion of fine particles (e.g., the filler effect), average particle size of the total
cementitious solid (APS) was calculated for each mixture based on the Dso of constituent
materials measured (Table 3.1). For example, the finer the limestone particle size (L3

versus L25) in a mix the lower the APS defined in Equation 3.2:

APS = Qopc X dopc + Oyx X dyg+ Ops X dig (3.2)
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Because the sulfate addition is adjusted on a mass basis for cementitious mixtures, the

predictor SOz (%) was defined also on a mass basis.

A stepwise regression model was implemented to predict the sulfate balance of LC3
while comparing the relative importance of five compositional predictors defined above.
This regression algorithm is preferred because it can perform predictor selection based on
the minimized Akaike information criterion (AIC) while making predictions (please see
Section 4.4 for a detailed description of the stepwise algorithm) [97]. The five predictors
were also used to predict the cumulative heat evolved by 24 h. The reason for predicting
the cumulative heat evolution was to understand the different mechanisms underlying the
sulfate balance and total amount of hydrated phases formed until 24 h, estimated by
cumulative heat evolution [98]. The response (dependent) variable sulfate balance was
taken as the time difference, represented with hours, between the sulfate depletion point
(h) and the time of maximum of silicate peak (h). The longer this time difference the higher
the sulfate balance is informed (Figure 3.2). This approach of relating the times of
maximum of silicate peak and that of sulfate depletion to calculate the sulfate balance was

inspired by [90].

Before implementing the regression models, the original dataset of 58 observations was
preprocessed. This step consisted of removing some observations where the aluminate peak
was superimposed on the silicate peak (no extra gypsum added pastes). Hence, the original
dataset was reduced to 46 observations for the regression models. After this preprocessing,
all the predictors were standardized by subtracting each data point from its mean and
dividing by its standard deviation, and then the dataset was split randomly to training (75%)

and testing (25%) sets. Using Monte Carlo Cross-Validation algorithm with 100
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computations, the model performance metric root mean squared error (RMSE) (Eq. 3.3)

was calculated from the average of the 100 computations, by:

n actual _ ymodely2
RMSE = \/ 1= (Y ) (3.3)
n

In these equations, n represents the number of data points, k is the number of variables,

Yataljs the actual (measured) strength and Y™ is the predicted strength by the model.
3.4.2 Kernel smoothing for parametrizing heat flow curves

The technical literature lacks an established method to precisely identify the early
hydration Kkinetics parameters (i.e., time of maximum of silicate peak, sulfate depletion
point, slope of silicate peak). Without taking the time derivatives of heat flow curves,
determination of these parameters can be a cumbersome procedure with high variability.
Kernel regression technigue based on the Nadaraya-Watson (NW) estimator allows to take
the time derivatives of heat flow curves and therefore can be used to determine these
parameters (Figure 3.2). The NW predictions of the heat flow were constructed based on

the equations shown below (3.4 to 3.6) using the Epanechnikov kernel (Equation 3.6):

Yh Kn(t = t)y(t)

y () = 3.4

y(@® S Kt 0) (3.4)
1 t—t

Kn(t—t) = ﬁK( - ) (3.5)

K@) = Z(l —u®)I(lul < 1) (3.6)
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In these equations, t is time, y(tj) is the actual heat rate at any time tj, and y (t) is
the predicted heat flow at time t. The bandwidth (h), which greatly affects the shape of the
kernel, was chosen through leave-one-out cross validation [97]. Thereafter, the time
derivatives of the NW predictions were calculated. All of the computations were performed
in R. The heat flow predictions calculated for the first 24 hours of hydration - the time

period of interest in this research — resulted in RMSE of less than 0.82 mW/g.

As Figure 3.2 illustrates, in a properly sulfated mixture, the time of maximum of
silicate peak is the second time when the time derivative equals zero, whereas the sulfate
depletion point is the third time when the time derivative equals zero. The slope of silicate
peak can be calculated by taking the average of derivatives in the acceleration period until

the time of max. of silicate peak.
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Figure 3.2 - The time of max. of silicate peak and the sulfate depletion point
determined by NW Kernel estimate.

3.5 Experimental Results

3.5.1 Influence of Metakaolin Fraction

It is hypothesized that when all other variables such as limestone particle size are
constant, increasing MK fraction leads to earlier sulfate depletion point. Because,
increasing MK fraction means more surfaces available onto which calcium-sulfate ion
complexes can adsorb [99, 100]. This is the trend observed in Figure 3.3a, which shows
earlier appearance of the maximum heat release of the silicate peak and the sulfate

depletion point in LC3 pastes with higher metakaolin fractions. The slope of silicate peak
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is also higher in these pastes (Table 3.4), which implies an intensified silicate reactivity
with increasing metakaolin contents, resulting in a higher rate of C-S-H and ettringite
precipitation and thus earlier sulfate depletion [25, 30]. Figure 3.3b shows the competition
between the metakaolin fraction and the fineness of the system in determining the sulfate
depletion point. For instance, medium metakaolin mix (55:22.5:22.5) incorporating finest
limestone L3 shows earlier sulfate depletion point than highest metakaolin mix (55:30:15)
incorporating medium size limestone L15, highlighting the significance of the fineness of
the system. However, the lowest metakaolin mix (55:15:30) including L3 still shows a later
sulfate depletion point than the 55:30:15 paste despite the fact that it is a finer formulation
than the 55:30:15 paste including L15. These outcomes suggest that the sulfate demand of
LC? is a complex phenomenon mediated not only by the fineness of the system but also by

the MK fraction.

It is noted that the sulfate balance decreases with increasing metakaolin content.
Remarkably, doubling the fraction of metakaolin in the mixture corresponded with
approximately halving the sulfate balance (55:30:15 versus 55:15:30 displayed in Table
3.4), which suggests direct relationship between the metakaolin fraction and sulfate
requirement of LC®. The reason sulfate balance decreases with increasing MK fraction is
the higher influence of MK fraction on the sulfate depletion point relative to the time of
max. of silicate peak. For instance, Table 3.4 shows that when MK fraction decreases from
30 to 15% at constant wi/s, the largest delay in the time of max. of silicate peak is observed
as 25%, whereas the sulfate depletion point is delayed at least 36%. This difference also

supports the idea that sulfate ions may be adsorbed on metakaolin particles, and that
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decreasing MK fraction translate to greater changes in the sulfate depletion point compared

to the time of max. of silicate peak.

Besides, more hydrated phases such as C-S-H and ettringite have likely formed
with increasing metakaolin shown by the trends of cumulative heat evolved by 24 h without
superplasticizer. However, in the presence of superplasticizer at w/s of 0.40 (Table 3.4),
cumulative heat is not linearly correlated with metakaolin fraction. In this case, the LC?
paste with highest metakaolin content (55:30:15) achieved the lowest cumulative heat. This
implies a non-monotonic relationship between the degree of hydration of PC clinker and
metakaolin content in the blend as shown in [48]. Further, it can be deduced that the degree
of hydration of PC clinker reduced most in the paste 55:30:15 with decreasing w/s, which

can be attributed to the high water demand of metakaolin [74].
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particle size (L15) used in each mix, (b) the 55:30:15 paste includes L15 while the
pastes 55:22.5:22.5 and 55:15:30 include L3)

Table 3.4 - Heat flow parameters of LC? pastes including L15 influenced by
metakaolin fraction (w/s = 0.40, 0.55, 0.60, 0.65, 0.75, SP = 0%, 0.5%, added gypsum
content = 2%o)

Time
Slope
of of Cumulative
sp max. Sulfate  Sulfate silicate heat
PC:MK:LS wi/s of depletion balance
WLY)  gilicate point(h)  (h) Peak  evolved by

ool P (MWig 24 h ()

P solid.h)

(h)
55:30:15  0.75 0 6.7 9.9 3.2 0.14 153.7
55:22.5:22.5 0.75 0 6.9 114 4.5 0.12 151.4
55:15:30  0.75 0 7.1 13.8 6.7 0.11 149.9
55:30:15  0.65 0 6.6 9.2 2.6 0.14 151.4
55:22.5:22.5 0.65 0 7.0 10.7 3.7 0.12 151.9
55:15:30  0.65 0 7.3 13.1 5.8 0.11 148.7
55:30:15  0.60 0 6.4 9.0 2.6 0.14 148.8
55:22.5:22.5 0.60 0 6.8 10.2 3.4 0.12 148.3
55:15:30  0.60 0 7.2 12.2 5.0 0.11 148.2
55:30:15  0.55 0 6.1 8.3 2.2 0.15 149.5
55:22.5:22.5 0.55 0 6.6 9.8 3.2 0.12 145.8
55:15:30  0.55 0 6.9 11.5 4.6 0.11 142.1
55:30:15 040 0.5 6.9 8.3 1.4 0.12 124.5
55:22.5:22.5 040 05 8.3 10.0 1.7 0.10 128.7
55:15:30 040 0.5 8.6 12.1 3.5 0.10 126.9

3.5.2 Influence of Limestone Particle Size
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Figure 3.4 shows the heat evolution of the 55:30:15 pastes including different
limestone particle sizes. The slope of silicate reaction is linearly dependent on limestone
particle size, suggesting that higher rate of C-S-H precipitation can be achieved by
incorporating finer limestone particle sizes. The increase in the slope of silicate peak with
L3 is likely to have resulted from the filler effect increasing the shearing between particles
in the solid network [25]. Also, the time to reach the peak heat release of silicate peak and
the induction period is shorter with L3 compared to L15 and L25, confirming the
accelerated formation of hydration products such as C-S-H as a result of this filler effect
by L3 (Table 3.5). As anticipated, sulfate depletion also occurs earlier with all the pastes
incorporating L3 without superplasticizers. This phenomenon could be explained by the
tendency of C-S-H — whose formation is accelerated by the filler effect of L3 - to adsorb
sulfates from the pore solution [29, 30, 59]. Due to the tendency of C-S-H to adsorb sulfates
from the pore solution, a correlation between the slope of silicate peak and the sulfate
depletion point seems plausible as observed in Table 3.5, when variations in limestone
particle size are considered. This means the higher the slope of silicate peak - achieved by
using L3 - the higher the rate of C-S-H formation and the earlier the sulfate depletion. This

hypothesis will be revisited in a separate section.

Moreover, Table 3.5 shows that the sulfate balance could be modified from 9 to
25% depending on the limestone content— always lower with the fine limestone (L3) in the
absence of superplasticizer. The higher the limestone content the higher the modifications
in the sulfate balance originating from different limestone particle sizes. In the context of
modelling in this study, the effects relating fineness to the sulfate balance could be captured

by the variable (APS), which will be presented later.
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On the contrary, in the presence of superplasticizer the correlation between
limestone particle size and sulfate balance is not systematic. For instance, L3 does not
always correspond with the lowest sulfate balance as observed with the pastes 55:30:15
and 55:22.5:22.5 prepared using w/s of 0.40. In fact, the sulfate balance is highest with L3
in these pastes. These results show that when limestone content is not higher than
metakaolin, using relatively coarser limestone size (e.g., L15 or L25) thus decreasing the
fineness of the system does not guarantee higher sulfate balance. This observation also
proposes that earlier sulfate depletion point does not always mean lower sulfate balance.
As mentioned above, when L3 is used instead of L15 or L25, rate of C-S-H precipitation
increases, which adsorbs sulfates and thus accelerates the sulfate depletion. It is
hypothesized that this mechanism results in two types of sulfates in the system; sulfates
adsorbed by hydration products such as C-S-H and ettringite, and some sulfates still
available in the pore solution. This translates to decreasing sulfate concentration in the pore
solution with increasing C-S-H (L3 versus L15 or L25) until the maximum of silicate peak
heat release. Therefore, earlier consumption of sulfates observed with L15 and L25
compared to L3 after the maximum of silicate peak heat release implies that sulfate
concentration dropped quicker in the pore solution of these pastes despite less C-S-H
formed. This might be due to potential interactions between the non-adsorbed sulfate ions
with PCE molecules and/or competition between the sulfate ions and PCE molecules to

adsorb on cement particle surfaces [101], and it requires further investigation.

Similar to the sulfate balance, variations in the cumulative heat evolved by 24 h by
limestone particle size is also dependent on the limestone content as shown by Table 3.5.

While L3 could not greatly increase the cumulative heat compared to L15 or L25 in the

51



55:30:15 paste prepared without superplasticizer, the cumulative heat of the paste
incorporating the highest limestone (55:15:30) is 5 to 6% higher with L3 compared to L15
and L25, respectively. These increases in the cumulative heat by using L3 is even higher
in the presence of superplasticizer. In this case for example, L3 increases the cumulative
heat of the 55:15:30 paste from 8 to 13% compared to L15 and L25, respectively. This is
likely due to better dispersion of L3 in the matrix owing to the superplasticizer, providing
additional nucleation sites for C-S-H. Hence, it can be deduced that the early hydration of
LC2 can be modified considerably by the fineness of the mixture mediated by the limestone
particle size especially in the presence of superplasticizer. These modifications brought
about by the limestone particle size is strongest for the pastes containing higher limestone

than metakaolin (55:15:30).
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Figure 3.4 - Heat evolution of the 55:30:15 pastes during first 24 h influenced by
limestone particle size (w/s = 0.75, without SP, added gypsum content = 2%)
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Table 3.5 - Heat flow parameters of LC? pastes influenced by limestone particle size
(w/s = 0.40, 0.75, SP = 0%, 0.5%, added gypsum content = 2%o)

Time

of Slope

SP LS max. Sulfate Sulfate sili?:];te Cumulative

PC:MK:LS w/s (wt.% particle of depletion  balance eak heat evolved

) size silicate  point (h) (h) (MW/g by 24 h (J/g)

peak solid.h)
()

55:30:15 075 0 L3 56 8.7 31 0.15 154.1
55:30:15 075 0 L15 6.7 9.9 32 0.14 153.7
55:30:15 075 0 L25 6.7 10.1 3.4 0.14 153.6
55:2255:22' 075 0 L3 52 9.3 41 0.16 154.6
55:225'5:22' 075 0 L15 6.9 11.4 45 0.12 151.4
55:225'5:22' 075 0 L25 71 11.8 4.7 0.12 151.2
55:15:30 075 0 L3 50 10.2 52 0.16 156.6
55:15:30 075 0 L15 71 138 6.7 0.11 149.9
55:15:30 075 0 L25 75 14.4 6.9 0.11 147.8
55:30:15 040 05 L3 52 71 18 0.15 127.1
55:30:15 040 05 L15 6.9 8.3 1.4 0.12 124.1
55:30:15 040 05 L25 73 8.8 15 0.11 125.0
55:225'5:22' 040 05 L3 6.0 7.9 19 014 1355
55:225'5:22' 040 05 L15 83 10.0 17 0.10 128.7
55:225;5:22' 040 05 125 90 10.6 16 0.09 130.6
55:15:30 040 05 L3 58 8.3 25 0.16 1365
55:15:30 040 05 L15 8.6 12.1 35 0.10 126.9
55:15:30 040 05 L25 96 14.0 43 0.09 120.7
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3.5.3 Influence of Added Gypsum Amount

Both the appearance of maximum of silicate peak and the sulfate depletion point
are delayed with increasing added gypsum, whereas the slope of silicate peak decreases
(Figure 3.5). However, the rate of delay in the sulfate depletion point is greatly higher
compared to the changes in other two parameters. For instance, when gypsum content is
increased from 2 to 5% for the 55:30:15 pastes prepared without superplasticizers, the
sulfate depletion is delayed by 88%, whereas the maximum silicate peak heat release is
delayed only by 4%. In addition, the slope of silicate peak decreases only by 7%. Similarly,
in the presence of superplasticizer, when gypsum content is increased from 2 to 5%, the
sulfate depletion is delayed by 77% while the time of maximum of silicate peak is delayed
by 13% and the slope of silicate peak is decreased by 17%. Much larger influence on the
sulfate depletion point caused by gypsum addition emphasizes the availability of sulfate
ions in the pore solution in retarding the aluminate peak, with a lesser influence on the
silicate reaction. As a result, the largest increase in the sulfate balance is achieved with

adding gypsum considering all the compositional variables investigated in this study.

It is worth noting that the optimal sulfate balance is not always achieved with the
highest gypsum content investigated in experimental designs; rather being cross-examined
by early compressive strength (< 3 days) or cumulative heat evolution [30, 31, 59, 102,
103]. For example, among the pastes introduced in Table 3.6, the 55:30:15 pastes including
5% gypsum prepared with and without superplasticizer achieves the highest cumulative
heat evolved by 24 h, implying that 5% is the optimal extra gypsum amount that can

achieve the highest 1-day strength.
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Figure 3.5 - Heat evolution of the 55:30:15 pastes including L15 during first 24 h
influenced by added gypsum content (w/s = 0.75, without SP). First 48 h of
hydration was given in this figure to show the full shape of the alumina peak
observed in 5% added gypsum paste.

Table 3.6 - Heat flow parameters of the 55:30:15 pastes including L15 influenced by
added gypsum content (w/s = 0.75, SP = 0%)

Time
of Slope
gl TR Sume  sume (O O
PC:MKILS — wis (wt.%0) gc)(;ir)ltent silicat d%ﬁ)rlﬁti(?]? bazﬁ;lce peak  evolved by
wto%) e P (MWig 24 h (J/g)
peak solid.h)
(h)
55:30:15*  0.75 0 0 6.5 NA NA 0.21 132.5
55:30:15  0.75 0 2 6.7 9.9 3.2 0.14 153.7
55:30:15  0.75 0 5 7.0 18.6 11.6 0.13 159.1
55:30:15* 040 05 0 7.0 4.7 NA 0.20 115.7
55:30:15 040 05 2 6.9 8.3 1.4 0.12 124.5
55:30:15 040 05 5 7.8 12.9 5.0 0.10 135.7
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*Because the silicate peak and aluminate peak were not separated, time of max. of silicate
peak and slope of silicate peak of these sample were calculated based on the peak heat
release during the acceleration period.

3.5.4 Influence of W/S

Higher w/s corresponds with longer time to reach the maximum silicate peak heat
release and sulfate depletion with a lesser influence on the slope of silicate peak (Figure
3.6 and Table 3.7). These delays in the maximum silicate peak appearance and sulfate
depletion might be due to reduced alkali concentration and shearing between particles with
increasing w/s [31, 98]. In fact, variations in w/s influence the time of maximum of silicate
peak not systematically and to a lesser extent compared to the sulfate depletion point. For
example, Table 3.7 shows that the appearance of silicate peak heat release is not
consistently delayed with an increase in w/s. This inconsistency was exhibited by the
55:22.5:22.5 and 55:15:30 pastes where increasing w/s from 0.65 to 0.75 slightly
accelerated the appearance of the maximum of the silicate peak. Small changes in the
silicate reaction parameters such as the time of maximum of silicate peak and the slope of
silicate peak with respect to w/s beyond 0.65 agrees with the findings of [104], which
shows similar C-S-H nucleation density despite varying w/s based on pBNG simulations.
Notwithstanding the small changes in the silicate peak, the sulfate depletion is consistently
delayed with increasing w/s for all the pastes investigated, leading to higher sulfate
balances. This can be due to C3A, whose reaction is delayed with increasing w/s [88, 89].
It is worth mentioning that increasing w/s did not correspond with higher aluminate peak,
which may suggest similar amount of ettringite have likely precipitated independent of the

variations in w/s of the system [30].
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In LC® systems, the effect of w/s on the cumulative heat evolution is more
pronounced typically after 48 hours in parallel with carboaluminate peak appearance [33],
which is beyond the measurement period in this study. Nevertheless, Table 3.7 exhibits
modest increases, between 3 and 6% depending on PC:MK:LS, in the cumulative heat
evolved by 24 h by increasing w/s from 0.55 to 0.75. The increases in the cumulative heat
evolution are highest with the paste incorporating lowest metakaolin content (55:15:30). In
other words, decreasing MK fraction renders LC? pastes more sensitive to changes not only
in limestone particle size (Section 3.5.2) but also in w/s. The reason for this trend can be
explained by the tendency of metakaolin particles to flocculate by entrapping water and

thus render some of the mixing water unavailable for hydration.
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Figure 3.6 - Heat evolution of the 55:30:15 pastes including L15 during first 24 h
influenced by w/s (without SP, added gypsum content = 2%0)

Table 3.7 - Heat flow parameters of LC? pastes including L15 influenced by w/s
(without SP, added gypsum content = 2%)

Time of Slope of
max. of Sulfate Sulfate  silicate  Cumulative
PC:MK:LS wis silicéte depletion  balance peak heat evolved
eak (h) point (h) (h) (mW/g by 24h (J/g)
P solid.h)
55:30:15 0.55 6.1 8.3 2.2 0.15 149.5
55:30:15 0.65 6.6 9.2 2.6 0.14 151.4
55:30:15 0.75 6.7 9.9 3.2 0.14 153.7
55:22.5:22.5 0.55 6.6 9.8 3.2 0.12 145.8
55:22.5:22.5 0.65 7.0 10.7 3.7 0.11 151.9
55:22.5:225 0.75 6.9 114 4.5 0.12 151.4
55:15:30 0.55 6.9 11.5 4.6 0.11 142.1
55:15:30 0.65 7.3 13.1 5.8 0.11 148.7
55:15:30 0.75 7.1 13.8 6.7 0.11 149.9
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3.5.5 Influence of Superplasticizer Content

The higher the superplasticizer added in LC? pastes the longer it takes to reach the
maximum of the silicate peak and the sulfate depletion point, implying decreasing
reactivity of silicate and aluminate phases with increasing superplasticizer in the first 24 h
(Figure 3.7). This might be due to the steric interactions of superplasticizers, which retard
the hydration reactions [105]. Accordingly, the cumulative heat evolved by 24 h and the
slope of silicate peak also decrease with superplasticizer addition. In particular, the slope
of silicate peak decreases by 27% when superplasticizer content is increased from 0 to 5%,
indicating the diminishing effect of superplasticizer on the precipitation rate of C-S-H. It
should be noted that the effect of superplasticizer dosage on the sulfate balance is smaller
than other compositional variables investigated such as MK fraction or gypsum content.
For instance, when superplasticizer content is doubled (0.25% versus 0.5%) in the 55:30:15
paste the increase in the sulfate balance is only 7%, whereas doubling the MK content (15%

versus 30%) decreased the sulfate balance by 52%, which was discussed in Section 3.1.1.

Furthermore, the relationship between the sulfate balance and superplasticizer
content is modified by the metakaolin fraction. For instance, when superplasticizer content
is increased from 0 to 0.1% the sulfate balance of the 55:30:15 paste increases by 9%,
whereas it increases by 20% in the 55:15:30 paste due to the changes in the time of max.
of silicate peak to varying degrees. For instance, adding 0.1% superplasticizer delayed the
sulfate depletion point by approximately 10% in both mixes, whereas the delay in the
silicate peak appearance is smaller in the 55:15:30 paste (4%) compared to the 55:30:15
paste (11%). To explain these trends competitive adsorption between sulfates and PCE

molecules should be considered. For instance, the affinity of sulfate ions was found higher
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than PCE molecules to adsorb on cement particles [101]. In addition, the sulfate ions are
able to adsorb on metakaolin particles like PCE molecules [57]. These trends, therefore,
may imply that the adsorption-desorption kinetics between sulfate ions and PCE molecules
resulted in a higher amount of PCE molecules remained to adsorb on CsS surfaces in the
higher metakaolin mix (55:30:15) because the sulfate ions occupied the metakaolin surface.
This phenomenon can also explain the larger changes observed in the time of max. of
silicate peak and slope of silicate peak of the 55:30:15 paste compared to the variability

observed in these parameters with the lowest metakaolin mix (55:15:30).

It is worth noting that some studies displayed lower sulfate balance in the presence
of PCE-based superplasticizers, similar to the commercial superplasticizer used herein, for
the PC systems [31]. Different hypotheses have been introduced for this trend, summarized
in [31], which span increased ettringite formation and reduced rate of sulfate dissolution
when PCE-based superplasticizers are added. The reason for the discrepancy between the
findings in literature and the results from this study could be related to some differences in
the chemistry of admixtures or binders (PC versus LC3). Therefore, more research is

required to fully understand this phenomenon.
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Figure 3.7 - Heat evolution of the 55:30:15 pastes including L15 during first 24 h
influenced by SP content (w/s = 0.55, added gypsum content = 2%o)

Table 3.8 - Heat flow parameters of the LC® pastes including L15 influenced by SP
content (w/s = 0.55, SP = 0%, added gypsum content = 2%o)

Time of Slope of
sp max. of Sulfate Sulfate silicate Cumulative
PC:MK:LS (WE.%) silicéte depletion  balance peak  heat evolved
70 eak (h) point (h) (h) (mWI/g by 24 h (J/g)
P solid.h)
55:30:15 0 6.1 8.3 2.2 0.15 149.5
55:30:15 0.1 6.8 9.2 2.4 0.12 145.5
55:30:15 0.25 7.3 10.0 2.7 0.11 142.6
55:30:15 0.5 8.3 11.2 2.9 0.11 139.8
55:22.5:22.5 0 6.6 9.8 3.2 0.12 145.8
55:22.5:225  0.25 8.0 12.0 4.0 0.10 140.6
55:15:30 0 6.9 11.5 4.5 0.11 142.1
55:15:30 0.1 7.2 12.6 5.4 0.11 145.1

3.5.6 Relationship between the slope of silicate peak and sulfate depletion point
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The slope of silicate peak and sulfate depletion point have a moderate correlation
for LC?® pastes including constant added gypsum content (2%) provided that the pastes
prepared with and without superplasticizer are considered separately (Figure 3.8). When a
differentiation was not made with respect to superplasticizer content and all data was
considered as one group, R? decreased to 0.47. Also, variations in added gypsum content
were not considered in this figure (3.8) due to much higher influence of increasing sulfate
content on the aluminate peak compared to its influence on the silicate peak, which was

discussed in the previous section 3.5.3.

Based on the results presented previously, a causality between these two heat flow
parameters was anticipated especially when variations in the limestone particle size are
considered. For example, the filler effect of L3 increased the slope of silicate peak due to
accelerated formation of C-S-H, which resulted in earlier sulfate depletion point (Table
3.5). Similarly, increasing MK fraction at constant limestone particle size and wi/s (Figure
3.3) increases the fineness of the system, corresponding to higher slope of silicate peak and
thus earlier sulfate depletion point. However, this relationship is limited for other
compositional variables such as wi/s. As discussed in Section 3.5.4, in this case the sulfate
depletion point may be modified through the variations in CzA reaction kinetics, not
because of higher or lower C-S-H formation. Another reason pertaining to the limitations
of this relationship is the adsorption of sulfate ions on metakaolin particles, which modifies
the sulfate depletion point independent of the changes in the slope of silicate peak. Overall,
it is understood that the causality between slope of silicate peak and sulfate depletion point
is not global but rather limited to the filler effect by limestone or metakaolin in LC3

systems.
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Figure 3.8 — Relationship between the slope of silicate peak and sulfate depletion
point with and without superplasticizer for LC? pastes including constant added
gypsum content 2%.

3.5.7 In-situ XRD to understand the sulfate balance

Two LC® systems shown in Figures 3.9 and 3.10 were chosen to track the
differences in the evolution of hydrated phases caused by adding extra gypsum and to
observe the sulfate balance period from the perspective of microstructural development. In
both systems, ettringite forms rapidly at the beginning of hydration (Figure 3.9 and 3.10)
similar to other studies. While a significant growth of ettringite peak could not be observed
without extra gypsum, ettringite forms continuously in the presence of extra gypsum. The
reason ettringite peak intensity could not grow in the absence of gypsum is the
undersulfation. When the system is undersulfated (Figure 3.9a and 3.10a), increasing C-S-

H precipitation via the hydration of CsS does not translate to later ettringite precipitation
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like in a properly sulfated system because the amount of sulfates adsorbed by C-S-H is
mediated by the initial concentration of sulfate ions in the pore solution [106]. An
undersulfated system does not contain enough sulfates — limited to PC here (Table 3.2) -
to be adsorbed which then can be released from C-S-H to contribute to ettringite
precipitation after sulfate depletion point. This can be confirmed by increasing portlandite
peak intensity, an indicator of increasing C-S-H precipitation through the hydration of CsS,
while the ettringite peak intensity is not significantly changing. Moreover,
hemicarboaluminate peak intensity increases after the peak heat release in the acceleration

period when the ettringite peak intensity plateaus out [30].

On the other hand, ettringite precipitates continuously in the presence of gypsum
while hemicarboaluminate could not be identified in the first 24 h of hydration (Figure 3.9b
and 3.10b). Remarkably, gypsum is not completely consumed in the 55:22.5:22.5 paste
including 5% added gypsum even after the sulfate depletion point. Instead, gypsum
depletion point is noted where the rate of increase in ettringite peak intensity significantly
slows down. For instance, until the sulfate depletion point ettringite peak intensity
increases by 130%, whereas after the sulfate depletion point it increases only by 13%.
Similarly, the peak intensity of gypsum decreases by 61% until the sulfate depletion point
and then it decreases by 32%. Sulfate balance period (between the maximum of silicate
peak and sulfate depletion point) can then be summarized as a phase where ettringite
precipitation is still favored. This also means that the longer the sulfate balance the longer

it takes to form carboaluminate phases.
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Figure 3.9 - Evolution of hydrated phases identified in the 55:22.5:22.5 pastes
including L3 by in-situ XRD: (a) 0% added gypsum, (b) 5% added gypsum. These
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pastes were prepared at w/s of 0.4 and contain 0.5% superplasticizer by mass of

solid.
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Figure 3.10 — Heat evolution and in-situ XRD results of the 55:22.5:22.5 pastes
including L3: (a) 0% added gypsum, (b) 5% added gypsum. These pastes were
prepared at w/s of 0.4 and contain 0.5% superplasticizer by mass of solid.

Identification of the sulfate depletion point in undersulfated LC? systems

66



The NW Kkernel estimator is a promising technique also to estimate the sulfate
depletion point of the undersulfated systems where the aluminate and silicate peaks
overlap. Figure 3.11 shows that sulfate depletion point can be distinguished at where the
derivative of the heat flow curve reaches a local minimum but not zero prior to the
aluminate peak. This point is also associated with the consumption of gypsum in the LC?
system. Further experiments should be performed with other cement binders to prove the

validity of this approach to identify the sulfate depletion point in undersulfated systems.
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Figure 3.11 - The derivative of the heat evolution curve and in-situ XRD results of
the 55:22.5:22.5 paste including L3 without added gypsum.

3.7 Statistical Results

Satisfactory fits are observed with sulfate balance and cumulative heat evolution
models with RMSE of 0.841 h and 2.877 J/g, respectively (Table 3.9 and Table 3.10). The
only predictor not selected by the stepwise algorithm for sulfate balance is the
superplasticizer content (Table 3.9). This supports the idea that (presented in Section 3.1.5)
superplasticizer content is not a major player for LC? sulfate balance when varied from 0

to 0.5% by mass of solid compared to other compositional variations. Contrarily, it is the
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most significant predictor for the cumulative heat evolved by 24 h (Table 3.10). According
to this model the cumulative heat evolved by 24 h decreases with increasing
superplasticizer content. This could be attributed to decreasing rate of precipitation of C-
S-H (slope of silicate peak in Table 3.8) and the delay in hydration reactions caused by the

steric hindrance of PCE molecules [105].

The most significant predictor for the sulfate balance of LC? is SOs, which was
expected based on the results in Section 3.1.3. It is also a significant predictor for the
cumulative heat as shown in Table 3.10. Based on these results, it is confirmed that
optimizing the sulfate content in LC? is important not only for the sulfate balance but also

for space-filling until 24 h with hydrated phases.

Sulfate balance of LC? is also significantly influenced by the metakaolin fraction,
solid volume concentration and the fineness of limestone particles. Table 3.9 suggests that
increasing solid volume concentration (decreasing w/s) and metakaolin fraction decreases
the sulfate balance of LC2. The sulfate balance increases significantly with increasing APS
—which means decreasing fineness. Among these variables, only metakaolin fraction is not
considered as a significant predictor for the cumulative heat, likely because of the trends

observed with mixes including superplasticizers (Table 3.4).

Overall, it is recommended to consider relatively higher amounts of extra gypsum
for mixtures including high metakaolin fractions because of the capability of metakaolin
to bind sulfates. In the mix design of LC? it should also be kept in mind that increasing
metakaolin fraction does not significantly increase the total amount of hydrated phases

formed until 24 h, especially in the presence of superplasticizer (Section 3.1.1). To increase
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the total amount of hydrated phases by 24 h, using finer limestone particle size or

optimizing the sulfate content should be considered for a given water content.

Table 3.9 - The stepwise regression model variables, standardized coefficients, and
p-values for the sulfate balance (R?>=0.811 and RMSE = 0.841 h)

Model variables Standardized coefficient p-value
o -1.2 1.3*10°

MK -0.8 1.9%107

APS 0.3 7.1*10°3

SOs3 2.1 3.6*10%

Table 3.10 - The stepwise regression model variables, standardized coefficients, and
p-values for the cumulative heat evolved by 24 h (R? = 0.907, RMSE = 2.877 J/g)

Model variables Standardized coefficient p-value
SpP -5.7 3.9%10°

o -4.7 4.010*

APS -2.5 6.6%107

SOs 2.1 1.7*10*

3.8 Conclusions

Composition versus sulfate balance linkages for LC3 was investigated in this study. The
effects of various compositional-modifications originating from the changes in PC:MK:LS,
limestone particle size, added gypsum content, w/s and superplasticizer content were
quantified. Metakaolin fraction, particularly, is not a trivial factor for the sulfate balance of
LC? because it also mediates the extent of the influence of other compositional variables
such as limestone particle size. A methodology based on Kernel regression was used to

parametrize the heat evolution curves focusing on the determination of slope of silicate
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peak, the time of maximum of silicate peak and the sulfate depletion point. This

methodology also appeared promising to identify the sulfate depletion point in

undersulfated systems where the aluminate and silicate peaks overlap. In-situ XRD helped

to differentiate the phase evolution of undersulfated and properly sulfated systems. To

compare the relative importances of the compositional predictors on the sulfate balance,

stepwise regression was performed, which suggested that metakaolin fraction is a

significant factor for the sulfate balance of LC? but not for the cumulative heat evolved by

24h. Some key conclusions can be summarized as follows:

Sulfate balance of LC® decreases with increasing metakaolin fractions. This could
be explained by the tendency of sulfate ions to adsorb on metakaolin particles.
Therefore, required amount of added gypsum increases with increasing metakaolin
fractions to satisfy the sulfate demand.

Using fine limestone particle size (L3) decreases the sulfate balance of LC3. This
effect is strongest in mixes including highest limestone content (55:15:30). Also,
incorporation of L3 results in relatively stronger increases in the cumulative heat
evolved by 24 h in the presence of superplasticizer due to the better dispersion of
fine limestone particles.

Added gypsum amount has the strongest influence on the sulfate balance of LC?,
because increasing sulfate content greatly retards the aluminate reaction.
Increasing wi/s increases the sulfate balance of LC3, which might be due to delayed
reaction of C3A. It also increases the cumulative heat evolved by 24 h. This rate of

increase is the highest for pastes including lowest metakaolin (55:15:30) because
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increasing metakaolin content corresponds with increasing flocculation and
therefore more entrapped water unavailable for hydration.

Variations in the superplasticizer dosage from 0 to 0.5% is not as significant as
other compositional variables investigated for the sulfate balance of LC3. However,
it is the most significant predictor for the cumulative heat evolved by 24 h.

Sulfate balance period is accompanied by increasing ettringite and portlandite
content. Sulfate depletion point corresponds to a notable decrease in the rate of
ettringite precipitation and does not always mean that gypsum is completely

consumed.
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CHAPTER 4. STRUCTURE-PROPERTY RELATIONSHIP FOR
LC3 RHEOLOGY

4.1 Introduction

Among the alternative cementitious materials compositions, limestone calcined clay
cements (LC?) are identified as one of the most promising alternatives to portland cement
(PC). LC? can be readily produced globally and can halve the CO;, emissions compared
with PC production, while offering excellent mechanical and durability performance [8,
13, 34]. LC? is a ternary binder most commonly composed of 50% PC clinker, 30%
calcined clay, 15% limestone and 5% gypsum, by mass [13, 60]. However, LC? binders
can suffer from poor flowability and premature setting due to the highly reactive nature
and fineness of the calcined clay [77]. As a result, challenges with workability can limit

their translation into the concrete industry.

While concrete workability in the field is most often characterized through slump of
fresh concrete [28], rheological measurements can offer more descriptive performance
metrics which can be related to field performance. For example, ASTM C1749 [71] defines
the yield stress, measured in Pascal (Pa), as the stress required to initiate flow, which can
be measured via rheometer. In practice, yield stress is of paramount importance during
casting as it determines if fresh concrete can fill the formwork under an applied shear
stress. Plastic viscosity, on the other hand, dictates the time it takes to fill the formwork

during flow [107].

Calcined clay characteristics are dominant factors affecting the rheological

properties of cementitious binders incorporating them - such as LC? - due to their highly
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reactive nature, high surface area and high surface charge density (e.g., zeta potential) [73,
74, 81, 108]. These largely depend on the kaolinite content of the calcined clay. For
example, Lorentz et al. [81] showed that the kaolinite content in the clay source, which
transforms to metakaolin when calcined at 600-800 °C, is directly proportional to the zeta
potential of PC-calcined clay binary systems, which is then highly correlated to the yield
stress (R? = 0.9149) and plastic viscosity (R? = 0.876). A similar relationship was observed
by Hou et al. [73] for three ternary cementitious binders containing PC, calcined clay and
limestone at different ratios, including LC? proportions. The authors found a strong

relationship between the zeta potential and yield stress for all formulations examined.

However, LC® composition can be modified not only by calcined clay content but
also by varying the particle sizes of the constituent materials, the rate of gypsum addition
and the water content. In multi-component mineral systems, like LC3, zeta potential can be
complicated to predict a priori since calcined clays are net negatively charged and PC and
limestone are net positively charged. However, the physical packing and particle size
distributions of the LC? binder constituents also greatly influence yield stress and viscosity
[75]. While identifying a single force, such as zeta potential, that determines the yield stress
and plastic viscosity forms the basis for a simplified design principle, the properties of LC?
appear to be driven by a broader range of forces and interactions, thus creating a multi-

dimensional problem in materials design.

4.2 Research Significance

This research addresses the challenge of predicting yield stress and plastic viscosity

for LC® using a Machine Learning (ML) model with a set of diverse compositional
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variables that represent the changes in water-to-solid ratio (w/s), constituent mass ratios
(PC:Metakaolin:Limestone), limestone particle size and gypsum content while quantifying
the relative importance of these variables. It is hypothesized that ML can lead to high
fidelity in the vyield stress and plastic viscosity predictions while bringing new
understanding about composition-rheology linkages, which can be useful for the mixture

design of LC?,

Moreover, this research also addresses developing a methodology to parametrize the
hydration kinetics that was shown to correlate with the yield stress of cementitious
materials [109, 110]. This methodology is based on kernel smoothing method applied on
the heat flow data obtained from calorimetric measurements. The motivation of this effort
is to investigate whether the rate of heat release at the onset of acceleration period can be
used to estimate the yield stress measured during the induction period, while decoupling
the hydration kinetics effects from the yield stress. Accordingly, varying significance of
the compositional variables on hydration kinetics and yield stress is demonstrated that can

be considered toward optimizing the mixture formulations for LC3,

4.3 Experimental

4.3.1 Materials

PC, metakaolin, three limestone powders and gypsum used for this study were

introduced in previous chapter (Section 3.3.1).

4.3.2 Mix design
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To understand the linkages between cement composition and rheological
parameters, LC® compositional variables were modified in the mix design (Table 4.1),
including PC:MK:LS, water-to-solid ratio (w/s), limestone particle size, and added gypsum
level (wt.% of binder). This experimental design was motivated by the purpose of covering
a wide range of solid volume fraction — altered mainly by w/s — while also decoupling the
significance of the gypsum dosage on the rheological properties of LC3, which has been
shown to mediate the early silicate and aluminate reactivity (e.g., avoiding flash set) [30].
Accordingly, each of the PC:MK:LS pastes were prepared with six w/s (0.55, 0.60, 0.65,
0.70, 0.75 and 0.80) and three limestone particle sizes (L3, L15, L25) with a constant added
gypsum dosage of 2%, by mass. In addition, the influence of added gypsum content on the
yield stress and plastic viscosity was investigated only on 55:30:15, including L15 by
varying gypsum dosages as 0%, 2%, 5% and 7% at a constant w/s of 0.75. In total, this
experimental design corresponds to 57 pastes. However, some mixes could not be tested
due to their stiffness, such as some mixes prepared with 55:30:15 using w/s of 0.55 and
0.60 (see the footnote under Table 4.1). Therefore, the total number of measured data are

fewer (i.e., 48 pastes).

Samples are identified by abbreviations defining these varying compositional
parameters, as: PC:MK:LS-w/s-LS size-added gypsum %. For example, a sample
identified as “55:30:15-0.70-L25-G5” represents a paste that was prepared using
PC:MK:LS at mass ratio of 55:30:15 including L25 as the limestone size and 5% added
gypsum (by mass of solids) and mixed at w/s of 0.70. No superplasticizer was used in this

research to avoid its impact on the rheological properties and to focus on the influence of
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compositional variables. Deionized water with a resistivity of 18.2 MQ was utilized for all

mixes.

Table 4.1 - Experimental matrix

PC-MK:LS Water-to-solid ratio ~ Limestone particle  Added gypsum

(wis) size (wt. %0)

55:30:15% OO %b;% 05010 13,115,125 0,2,5,7
55:22.5:22.5%% 09 %b;% 05010 13,115,125 2
55:15:30  0°20.60,0.650.70, ) 5 45 o5 2

0.75, 0.80
*55:30:15 pastes prepared with w/s of 0.55 and 0.60 could not be tested at any limestone
particle size and added gypsum content due to the great stiffness of pastes. In addition,
55:30:15 could not be tested at w/s of 0.65 and 0.70 only when L3 was used.
** 55:22.5:22.5 could not be tested only at w/s of 0.55 when L3 was included.

4.3.3 Tests and Analytical Methods

To achieve a consistent shearing history among pastes tested with the rheometer
and calorimeter, a constant mixing procedure was applied on the pastes containing
predetermined amount of solids (300 g) mixed with various water contents that were
determined according to the mix design (Table 4.1). Cement paste samples for each
experiment were prepared using a 5-speed high shear blender. The mixing procedure was
adapted from [92, 93] and can be summarized as follows: Only solids
(PC+MK+LS+gypsum) were mixed for 30 s at low speed to achieve homogenization and
then water was added. After, the paste was mixed for 30 s at low speed and then 60 s at
medium setting. The paste was allowed to rest for 90 s and then the mixing was finalized

with an additional 60 s medium-speed mixing.
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For the rheological characterization, strain-controlled flow curve experiments were
conducted with Anton Paar MCR102 at 23 °C. A helical stirrer measuring system (double
helical spiral, ST24-2HR-37/120) was utilized. Selection of the measuring system was
motivated by [111], which suggests that slippage and sedimentation can be avoided using
a helical stirrer. The rheological protocol to calculate the dynamic yield stress and plastic
viscosity was inspired by [74]. Accordingly, the paste was first pre-sheared from 0 to 100
st for 60 seconds to obtain a reference flocculation stage [112], followed by 30 seconds
resting period and then a three step measurement protocol was applied that consists of:
shearing from 0 to 100 s, rest for 5 s at 100 s%, and then shearing back to 0 s™%. As specified
in ASTM C1749 [71], each reading was recorded either when the torque is stable or after
20 s while the paste have been continuously being stirred, and at least five readings — as
required by [71] - were taken in both the ascending and descending ramps. The (dynamic)
yield stress and plastic viscosity were calculated from the descending shear stress versus
shear strain flow curves based on the Bingham rheological model (Equation 4.1), as

suggested in literature for LC2 [9,10].

T=To+ 1y (4.1)

In Equation 1, t is the shear stress (Pa), o is the yield stress (Pa), n is the plastic
viscosity (Pa.s) and y "is the shear rate (1/s). Any nonlinearity may imply shear thickening

or shear-thinning, but neither was observed.

All rheological measurements were completed within the first 30 minutes of
hydration thus so-called “the induction or dormant period”, where the rheological

properties are governed by the initial interparticle forces [113] along with C-S-H nucleation
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creating a network between cement particles in both PC and LC2 systems [73, 114]. The
flow curve experiments were performed at least twice to ensure reproducibility, and the

average values were reported as the yield stress and plastic viscosity.

Heat evolution of blended cement pastes was measured using an isothermal
calorimeter (TAM Air, TA Instruments). Accordingly, 10 g of paste samples were prepared
outside the calorimeter at room temperature (23+2 °C) and then loaded into the calorimeter.
Among the pastes tested with the rheometer and calorimeter, calorimetry was performed
only the pastes prepared using w/s of 0.65 and 0.75. Because the effects of all
compositional variables on the yield stress including added gypsum level could be
evaluated at w/s of 0.75, it was selected for testing with calorimeter. Pastes were also tested
with w/s of 0.65 to assess the influence of w/s on each PC:MK:LS. Two replicates were
prepared for each paste. Rate of heat evolution and cumulative heat evolution of cement

pastes, normalized to total solid content, were assessed at 23 °C for 2 days.

4.4 Computational Methods

4.4.1 Machine learning approach

To build an accurate ML model for yield stress and plastic viscosity, LC3
composition needs to be represented comprehensively by various predictor variables based
on constituent materials with various size and reactivity. This premise is reinforced by the
findings from [108] that recently showed the inability of single physical parameters to
explain solely the rheological properties of PC-calcined clay binders. Therefore, an
assemblage of variables has been defined. Accordingly, five predictors were defined herein

for the Machine Learning model:
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Al,03/SO3 (%) of total cementitious solid (by mass percentage) based on XRF
(Table 3.2),

. Volumetric proportion of MK/LS (Equation 4.2),
. Solid volume concentration (shown as @ in Equation 4.3),

. Estimated total particle density (number/100 pm?®) representing the total number of
cementitious particles per unit volume of the binder (abbreviated as TPD in Equation 4.4)

according to [115], and
e Packing index (K), obtained from the compressible packing model [116].

The predictor Al,03/SO3 (%) represents the sulfate balance of the system, which was
defined based on the findings from [117] that showed variations in the yield stress of PC-
calcined clay binders with different addition rates of gypsum. It is based on mass
percentage because in literature the gypsum addition rates for LC® have been typically

determined on a mass basis [30, 33, 41].

The variable (MK/LS) was introduced with the purpose of capturing the yield stress
and plastic viscosity differences stemming from the proportionality between metakaolin
and limestone, which have opposite impacts on the adhesive properties [74]. Equation 4.2
defines MK/LS based on the masses (m) of the constituents and their specific gravities

(SG):

MK _ mMK/SGMK

L_S N mLs/SGLS (42)
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A volumetric proportion was chosen, instead of mass, to compare the importance

of this variable with solid volume concentration.

The solid volume concentration (@) and the total particle density (TPD) were
incorporated into the model as they have been understood to be of paramount importance
for mediating the extent of particle-particle interactions. Consequently, they govern the
early yield stress of cementitious materials [114, 118]. TPD was estimated based on ® and
average particle size (d) of the mineral components (Table 3.1).

(8Gopc X Mope + SGyx X Myg + SGrs X Mg + SG; X mg) X w/s

D= (1+ Se. )t (43)

TPD = CD X d_3 = CD X (QOPC X dOPC + ¢MK X dMK+ ®LS X dLs)_g (44)

Finally, K was used to represent the packing of each mixture, which influences the
rheology of cementitious materials [75, 119, 120]. K is a unitless parameter, and it was
used to represent initial (unhydrated) particle packing in the ML model. It was calculated

according to Equation 4.5 as a function of volume of each grain class (yi), packing density

of each class (f3;), virtual packing density of each grain class (y;) and ® [120]:

- yi/Bi
k= z 1 1 (4.5)
=1 Yi

1

In calculations, f3; was kept constant at 0.74 [121]. Accordingly, a higher K

corresponds with a stiffer mixture [116, 119, 122, 123]. A Python script was used to

calculate the value of K [119, 122], which varied with respect to changes in w/s, PC:MK:LS
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and limestone particle size. The influence of added gypsum content - from 0 to 7% - on
packing and TPD were neglected owing to its relatively low proportion (variation in @ <
1% by added gypsum) and chemical significance rather than contribution to packing for

LC? [30, 33, 41, 86].

To quantify the relative importance of these five predictors for the rheological
properties of LC3, stepwise linear regression was implemented. In estimating the amount
of information loss by a model, the stepwise algorithm deals with the trade-off between
the fitting of training dataset and the complexity of the model. This algorithm performs a
greedy search over candidate models to make feature selection while trying to minimize

the information loss, in other words, AIC criterion (Eq. 4.6) [97]:

n
AIC = nlog Z(Yi““”al — Y042 —nlogn + 2k (4.6)

i=1

After determining the significant predictors for the LC? yield stress and plastic
viscosity based on the stepwise regression, a Support Vector Regression (SVR) model was
built using gaussian kernel, which maps the data to an infinite-dimensional space to make
accurate predictions (Eq. 4.7). The choice of SVR was motivated by its ability to capture
nonlinearity while achieving excellent generalizability [124]. The cost (C) and gamma ()
hyperparameters were tuned with cross-validation on the training set to avoid overfitting.
Also, to overcome overfitting only the statistically significant predictors identified by
stepwise regression were used in the SVR model. RMSE was reported as the SVR model
performance based on the testing set. It should be noted that prior to building stepwise

regression and SVR models, all variables were standardized to achieve comparable scales,
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meaning that each data point was subtracted from its mean and divided by its standard

deviation.

K(x,x") = exp (=yllx —x'lI?) (4.7)

The original dataset of 48 yield stress and plastic viscosity observations (i.e., the
response variable) was split to training (75%) and testing (25%) sets. Using Monte Carlo
Cross-Validation algorithm with 100 computations, the model performance metric root
mean squared error (RMSE) (Eqg. 3.3) was calculated from the average of the 100

computations.

Recently, the predictive capability of SVR algorithm for predicting the compressive
strength of concrete and the hydration product stiffness was demonstrated in [125] and
[126], respectively. These references also provide an overview about machine learning
algorithms, including SVR, which the reader is referred to for further detail on this

methodology.

4.4.2 Kernel smoothing for isothermal calorimetry data

Recently, it was shown [110] that the yield stress of cement pastes can be related
to their time-dependent heat flow, measured by isothermal calorimetry. Mantellato et al.
[110] demonstrated that the yield stress of PC pastes is nearly constant during the induction
period but exponentially increases during the acceleration period which is associated with
an increase in the rate of heat release. The moment of this transition from the induction
period to the acceleration period is called the “onset of acceleration.” This moment of

transition was also observed in [127], where this feature was attributed to the initial setting
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time of the PC studied. Because of these observed correlations between yield stress and
heat release in PC, in this research it is hypothesized that the initial yield stress of LC3, a
PC-based binder, measured prior to acceleration period can be estimated by the heat release
at the onset of acceleration period. This heat release will be referred as “onset heat”, and

its time of occurrence will be referred as “onset time”.

However, the variability in duration of the induction period of plain cement pastes
(i.e., those not including any retarders or superplasticizers) is quite narrow due to the
stagnant chemical reactivity of the system [128], and the exact time when the acceleration
begins is not easy to define precisely. For instance, the approach in [110] required time-
dependent spread diameter measurements in addition to calorimetry data to estimate the
onset heat. The authors did not attempt to identify the onset heat only from the calorimeter
data because it could not be distinguished from the portlandite precipitation around the

onset time, which was observed as a small hump.

To simplify the experimental approach (avoiding time-dependent spread diameter
measurements) for identifying the onset heat and onset time, this research proposes a kernel
smoothing method to determine these parameters only based on calorimetry data. The
approach uses the Nadaraya-Watson estimator (NW) [97], which enables derivatives to be
calculated. This is helpful for assessing time-dependent change, such as in calorimetry. The
NW predictions of the heat flow for the first 24 hours of hydration were constructed

following the methodology described in previous chapter.

From the time derivatives of the NW heat flow predictions, the onset time was

considered as the earliest time when the time derivative equals zero before the acceleration
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starts (Figure 4.1). The onset heat is the (measured) rate of heat release corresponding to
this onset time. A small hump related to portlandite precipitation can be distinguished as a
spike in the time derivative data [129] around the onset, but this feature was not observed
in any of the LC® formulations tested. Based on two replicates for each mixture, averages
of the onset heat and onset time were reported. Considering all the mixtures, the RMSE of
heat flow predictions by the NW was found to be less than 0.82 mW/g. The coefficients of

variation for the onset heat and onset time were less than 6.9% and 4.9%, respectively.
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Figure 4.1 - lllustration of the Nadaraya-Watson kernel estimate used to predict the
heat flow parameters for 55:22.5:22.5-0.75-L.3-G2 such as rate of heat release during
the induction period. Top figure shows the predicted heat flow, and the bottom
figure shows the time derivative of the heat flow.

45 Results and Discussion

Composition versus yield stress and plastic viscosity linkages were established for
each compositional variable investigated (i.e., PC:MK:LS, limestone particle size, w/s,
added gypsum content). Significant variables related to composition were identified

through a stepwise regression algorithm, and then the yield stress and plastic viscosity were
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modeled with SVR. The influence of the LC3 composition on the hydration kinetics was
explored through the variations in the onset heat, which was determined via the NW kernel
smoothing method, as previously described. The correlation between the onset heat and the
yield stress of LC? are established; those results and limitations in this correlation will be

discussed herein.

4.5.1 Composition- rheology linkages

45.1.1 Solid volume concentration

The influence of compositional variables on the rheological properties of LC2 can
be examined in Figure 4.2, showing the relationship between the solid volume
concentration and the yield stress (Figure 4.2a) and the plastic viscosity (Figure 4.2b). Red
dashed circle on Figure 4.2 indicates the pastes including L15 with varying added gypsum
content. Conventionally, yield stress and viscosity increase with solid volume
concentration, not only for cement suspensions but also for other suspensions composed of
alumina and chocolate, for example [130-133]. Likewise, here, yield stress and plastic
viscosity increase with decreasing w/s, for each PC:MK:LS examined at a given limestone
particle size. These paste yield stresses and plastic viscosities range from 41 Pa to 799 Pa
and from 0.1 Pa.s to 3.3 Pa.s, respectively. The only exception to this trend is the 3% higher
yield stress — within the standard deviation — achieved with 55:22.5:22.5 including L25 at
w/s of 0.60 (solid volume concentration of ~0.37) than the yield stress of the same

formulation prepared with w/s of 0.55 (solid volume concentration of ~0.39).

Moreover, at constant solid volume concentrations, a higher yield stress and plastic

viscosity are observed with finer limestone (L3), compared to L15 or L25. Remarkably,
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the greater yield stress and plastic viscosity measured in systems incorporating higher
metakaolin contents can be counteracted by using a coarser limestone particle size. For
instance, at constant w/s of 0.75 (solid volume concentration of ~0.32), the LC? formulation
with the lowest MK content (55:15:30) but including the finest limestone (L3) achieves
27% higher yield stress and 29% plastic viscosity than a higher MK mix, with coarser
limestone (i.e., 55:22.5:22.5 including L25). This emphasizes the interplay between
various compositional parameters, which complicates the predictions of rheological

parameters for LC3.

While the rheological properties of PC-based blends such as PC-fly ash or PC-
limestone binders are well-predicted with one compositional variable such as particle
number density [113, 133], predicting the yield stress or plastic viscosity of LC®
successfully with a similar approach is not possible. The complex mineral components of
LC® with their disparate characteristics complicate the intuitive development of such
relationships [74, 133]. This challenge motivates the data analytics approach (discussed
Section 4.5.2), which uses a multitude of compositional variables in predicting the

rheological properties of LC3.
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Figure 4.2 - Relationship between the solid volume concentration and the yield
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limestone particle sizes are represented with different colors and marker styles. The
influence of the added gypsum content on the yield stress and plastic viscosity of
55:30:15 including L15 is indicated by the red dashed circle.

45.1.2 Importance of metakaolin content
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As expected, the metakaolin fraction in the LC® formulation has a significant
influence on the yield stress and plastic viscosity. At constant w/s, increasing metakaolin
fraction results in greater yield stresses and plastic viscosities (Figure 4.3). For instance, at
a constant w/s of 0.70 (solid volume concentration of ~0.34) and constant limestone
particle size of L15, the yield stress of the 55:30:15 paste is 578 Pa, which is 84% higher
than 55:22.5:22.5 and 367% higher than 55:15:30. Even larger increases in yield stress
with increasing MK fraction are observed at higher w/s. For example, for w/s of 0.75, the
yield stress of the 55:30:15 paste is 412 Pa, or 114% higher than that of 55:22.5:22.5. In
fact, this effect of MK content on yield stress is greatest for the highest w/s investigated
(0.80) with a 119% increase compared with 55:22.5:22.5 at that w/s. However, this trend
for yield stress was not systematic with other limestone particle sizes (i.e., L3 or L25) and

for plastic viscosity.

The influence of the metakaolin fraction on yield stress at these relatively higher
wi/s may be due to the variations in zeta potential of the system, which is dominated by the
calcined kaolinite content in LC23 systems [73]. On the other hand, interparticle contacts,
another main driving force for the yield stress, diminish with increasing water content due
to increasing distance between particles. To examine trends with interparticle contact,
Table 4.2 summarizes packing index for each paste and shows a decreasing packing index
with increasing w/s. Therefore, the role of electrostatic interactions on LC? yield stress
could be more significant at relatively higher w/s than it was at relatively lower w/s, where
yield stress is likely to be governed more by the interparticle contacts [132]. In the context
of the ML model presented in this study, this hypothesis implies increasing significance of

the MKJ/LS with increasing water content.
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added gypsum content (2% by mass of total solid) are constant in these pastes.
Error bars indicate one standard deviation measured for each formulation.

Table 4.2 - Packing indexes (K) calculated for LC3 pastes with varying PC:MK:LS
at different w/s ratios.

Limestone  Added

PC:MK:LS particle gypsum w/s K
size (wt. %0)
55:30:15 L15 2 0.65 0.82
55:22.5:22.5 L15 2 0.65 0.83
55:15:30 L15 2 0.65 0.84
55:30:15 L15 2 0.70 0.75
55:22.5:22.5 L15 2 0.70 0.76
55:15:30 L15 2 0.70 0.77
55:30:15 L15 2 0.75 0.70
55:22.5:22.5 L15 2 0.75 0.71
55:15:30 L15 2 0.75 0.72
55:30:15 L15 2 0.80 0.65
55:22.5:22.5 L15 2 0.80 0.66
55:15:30 L15 2 0.80 0.67

45.1.3 Importance of limestone particle size

Yield stress and plastic viscosity increase with decreasing limestone particle size,
when other compositional variables, such as added gypsum content and w/s, are constant.
That is, for each PC:MK:LS, LC3 yield stress and plastic viscosity values follow this trend:
L3 > L15 > L25 (Figure 4.4). Intuitively, this is related to increased packing due to the
“filler effect,” induced by substituting larger cement grains with smaller and substantially

less reactive L3 [9, 26]. However, when the K values (Table 4.3) are compared, it is
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observed that the variations in yield stress with limestone particle size (> 42%) and in
plastic viscosity (> 32%) are much greater than the variations in K (< 6%), suggesting that
a different mechanism than packing — the fineness or surface area of the limestone — also

plays a role in determining the rheological properties.

Another key observation from Table 4.3 is slightly higher K is achieved with L15,
compared to L3 and L25, for a constant PC:MK:LS. Nevertheless, the yield stress and
plastic viscosity are higher for each paste composition when L3 is used, relative to these
parameters for pastes containing L15 or L25. This trend suggests that the impact of
increasing fineness prevails over changes in packing, for a given water content and paste
composition. This relationship agrees with other studies that relate the higher yield stresses
and plastic viscosities achieved with finer particles to increasing specific surface area and

water demand of the system, dominating the influence of packing [85, 113, 133, 134].

It is also worth noting that the increase in the yield stress when L3 substitutes for
L15 or L25 is stronger for mixes incorporating relatively higher limestone contents. To
illustrate, at w/s of 0.75, the 55:30:15 paste including L3 achieves a 585 Pa yield stress,
which is 42% higher than the same paste with L15 and 67% higher than the one with L25.
On the other hand, at a higher limestone content paste with 55:22.5:22.5 proportionality,
the yield stress is 310 Pa with L3, which is 60% higher than L15 and 115% higher than
L25. In the paste with the highest limestone fraction (i.e., 55:15:30) with L3, the yield
stress is 112% and 214% higher than with L15 and L25, respectively. The increasingly
higher yield stresses achieved with L3 in comparison to L15 and L25 with increasing

limestone content suggests that the extent of the effect of the limestone particle size on the
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yield stress is mediated by its content and is more pronounced for higher limestone

formulations.

The joint influence of limestone content and particle size observed for the yield
stress is not effective for the plastic viscosity. For instance, the 55:30:15 paste including
L3 at w/s of 0.75 achieves a 1.6 Pa.s plastic viscosity, which is 60% higher than the one
with L15. However, in the paste with the highest limestone content (55:15:30), L3 achieves
only 38% higher plastic viscosity than L15. Therefore, it can be concluded that while the
MKJ/LS and limestone particle size can jointly influence the yield stress, this combined

effect does not exist for the plastic viscosity.
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constant w/s of 0.75. Error bars indicate one standard deviation measured for each
formulation.

Table 4.3 - Packing indexes (K) calculated for LC? pastes influenced by PC:MK:LS
and limestone particle size at constant w/s of 0.75.

Limestone  Added

PC:MK:LS particle gypsum w/s K
size (wt. %0)
55:30:15 L3 2 0.75 0.69
55:30:15 L15 2 0.75 0.70
55:30:15 L25 2 0.75 0.68
55:22.5:22.5 L3 2 0.75 0.69
55:22.5:22.5 L15 2 0.75 0.71
55:22.5:22.5 L25 2 0.75 0.68
55:15:30 L3 2 0.75 0.68
55:15:30 L15 2 0.75 0.72
55:15:30 L25 2 0.75 0.69

45.1.4 Importance of added gypsum content

Figure 4.5 shows that the added gypsum content is a major determinant of LC3 yield
stress and plastic viscosity. Notwithstanding the early age of hydration; the effect of
gypsum on the rheological properties of LC2 has not been previously examined. Yield
stress and plastic viscosity decrease with increasing gypsum content, from 0 to 5% added
gypsum. These results are statistically significant, since both the yield stress and plastic
viscosity differences are outside the standard deviation range. For instance, when no
gypsum is added, the yield stress of the 55:30:15 paste including L15 at w/s of 0.75 is 477

Pa, which is 54% higher than that achieved with 5% added gypsum. However, increasing
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the added gypsum content from 5% to 7% does not create a statistically significant

difference — within the standard deviation — on the yield stress.

This effect of the added gypsum on the rheological properties of LC® can be
explained by the influence of gypsum on early hydration. First, there is a minor effect of
decreasing PC and metakaolin fractions. More importantly, the early reaction of alumina
from metakaolin and calcium aluminate phases present in PC (such as C3A) are more
controlled in the presence of gypsum. These reactions lead to ettringite precipitation instead
of rapid formation of calcium aluminate hydrates, which occurs when there is not enough
gypsum in the system [30, 86]. It should be noted that the plastic viscosity is more sensitive
to the changes in added gypsum content than the yield stress. For instance, increasing the
added gypsum content from 0 to 5% decreases the plastic viscosity 57%, whereas the yield
stress decreases by 35%. The diminishing effect observed with further additions of gypsum
(i.e., beyond 5% by mass) on both the yield stress and plastic viscosity implies that this
optimal sulfate balance is reached at approximately 5% added gypsum content, for the LC®
systems examined. However, for Al203/SOs between 11% and 4%, yield stress and plastic

viscosity of LC? vary significantly.
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4,5.2 Statistical Analysis and Modelling Results

The stepwise regression algorithm is preferred for this investigation because it can
perform variable selection and can produce interpretable models [97]. Stepwise regression
predicted the yield stress and plastic viscosity with RMSE of 97.66 Pa and 0.472 Pa.s,
respectively. Using the variables chosen by the stepwise regression, SVR significantly
improved the accuracy and predicted these properties on testing set with RMSE of 59.14
Pa and 0.278 Pa.s, respectively. By achieving significantly better accuracy with this
machine learning model, the importance of SVR to make accurate predictions for LC?

rheological properties is evident.

The regression models demonstrate that both the yield stress and plastic viscosity
of LC? increases with increasing packing index (K), Al,0s/SOs, total number of particles
per unit volume of the binder (TPD). However, solid volume concentration is not chosen
by the algorithm. This demonstrates that solid volume concentration alone is an
oversimplified representation of the microstructure. Because solid volume concentration
does not account for variations in the solid skeleton originating from the various sizes and
reactivity of mineral components, the complexities in the mineral system most influencing
yield stress are not considered in simplified approaches relying on quantifications of solid

content alone.

It should be noted that variations in w/s did produce a wide range in packing indices
for the LC2 formulations examined. These were calculated to be between 0.63 and 1.02,
with relatively more dilute pastes characterized by lower K [120]. However, for a given

w/s, K differs only up to 6% with different limestone particle sizes or PC:MK:LS, as
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illustrated in Table 4.3. The ML model specifies that to modify the yield stress for a given

water content, LC3 composition should be varied by its TPD, Al,03/SOz and/or MK/LS.

Both LC? paste yield stress and plastic viscosity increase with increasing K, Al,03/SOs3
and TPD (Table 4.4 and 4.5). The most significant variable affecting both properties is K,
deduced from its highest standardized coefficient. Packing index K increases with
decreasing w/s, resulting in stiffer pastes with higher yield stress and plastic viscosity. The
reason for the solids fraction not being selected by the models can be explained by its
inability to represent the variations in the solid skeleton, which derive from the various
sizes and reactivity of mineral components present in LC3. However, the variations in
rheological properties for a given water content could not be explained by K because it
varied only up to 6% by various LS particle sizes and PC:MK:LS. These variations could
be captured, instead, by other model variables such as Al,03/SOs and TPD, which increase
with increasing MK fraction and LS fineness. On the other hand, decreases in yield stress
and plastic viscosity achieved with increasing gypsum may be due to improvements in the
sulfate balance of the system (i.e., decreasing Al>03/SO3), avoiding the rapid precipitation
of calcium aluminate hydrates. This ML models elucidates the diversity of mechanisms
through which the MK component dominates the rheological behavior of LC3, both directly

and through its interactions with the other mineral constituents.
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Table 4.4 - The selected model variables, standardized coefficients, and p-values for

yield stress
Model variables Standardized coefficient p-value
K 163.7 7.2%10°1
Al203/S0O3 89.5 0.01
TPD 81.2 1.0*10°®
MKI/LS 68.8 0.01

Table 4.5 - The selected model variables, standardized coefficients, and p-values for
plastic viscosity

Model variables Standardized coefficient p-value

K 0.7 1.9*101

Al;03/SO3 0.6 3.3*107
TPD 0.3 5*10%

4.5.3 Relationship between heat release and yield stress

To further explore the mechanisms relating LC® composition to yield stress,
calorimetry was performed on the same paste compositions. Relationships between
composition and onset heat and onset time, as described in Section 4.4.2, are examined.
Different from [110], where yield stress evolution of PC-based pastes over a period of time
was correlated to their time-dependent heat flow, this study focuses on the relationship
between the onset heat at the end of the dormant period and the initial yield stress within

the dormant period.

45.3.1 Composition-onset heat linkages
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Increasing metakaolin fraction increases the onset heat (Figure 4.6a). This direct
proportionality indicates intensified chemical reactivity, related to early formation of
hydrated phases such as nanoscale C-(A)-S-H [21, 135, 136]. However, this effect of MK
on the onset heat is not as pronounced as its effect on yield stress. To illustrate, increasing
the metakaolin fraction from 15 to 30% by mass in the w/s of 0.65 LC?3 formulation
corresponds to a maximum increase of ~19% in the onset heat, whereas the yield stress
increases by ~305%. As discussed previously (Section 4.5.1.2), flocculation with
increasing metakaolin evidently has greater influence on the yield stress than the onset

heat.

Conversely, variation in w/s between 0.65 and 0.75 did not influence the onset heat,
particularly in comparison to changes in the yield stress. For instance, decreasing w/s from
0.75to 0.65 does not bring about a significant change in the onset heat of 55:15:30, whereas
the yield stress is enhanced by ~123%. A reduction in water content translates to a higher
K (Table 4.2), which is the most significant variable identified by the stepwise model for
LC? yield stress. Therefore, these results show that LC? packing within w/s range between

0.65 and 0.75 does not strongly relate to onset heat.

However, incorporating a finer limestone particle size (L3) greatly increases the
onset heat, as observed from Figure 4.6b. This is likely due to the accelerated and enhanced
nucleation of hydration products on the additional surface area provided [9, 26] . This
increase in the onset heat by replacing L25 with L3 is the greatest (~57%) for the paste
with the highest limestone fraction, 55:15:30, showing similar dependency on limestone
content observed with the yield stress (Section 4.5.1.3). Furthermore, among all

compositional modifications considered in Figure 4.6, the onset heat is most impacted by
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the incorporation of L3, producing increases of ~35% to ~57% compared to mixtures with
L15 or L25 (for all proportions, w/s, and gypsum content), suggesting the significance of
accelerated early product nucleation on onset heat. This is supported by the relationship in
Figure 4.7, where an excellent linear fit (R? of 0.916) is found between the estimated TPD

and the onset heat.

Increasing gypsum addition produced decreases in the onset heat, ranging from
~3% to ~18% with increasing additions of gypsum up to 7% by mass (Figure 4.6c). The
effect on onset heat occurs to a relatively lesser extent than the similar trend for changes in
yield stress (which ranged from ~14% to ~39%). These results also contrasts with the
findings from [33] that demonstrated increasing heat release around the onset time, with
added gypsum for LC? pastes. However, diminishing heat release during the induction
period by adding gypsum was observed for alite samples tested in the same research group
[29]. On the basis of these observations, it is proposed that decreasing PC content, thus
decreasing alite, and metakaolin fractions with increasing added gypsum content in the
binder results in less chemical reactivity during the induction period for the LC® pastes.
The discrepancy between these results and those from [33] could be due to the differences
in PC and gypsum compositions, and the w/s used. Therefore, further investigation is
needed to reconcile these variations, but these results further highlight the complexities in
the extension of working knowledge from PC directly to LC® systems, as well as the

inherent increased complexity of LC? systems.
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45.3.2 Onset heat-vield stress linkages
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Figure 4.8 shows a correlation between LC? yield stress and onset heat for pastes
with L15 and L25, suggesting that the nucleation effect observed for the finest limestone
particles (L3) significantly influences this relationship. That is, while no meaningful fit is
found for all LC? pastes examined, a linear fit for LC? pastes including only the L15 and
L25 limestones achieves an R? of 0.712. A separate linear fit with the LC? pastes including

L3 achieves an R? of 0.8009.

This difference between the two trends mainly results from the greater impact on
the onset heat by the acceleratory and nucleation effect of L3, as discussed previously in
Section 4.5.3.1. However, the influence of limestone particle size is less on the yield stress
compared to onset heat. In the context of ML model, the extent of the L3 nucleation effect
on LC3 yield stress is proportional to the increase in TPD, which is only one of the four
predictors identified by the stepwise regression (Table 4.4). However, variables other than
limestone particle size that are relatively less impactful for onset heat can be relatively
more impactful for LC? yield stress. For example, variations in the MK fraction influence
yield stress by changing not only TPD, but also changing Al>03/SOz and MK/LS. This can
be further illustrated by considering the yield stress and onset heat variations observed in
the 55:15:30 paste including L15, when L15 is replaced by L3 or when MK fraction is
increased from 15% to 22.5% at w/s of 0.75. For instance, replacing L15 by L3 increases
the onset heat and yield stress by 43% and 112%, respectively. However, when the MK
fraction is increased from 15% to 22.5%, the yield stress increases by 124% where the
onset heat increases only by 8%. Notably, this increase in yield stress is even more than

the increase observed when replacing L25 by L3 associated with a much lower increase in
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the onset heat. Thus, these observations demonstrate that yield stress is significantly more

sensitive to variations in LC® composition than onset heat.
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Figure 4.8 — Correlation between the onset heat and yield stress

This study quantified the influence of changes in w/s, metakaolin fraction, limestone

particle size and added gypsum content on LC? yield stress, plastic viscosity and onset heat.

Stepwise regression demonstrated that unlike in other PC-based binders (e.g., neat

portland, PC-limestone, PC-fly ash cements) where a single compositional variable can

largely capture variations on the rheological properties, with LC? four predictors — K,

Al>;03/SO3 TPD and MKJ/LS — are needed to make accurate predictions of yield stress and

plastic viscosity. This was accomplished through SVR. Also, the NW kernel smoothing

method was utilized to parametrize hydration kinetics obtained by isothermal calorimetry,
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which were then correlated to LC3 yield stress via the onset heat. However, yield stress was

more sensitive to LC®composition than onset heat.

Some key conclusions include regarding compositional effects on yield stress include:

Increasing metakaolin fraction increases the yield stress and plastic viscosity of LC3
and can result in greater variations on the yield stress at relatively higher w/s. This
suggests that electrostatic interactions are significant, especially for diluted
cementitious suspensions.

Use of fine limestone (L3) leads to higher yield stresses and plastic viscosities than
coarser limestone (L15 and L25) for each PC:MK:LS. As the limestone content
increases this effect is exacerbated for the yield stress but not for plastic viscosity.
As the added gypsum increases, yield stress and plastic viscosity decrease. This is
attributed primarily to changes in the sulfate balance of the system, where higher
gypsum contents inhibit the rapid formation of calcium aluminum hydrates. Also,

plastic viscosity is more sensitive to changes in sulfate balance than yield stress.

From the machine learning approach, these conclusions can be made:

The ML models (SVR) elucidated the diversity of mechanisms through which the
MK component dominates the rheological behavior of LC?, both directly and
through its interactions with the other mineral constituents. Accurate predictions
could be achieved with SVR for both the yield stress (RMSE = 59.14 Pa) and plastic

viscosity (RMSE = 0.278 Pa.s) of LC?.
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e The NW kernel smoothing method can be used to identify the heat flow parameters
such as the onset heat and onset time, as it enables time derivatives of the heat flow
data from the calorimetry to be calculated.

e Good correlations were found between onset heat and yield stress for pastes
including the coarser limestones L15 and L25 (R?=0.712) and L3 (R?=0.809). This
distinction with respect to limestone particle size originates from the acceleration
and nucleation effect introduced with the introduction of fine limestone particles
(L3).

e The MK fraction was found to influence yield stress more than onset heat. This was
related to increases not only in the TPD, but also to increases Al203/SO3 and

MKJ/LS, with increasing MK content.

The modelling results presented in this study can be used to tailor the yield stress and plastic
viscosity of LC? binders based on composition. Future work can extend these outcomes by

also considering the influence of chemical admixtures, such as superplasticizers.
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CHAPTER 5. RELATING LC® MICROSTRUCTURE, SURFACE
RESISTIVITY AND COMPRESSIVE STRENGTH
DEVELOPMENT

5.1 Introduction

Limestone calcined clay cements (“LC®’) have been identified as promising
sustainable cementitious binder compositions that can be used globally at an industrial
scale as an alternative to PC [13]. The appeal of LC? originates from the wide availability
of the relatively minimally processed minerals that substitute for cement clinker at a
relatively high rate, resulting in a binder composition which is lower in embodied energy
and embodied carbon dioxide than PC [8, 13, 34]. A typical LC? binder formulation
consists of 50% PC clinker, 30% calcined clay, 15% limestone and 5% gypsum, by mass
[8, 13, 34]. However, variations in these proportions and in the purity of the calcined clay

(i.e., kaolinite content) and limestone sources have been explored [33, 48, 137].

In addition to C-S-H formation due to cement hydration, compressive strength
development in LC® is dependent on the formation of C-(A)-S-H, ettringite and
carboaluminate phases [33, 48]. These phases form via multiple pathways, including the
pozzolanic reaction between metakaolin (calcined kaolinite) and portlandite — forming C-
(A)-S-H, and the reaction between metakaolin and limestone - forming
hemicarboaluminate [33]. Portlandite that forms with the hydration of alite and belite is
consumed in the pozzolanic reactions to form C-(A)-S-H and carboaluminates; therefore,
the presence of portlandite is proposed as the limiting factor for satisfactory microstructural

development of LC? [51].
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The relationships between microstructural development and the resulting gain in
mechanical property in LC3 are complex. Significant pore refinement occurs in LC?
incorporating calcined clay with high metakaolin content (> 65%) due to the metakaolin
reaction as early as 3 days of hydration, resulting in a pore threshold radius of ~10 nm [48].
This can reduce the degree of hydration of the clinker [48] since a higher saturation level
is needed for finer pores to accommodate the carboaluminate phases [48, 50]. Further,
Zunino and Scrivener [33] found that strength development is dependent on metakaolin
content up to 3 days of hydration, but is independent of metakaolin content by 7 days and
beyond. These findings imply that factors impacting early (< 7 days) and late strength (> 7
days) development of LC? are not the same. This makes prediction of the LC? strength
development a challenging task because the finer pore structure influenced by the

composition of LC? contributes to strength, while it may limit further hydrate growth.

Given the significance of microstructural development for strength gain,
quantification of these characteristics is desirable for assessing formulations and predicting
performance. Non-destructive, time-series measurements of surface resistivity have
emerged as an important tool to relate concrete composition to microstructure (and
compressive strength) development. In an early study by Nadelman and Kurtis [138],
different binary and ternary cement mixtures comprised of Type /Il ordinary PC, Type IL
blended cement, and two supplementary cementitious materials (SCMs) (i.e., an ASTM
C618 Class F fly ash and metakaolin) were produced. The authors were able to capture the
outset of pozzolanic reactions occurred by SCMs which is marked by a discernible slope
change in the surface resistivity curves, providing a semi-quantitative assessment of the

performance of different SCMs and the rate of the microstructural development of different
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cement mixtures. Ramezanianpour et al. [139] investigated the surface resistivity,
permeability and compressive strength development of 57 different concrete mixtures
including various supplementary cementitious materials (SCMSs), such as silica fume and
metakaolin, and found strong a logarithmic relationship between surface resistivity and
permeability for all concrete mixtures explored. This relationship was confirmed later in
another study including a wider range of SCMs, including metakaolin [140]. However,
despite that pore structure plays a significant role in both the surface resistivity and
strength, only a modest correlation (R? = 0.767) between these was observed for concrete
mixtures containing metakaolin [139], and the authors concluded that they could not
recommend surface resistivity measurements as a means of predicting strength. Recently,
Dhandapani et al. [63] compared surface resistivity of LC® with PC-fly ash and neat PC
binders. While the surface resistivity of LC® was found to be significantly higher than PC-
fly ash and PC binders due to extensive pore refinement, again, this study showed that the

variations in strength for all binders could not be well-explained by surface resistivity.

5.2 Research Significance

Although pore structure and interconnectivity are significant factors for both surface
resistivity and compressive strength, the relationship between these properties is difficult
to establish for LC® binders because they contain mineral components of varying
composition, size, solubility, and reactivity. Understanding of potential relationships
between surface resistivity and compressive strength development for LC? binders can be
useful in design guidance since both performance indicators are related to compositional
variables. Toward the goal of providing design guidance by relating the composition of

LC? binders to property evolution, the influence of metakaolin content, limestone particle
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size and gypsum content on phase assemblage, concrete surface resistivity and mortar

compressive strength is explored.

5.3 Experimental

5.3.1 Materials

PC, metakaolin, three limestone powders and gypsum used for this study were
introduced in previous chapter (Section 3.3.1). For the concretes, the coarse aggregate used
was a crushed granite with a maximum size of 19 mm and a specific gravity of 2.79,
whereas natural sand — with a fineness modulus of 2.4 and specific gravity of 2.62 - was

used as the fine aggregate. For mortars, graded standard sand was used [141].

5.3.2 Mix Design

Seven LC® formulations were investigated (Table 5.1) that vary in constituent
materials proportions and constituent particle size distribution. These formulations enable
comparisons to examine the influence of PC, metakaolin and limestone proportioning
(PC:MK:LYS) in the binder, as well as the limestone particle size and gypsum dosage (i.e.,
GO0, G2, and G5 representing the percent mass fraction), on surface resistivity and
compressive strength development. Specifically, 55:30:15 (L15-G0), 55:22.5:22.5 (L15-
GO0) and 55:15:30 (L15-G0) were compared to explore the influence of PC:MK:LS. The
effect of limestone particle size was elucidated with 55:30:15 (L3-G0), 55:30:15 (L15-G0)
and 55:30:15 (L25-GO0). Further, the influence of gypsum dosage was studied with

55:30:15 (L15-G0), 55:30:15 (L15-G2) and 55:30:15 (L15-G5).
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The water-to-solid (PC + metakaolin + limestone+ gypsum) ratio (w/s) used for the
mixes was 0.40 for both the surface resistivity and mortar strength experiments. This w/s
ratio of 0.40 was selected as it was proven to achieve satisfactory performance with LC®
and recommended for field applications [63]. Deionized (DI) water with a resistivity of
18.2 MQ was utilized for all paste samples (TGA samples) and mortar cubes. Tap water
was used for concrete mixtures. Superplasticizer (SP, BASF MasterGlenium 7920) was
added up to 1% by mass of binder to achieve sufficient workability for mortar and concrete
samples.

Table 5.1 - Experimental matrix, showing binder content by mass fraction and
superplasticizer content by weight of solids (PC+Metakaolin+Limestone+Gypsum).

55:22.5 55:1
Material  55:30:15  55:30:15  55:30:15  55:30:15  55:30:15 225 5:30
(L3-G0) (L15-GO) (L25-G0)  (L15-G2)  (L15-G5) (L15- (L15
G0)  -GO)
PC 55 55 55 53.9 52.25 55 55
MK 30 30 30 29.4 28.5 225 15
L3 15 - - - - - -
L15 - 15 - 14.7 14.25 225 30
L25 - - 15 - - - -
Gypsum - - - 2 5 0 -
Sp* 1 1 1 1 1 05 05
Water 202 202 202 202 202 202 202
(kg/m°)
Binder 504 504 504 504 504 504 504
(kg/m°)
Fine
aggregate 593 593 503 503 503 503 593
(kg/m?)
Coarse
aggregate 1031 1031 1031 1031 1031 1031 1031
(kg/m®)

*These superplasticizer (SP) contents were the same for mortar and concrete samples of
each formulation.

5.3.3 Analytical Methods
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Phase development was assessed by thermogravimetric analysis (Hitachi EXSTAR
TG/DTA 7300) performed on pastes prepared with w/s of 0.40 at 3,7 and 28 days (also the
testing days of strength). From the hydrated phases typically forming in LC3, it is known
that C-(A)-S-H and ettringite can be identified with their mass losses between 90-120 °C
[98] while the presence of carboaluminates can be confirmed with their decomposition
peak at ~140 °C [41, 44, 98]. Portlandite, as expected to form via the PC hydration,
decomposes between 400-470 °C [98]. Apart from these phases formed by hydration
reactions, gypsum and calcite can also be identified with their decomposition temperature
ranges between 140-160 °C [98] and 600-750 °C [44, 98], respectively. The samples for
thermogravimetric analysis (TGA) were cast in sealed bags until testing to avoid the
evaporation of water and carbonation and then were stored at room temperature (23+2 °C).
On each testing day, the samples were first crushed and ground to 600 um. The hydration
of ground samples was stopped by solvent exchange according to the procedure described
in [98] using isopropanol and diethyl ether under N2 atmosphere. The powders obtained
after the solvent exchange were sieved to 75 um, and 20 2 mg of fine powder was placed
in aluminum crucibles for analyses. The analysis was conducted by heating the sample
from 40°C to 1000°C at a rate of 10°C/min under N2 atmosphere with a flow rate of 100
cc/min. The portlandite content of the samples was calculated using the tangential method
and normalized to 100 g anhydrous cement as described in [98]. Also, the bound water was
quantified based on the mass loss between 40 °C and 550 °C [142]. The relative error of
the portlandite and bound water quantifications were +5% and £10%, respectively, [98,

143].

5.3.4 Testing
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Compressive strength development of the LC? formulations was investigated based
on 2-inch (50 mm) mortar cube specimens. Mortar was chosen instead of concrete for
strength experiments to minimize variability [144] and because they are already used in
standard specifications for assessing SCM performance, such as ASTM C618 [145].
Mortars with sand-to-cementitious materials ratio of 2.75 were mixed according to ASTM
C305 [92]. The admixture was stirred into the DI water prior to adding to the cementitious
materials. After mixing, the mortar cubes were molded according to ASTM C109 [71] and
then kept in a humidity chamber at 23+2 °C and 100% humidity for 24 h. After demolding,
the samples were cured in lime-saturated water (23+2 °C) until testing. The compressive
strength was measured after 3, 7, and 28 days of hydration with a loading rate between 900
to 1800 N/s according to ASTM C109 [71]. Six specimens were tested for each age, and

the average and standard deviation are reported.

Surface resistivity was measured on 4x8 in. (100 x 200 mm) concrete cylinders,
cured in lime-saturated water, using a four-probe Wenner array (Resipod 38 mm probe
spacing model, Proceq SA, Switzerland). The concrete cylinders were prepared according
to ASTM C192 [146]. All concrete mixtures included the same proportions of fine and
coarse aggregates, and with the binder composition (but not content) varying. On the
testing days, for each of the concrete cylinders, the surface resistivity was measured at four
longitudinal lines drawn that are located at 0-, 90-, 180-, and 270- degree points of the
circumference, corresponding to eight measurements in total (two measurements per line)
for each concrete cylinder (Please see Figure 1 in [147] for test setup). The measurements
were taken following the procedure described in AASHTO T358 [148] until 56 days of

hydration for three replicates of each set of samples. To take into account the limewater
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curing, the surface resistivities were multiplied by 1.1 per the requirement in AASHTO
T358 [148]. Hence, the average and the standard deviation of 24 measurements (eight

measurements per each of three replicates) were reported per day.

The surface resistivity and compressive strength results were also compared in
terms of the rate of change, in percentages, from 3 to 7 days (Az-74), and from 7 to 28 days
(A(7-284)). The purpose of this comparison was to investigate whether a correlation can be
established between the rates, as well as evaluating correlations between the absolute
values. This analysis was motivated by [147] where the authors compared the pozzolanic
reactivity of various candidate SCMs based on slope changes in time-series surface
resistivity measurements. For both strength and resistivity, the change over these periods
was calculated simply — based on average values of resistivity and strength -, as shown in

Equations 5.1 to 5.4:

SR at 7 days — SR at 3 days

A )= 1 A

(3-70) (%) 00 x SR at 3 days 1)

A %) = 100xSRat28 days — SR at 7 days 5

(7-28) (%) = SR at 7 days (5-2)

A %) = 100 X Strength at 7 days — Strength at 3 days 5 3

3-7a)(%) = Strength at 3 days 3)
Strength at 28 days — Strength at 7 days

A7-28a)(%) = 100 X (5.4)

Strength at 7 days
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To compare all LC® binders in terms of their microstructural development
decoupled from the influence of the pore solution, the formation factor (F) was calculated

using Equation 5.5:

F=—=— (5.5)

F is the ratio of pore solution conductivity (o) to bulk conductivity (cp), or the

ratio of bulk resistivity (pp) to pore solution resistivity (pp) [56]. Recently, water-filled

porosity and formation factor were found to have a strong relationship for PC, PC-fly ash
and LC? binders in which increasing the formation factor corresponded to lower water-
filled porosity [149]. To calculate the formation factor, the bulk resistivities were obtained
by dividing the surface resistivity with a geometric correction factor, 1.93 [140, 150], and
the pore solution conductivities were estimated using the approach developed at NIST,
which determines the pore solution conductivity as a function of the ionic concentration
(i.e.,, [Na'], [K'], [OHT]) and the degree of hydration [151, 152]. The pore solution
resistivities were calculated by taking the inverse of the pore solution conductivities [56].
Thereafter, bulk resistivities were divided by pore solution resistivities to calculate the

formation factors.

Some assumptions were needed to use this NIST tool for LC3. For instance, the
NIST tool does not take metakaolin and limestone fractions as inputs. Therefore, the
average alkali contents, Na;O and K.O (wt. %), were calculated based on the oxide
compositions of constituent materials (Table 3.2) for each mixture proportion (Table 5.1).

The calculated alkali contents were then introduced as those of LC2. Variations in the phase
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assemblage of LC® formulations that may originate from different PC:MK:LS, limestone
particle size or added gypsum were not considered by the NIST tool as impacting factors
for the pore solution conductivities. For instance, this approach neglected the potential
variations in the pore solution conductivity originating from varying amounts of C-(A)-S-
H, which can bind alkalis [68, 69], formed in LC? formulations. Instead, the assumption is
75% of alkali ions from LC? are released into the pore solution by 28 days of hydration
[152]. In addition, the degree of hydration values used as inputs were based on [48]. In this
study, the authors showed more than 65% calcined kaolinite content in the calcined clay,
the degree of hydration of PC clinker in LC? plateaus around ~72% by 3 days of hydration.
In the case of < 65% calcined kaolinite content in the calcined clay, the degree of hydration
increases from 70% to 90% depending on the calcined kaolinite content between 3 and 90
days. Table 5.2 shows the assumed degree of hydration inputs used to estimate the pore
solution conductivities (S/m) for each formulation. A sensitivity analysis was performed
to quantify the influence of LC3 reaction (i.e., degree of hydration) on formation factor; by
varying degree of hydration by 10%, a maximum of 4% variation in the formation factor

values resulted.
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Table 5.2 - The degree of hydration inputs assumed for each LC? formulation based
on [48]. Effects of limestone fineness and gypsum dosage on the degree of hydration
were assumed as negligible.

Age

Mix ID

1d 3d 7d 28d 56d
55:30:15
(L3-GO) 0.60 0.74 0.74 0.74 0.74
55:30:15
(L15-G0) 0.60 0.74 0.74 0.74 0.74
55:30:15
(L25-G0) 0.60 0.74 0.74 0.74 0.74
55:30:15
(L15-G2) 0.60 0.74 0.74 0.74 0.74
55:30:15
(L15-G5) 0.60 0.74 0.74 0.74 0.74
55:22.5:2
25(L15- 0.56 0.70 0.76 0.78 0.78
GO0)
55:15:30
(L15-GO0) 0.58 0.72 0.77 0.81 0.81

5.4 Results

The relationship between concrete surface resistivity and mortar strength
development was explored, to develop understanding useful for developing LC? binder
compositions with desired performance. The compositional variables explored in this study
were PC:MK:LS, limestone particle size and added gypsum content. Other factors (e.g.,

wi/s, aggregate fraction, curing) were kept constant. The phase assemblage of LC? binder
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compositions was measured at 3, 7 and 28 days, quantifying the portlandite consumption

and bound water evolution.

5.4.1 Influence of PC:MK:LS

Figure 5.1 presents the phase assemblage of three LC? formulations, which were
produced with the same limestone particle size but varying metakaolin and limestone
contents. By 28 days of hydration, the phase assemblages for three LC2 formulations —
55:30:15, 55:22.5:22.5, and 55:15:30 — are similar (Figure 5.1) and include C-(A)-S-H,
ettringite, hemi- and monocarboaluminate phases, portlandite and calcite. The mass losses
between 40°C and 550 °C due to the evaporation of bound water are also similar for all
mixes, at ~15%, further indicating that no significant difference between the amount of
hydrated phases formed in these mixes at 28 days. Hence, the highest mass loss in total
observed with 55:15:30 is not because of the differences in the amount of hydrated phases

but due to its higher calcite content than other formulations.

The formation of the hydrated phases, in similar amounts, despite the changes in
PC:MK:LS support the results from [47] showing no significant differences in the total
volume of hydrates at 28 days of hydration resulting from the changes in metakaolin
fraction. This phenomenon can be attributed to varying mechanisms for the formation of
C-(A)-S-H, ettringite and carboaluminates. For instance, it has been understood that
increasing the metakaolin fraction enhances the C-(A)-S-H formation at the expense of
portlandite, while the formation of carboaluminates increases until 50% calcined kaolinite
by mass in calcined clay [47-49]. Thus, the mix (55:30:15) incorporating highest

metakaolin content is likely to have formed more C-(A)-S-H but less carboaluminates
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compared to other mixes at 28 days. This is supported through XRD analysis with Rietveld
by Avet et al. [47] and by thermodynamic simulations [153] of similar LC? blends. On the
other hand, ettringite formation is mainly dependent on the sulfate content of the mix [47,
50], which is the same for the mixes displayed in Figure 5.1. Therefore, it can be argued
that the variations in the C-(A)-S-H and carboaluminates contents were too subtle to create

significant differences in the TGA results.
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Figure 5.1 - DTG and mass loss of LC? at 28 days of hydration influenced by
PC:MK:LS.

The surface resistivity development was enhanced after 3 days and was directly
correlated to the metakaolin content until 7 days (Figure 5.2); it is difficult to draw strong
conclusions because of the closeness of the measurements. For example, 55:30:15 (L15-
GO0) achieves 40 kQ-cm surface resistivity, whereas 55:22.5:22.5 (L15-G0) and 55:15:30
(L15-GO) achieve 37 and 33 kQ-cm surface resistivity, respectively at 7 days. This

difference may be related to early pore refinement that depends on the metakaolin content
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[48]. Overall, after 28 days, any differences in the surface resistivity among these are subtle

and fall within the standard deviation range of the measurement.
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Figure 5.2 - Surface resistivity development of LC?3 mixtures influenced by
PC:MK:LS. Inset shows the results until 7 days of hydration.

The compressive strength development of these three formulations at 3, 7 and 28
days increased with metakaolin fraction, with the mixture with the highest MK content
55:30:15 (L15-GO0) achieving the highest strength. This shows that increasing metakaolin
fraction enhanced both the strength development and surface resistivity until 7 days. After
7 days, while surface resistivity was not significantly influenced by the metakaolin fraction,
strength was still enhanced by incorporating more metakaolin. To illustrate, by 28 days of
hydration 55:30:15 (L15-GO0) achieves 55.3 MPa compressive strength, which is 9% and
15% higher than 55:22.5:22.5 (L15-G0) and 55:15:30 (L15-GO0), respectively. The
differences in 3-day and 28-day strength between 55:22.5:22.5 (L15-G0) and 55:15:30

(L15-G0) fall within the standard deviation range. It should be noted that the phase
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assemblage of these formulations (Figure 5.1) showed no significant differences.
Therefore, the differences in strength were likely related to physical microstructural

differences such as pore structure.

To better understand the rate of change in strength and surface resistivity in these
formulations with time, Table 5.3 shows the changes in each between 3 and 7 days (Asz-7q)
and between 7 and 28 days (A7-284). Surface resistivity manifests greater changes in both
A(z-7d) and A(7-284) than strength, implying that it is more sensitive to the changes in
microstructure with hydration. (This phenomenon will be revisited in Discussion section
4.3). However, the rate of change in strength and surface resistivity did not increase with
increasing metakaolin fraction. In fact, the highest A(3-74) and A(7-284) in surface resistivity
was also the highest A(7-28q) for strength and was achieved by the mixture with the lowest
MK content 55:15:30 (L15-G0). This can be due to relatively higher degree of hydration
of clinker reached with this mixture by 28 days (Table 5.2). Further, these results show a
stronger correlation between surface resistivity and compressive strength development
from 7 to 28 days, compared to results from 3 to 7 days, for LC® with varying metakaolin
contents. Overall, these results show that surface resistivity provides an earlier indication

of microstructural densification in these mixes than compressive strength.
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Figure 5.3 - Compressive strength development of LC?3 mixtures influenced by
mixture proportioning.

Table 5.3 - Percentage (%) change in surface resistivity and compressive strength of
L C? mixtures with varying PC:MK:LS between 3 and 7 days and 7 and 28 days.

Surface resistivity (% Compressive strength (%
Mix ID change) change)
A(3-7d) A(7-28d) A(3-7d) A(7-28d)
55:30:15 (L15-G0) 393 247 73 16
55:22.5:22.5 (L15-G0) 511 307 86 16
55:15:30 (L15-G0) 528 346 71 23

5.4.2 Influence of limestone particle size

The hydration products identified in LC® mixes with varying limestone particle
sizes (Figure 5.4) were identical among the mixtures and included C-(A)-S-H, ettringite,
carboaluminates, portlandite and calcite at 28 days of hydration. The mass loss until the
temperature associated with the onset of portlandite decomposition, between 40°C, and
400 °C, indicated the total amount of C-(A)-S-H, ettringite and carboaluminate phases. Up

to this range, L25 showed a slightly lower mass loss (~0.5%) — within the standard
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deviation range - compared to L3 and L15. However, no significant difference in the total
amount of hydrated phases — mass loss between 40°C and 550 °C — among the three
limestone particle sizes was observed. Moreover, no systematic dependency is found
between portlandite or bound water contents and limestone particle size on other ages of
testing (i.e., 3 and 7 days). While acceleration in hydration due to the nucleation effect may
have been expected for the finest L3, any effects on hydration product formation could not
be discerned by TGA. It is possible that the limestone size range tested (Table 3.1) is not

be varied enough to demonstrate a measurable nucleation effect through TGA [154].
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Figure 5.4 - DTG and mass loss of LC? at 28 days of hydration influenced by
limestone particle size.

Figure 5.5 shows the surface resistivity development of LC? formulations including
the different limestone particle sizes. The surface resistivity of all mixes was enhanced
after 3 days of hydration, with the steepest slope observed by the concrete with the finest
limestone size, L3, resulting in significantly higher resistivities at all ages than L15 and

L25. For instance, by 28 days hydration, .3 achieves 182 kQ-cm 23% and 31% higher than

126



that achieved by L15 and L25, respectively. This difference could result from filler and
nucleation effects created by L3, leading to denser packing, accelerated precipitation of
hydration products (e.g., C-(A)-S-H) and a resulting more disconnected pore structure
compared to L15 and L25 [9, 25, 26, 52]. However, as observed in Figure 5.5, no
significant difference in the total amount of hydrated phases was found when comparing
L3 with L15 and L25 at 28 days. This observation suggests that the filler effect is the more
prevalent influence on surface resistivity development for fine limestones and that the
nucleation effects, if present, are less significant. Similarly, relatively poor packing — and
thus higher porosity, at least initially — could have contributed to the lower surface

resistivity measured for the coarsest limestone in 55:30:15 (L25-GO0) [58].
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Figure 5.5 - Surface resistivity development of LC? mixtures influenced by limestone
particle size.

The compressive strength development of LC® mortars with varying limestone

particle sizes is presented in Figure 5.6. It appears that decreasing the limestone particle
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size increases early strength, potentially up to a 7-day strength. For instance, 55:30:15 (L3-
GO0) achieves 33.7 MPa at 3 days, which is 18% and 19% higher than that achieved with
L15 and L25, respectively. However, the effectiveness of limestone particle size appears
to decrease by 28 days similar to the findings from [58]. By 28 days, the compressive
strength varies by only 4% to 8% when comparing L3 and L25 to L15, respectively. In
other words, the filler effect from L3 could not be distinguished by the compressive
strength at 28 days, contrary to the distinction observed by surface resistivity. That is, the
microstructural differences manifested by particle size effects were more evident through
surface resistivity testing than through compressive strength. Further evidence of this,
through the use of estimated formation factors, will support this hypothesis (see Discussion

section).

The mixtures 55:30:15 (L3-G0) exhibited the highest increase in surface resistivity
from 3 to 7 days of hydration (Table 5.4), which might be linked to the filler effect observed
with L3, resulting in a denser microstructure at early ages. This enhancement in surface
resistivity with L3 was not, however, consistent with compressive strength development.
That is, L15 and L25, which showed lower (from 2 to 39%) surface resistivity increase,
achieves higher (from 13 to 27%) compressive strength increase than L3 between 3 and 7
days. Also, L3 continues to demonstrate the least strength increase from 7 to 28 days of
hydration; over this time period, the least surface resistivity increase is also observed. The
binding of water within agglomerates of fine limestone, which could limit hydration, might
be the reason for this relatively lower increase in both resistivity and strength observed
with L3 compared to L15 and L25 [53]. This slower increase in resistivity and strength

development can also be due to the higher supersaturation level required for precipitation
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within finer pores [48, 50], limiting the formation of hydration products for LC? from about

3 days onwards.
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Figure 5.6 - Compressive strength development of LC?3 mixtures influenced by
limestone particle size.

Table 5.4 - Percentage (%) change in surface resistivity and compressive strength of
L C® mixtures with varying limestone particle size between 3 and 7 days and 7 and

28 days.
Surface resistivity (%) Compressive strength (%)
Mix ID
A(3-7d) A(7-284) A(3-7d) A(7-280)
55:30:15 (L3-G0) 395 194 46 8
55:30:15 (L15-G0) 393 247 73 16
55:30:15 (L25-G0) 356 237 59 19

5.4.3 Influence of added gypsum content

The prior systems examined excluded gypsum in the interest of understanding the
effects of PC:MK:LS and limestone particle size on property evolution, but the effect of
gypsum dosage on surface resistivity and strength development also needs to be understood

as it can greatly influence the phase assemblage of LC® [30, 33]. Figure 5.7 shows the
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hydration products identified and the mass loss of LC? formulations with varying gypsum
contents at 28 days of hydration, investigated with thermogravimetric analyses. The only
difference in phase assemblages is gypsum, found only in 5% gypsum incorporating mix
55:30:15 (L15-G5). No significant difference between mass losses of 55:30:15 (L15-G2)
and 55:30:15 (L15-G5) was observed, suggesting a similar total amount of hydration
products formed in these formulations at 28 days. On the other hand, both these pastes lost
~1.5% more mass — within the standard deviation range — between 40 and 550 °C (due to
the evaporation of bound water) than 55:30:15 (L15-GO0), indicating the presence of more

hydrated phases in the mixes containing gypsum.
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Figure 5.7 - DTG and mass loss of LC? at 28 days of hydration influenced by
gypsum dosage.

Figure 5.8 shows the surface resistivity development of LC® formulations at
different gypsum dosages. At all ages of measurement, increasing additions of gypsum

produce higher surface resistivity. To illustrate, by 28 days of hydration, 55:30:15 (L15-
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G5) achieves 195 kQ-cm surface resistivity, which is 23% and 28% higher than that
achieved with 55:30:15 (L15-G2) and 55:30:15 (L15-GO0). This finding agrees with the
higher mass losses measured from hydrated phases with gypsum-including formulations
than the companion mix without, 55:30:15 (L15-G0). The increase in surface resistivity
with gypsum can be related to the greater amount of ettringite formed in the solid matrix,
which is understood to be more persistent in LC® compared to plain PC systems due to the

presence of carboaluminates [41, 42, 155].
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Figure 5.8 - Surface resistivity development of LC? mixtures influenced by gypsum
dosage.

Figure 5.9 introduces the compressive strength development of LC® mixtures with
varying added gypsum contents. Increasing added gypsum does not greatly influence the
3-d strength, but variations are observed by 7 days, wherein 2% added gypsum results in
roughly 11% lower strength than other mixtures. By 28-d 55:30:15 (L15-G0) achieved the
highest average strength with 55.3 MPa, but the differences in strength are within the

standard deviation of the measurement. Similar to this trend, Antoni et al. [41] also

131



observed enhancement in compressive strength at early ages (1 day) but a decrease in
strength at 28 days with increasing added gypsum, which could not be explained. Based on
these results, it is deduced that the higher ettringite formation with increasingly added
gypsum can be beneficial for early strength (< 3 days), but the diluted fraction of PC by
added gypsum is likely to result in a decrease of strength beyond 7 days. Although the
differences in mass losses due to evaporation of bound water and strength are not
statistically significant, it is still worth mentioning that the mixture with the highest
strength, 55:30:15 (L15-GO0), demonstrated the lowest bound water content (Figure 5.7).
This contrast casts doubts on the ability of bound water to capture the differences in LC?
strength influenced by the amount of added gypsum. The bound water-strength relationship

will be revisited in Discussion section.

Table 5.5 compares surface resistivity and compressive strength development for
LC? formulations with varying amounts of gypsum. There is a systematic dependency on
gypsum dosage in which higher gypsum contents correspond to less increase in surface
resistivity and strength for both A(3-7d) and A(7-284). Although a strong relationship between
surface resistivity and compressive strength influenced by gypsum dosage could not be
observed, a linkage between the rate of change in surface resistivity and strength
development is present, which can be useful for further predictions of performance with

these binders.
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Figure 5.9 - Compressive strength development of LC3 mixtures influenced by

gypsum dosage.

Table 5.5 - Percentage (%) change in surface resistivity and compressive strength of
LC? mixtures with varying added gypsum content between 3 and 7 days and 7 and

28 days.
Surface resistivity (%) Compressive strength (%)
Mix ID
A(3-7d) A(7-28d) A(3-7d) A(7-28d)
55:30:15 (L15-G0) 393 247 73 16
55:30:15 (L15-G2) 378 205 68 16
55:30:15 (L15-G5) 360 182 62 8

5.5 Discussion

5.5.1 Formation Factor

While the results presented here considered direct measurements of resistivity, the
variations in pore solution composition, both among samples and with time, influence those
measurements. To minimize pore solution effects and to allow for a greater focus on solid

microstructure, formation factors were determined for each of the LC? formulations, as
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described in the experiment section 5.3.4. Table 5.6 displays the formation factor of all
LC? formulations at different ages. In the following discussion, the formation factors are
compared with respect to varying PC:MK:LS, limestone particle size and gypsum dosage,

similar to the organization followed in the previous section.

The formation factors increase with the metakaolin content in concrete. The higher
measured formation factor in 55:30:15 (L15-G0) at both 7 and 28 days as compared to
55:15:30 (L15-G0) supports the idea that the relatively lower surface resistivities achieved
with 55:30:15 (L15-GO0) between these ages (Figure 5.2) were linked to its relatively higher
pore solution conductivity, not because of a lower degree of porosity refinement. The only
exception for the direct relationship between metakaolin fraction and formation factor is
observed at 28 days, where 55:22.5:22.5 (L15-G0) achieves a slightly higher (4%)

formation factor than concrete incorporating higher metakaolin, 55:30:15 (L15-GO0).

Formation factor was found to increase with limestone fineness. This correlation
corroborates the proposed mechanism derived from the surface resistivity curves, shown
in Figure 5.5, that denser microstructure is achieved with increasing limestone fineness
beyond 24 hours of hydration. Similar trends observed with formation factor and surface
resistivity measurements further promise that the surface resistivity test can be adapted to
compare the microstructural property of LC2 binders including varying limestone particle

sizes.

Increasing gypsum content corresponded to higher formation factor at all ages,
except 56 days when the 0%-gypsum mix (55:30:15 (L15-G0)) achieved a slightly (0.4%)

higher formation factor than the corresponding 2% gypsum mix. Remarkably,
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incorporating 5% gypsum can increase the formation factor by 44% as early as 1 day. This
increase is to a lesser extent at later ages and decreases from 44 to 7% at 56 days of
hydration. Overall, these results reinforce that the gypsum dosage is of paramount

importance for LC? and needs to be optimized properly to achieve a refined microstructure.

Based on these results, optimizing the limestone fineness and gypsum content are
both effective ways to densify microstructure in LC® concrete. When all mixes are
considered, the added gypsum content is the most significant parameter until 28 days. This
observation is based on the highest formation factor of 55:30:15 (L15-G5) until 28 days of
hydration and can be attributed to the enhanced ettringite formation with increasing
gypsum content (Figure 5.7). Beyond 28 days, using relatively finer limestone size has a
greater effect, over both PC:MK:LS and added gypsum content, suggesting that the filler

effect by limestone has a long-term significance for LC® microstructural development.
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Table 5.6 - Estimated formation factor (unitless) of LC? formulations.

Age
Mix ID
1d 3d 7d 28d 56d
55:30:15
(L3-GO) 82 360 1779 5220 7483
55:30:15
(L15-G0) 73 236 1163 4033 6699
55:30:15
(L25-G0) 72 233 1062 3581 5902
55:30:15
(L15-G2) 76 293 1400 4276 6673
55:30:15
(L15-G5) 105 413 1896 5347 7144
55:22.5:2
2.5 (L15- 52 161 1016 4182 6192
GO0)
55:15:30
(L15-GO0) 51 129 834 3801 5371

5.5.2 Linking portlandite consumption and bound water evolution to surface resistivity

and strength development

In this section, LC® mortar compressive strength and LC3 concrete surface
resistivity are compared with the amount of portlandite, and bound water quantified by
TGA analyses, for all of the mixes examined. From these data, as shown in Figure 5.10,
portlandite content is found to be a significantly better predictor for compressive strength
of LC® mortars than bound water. For all LC® mixes investigated in this research, the

portlandite is consumed, largely after 3 days, through its reaction with metakaolin and
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limestone, forming C-(A)-S-H and carboaluminate phases. Hence, a lower portlandite
content indicated more pozzolanic reaction, leading to higher amount of hydration products
and higher compressive strength [51, 156-158]. Moreover, Figure 5.11 shows a stronger
exponential relationship between portlandite consumption over time and the surface
resistivity of LC2 formulations investigated (R? = 0.903) compared to bound water (R? =
0.834). A potential reason why the bound water evolution is not as strong a predictor of
LC? performance compared with the portlandite is that the bound water increased not only
with the C-(A)-S-H and carboaluminate contents but also with the remaining gypsum and
portlandite contents. In other words, while the amount of hydration products which
influence strength and resistivity such as C-(A)-S-H and carboaluminates [33] cannot be
differentiated via bound water content, decreasing portlandite content is an indicator of the

formation of these phases.
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The blue dotted line represents the linear trendlines fitted to the data.

5.5.3 Compressive strength vs. Surface Resistivity

A logarithmic relationship was found between surface resistivity and strength
development of the LC2 formulations investigated, with a R? of 0.917, as shown in Figure
5.12. Equation 5.6 presents the logarithmic relationship found. Specifically, after 3 days of
hydration, the rate of surface resistivity increase was significantly higher than the
compressive strength for all mixes, as also shown in Table 5.3, 5.4 and 5.5. When all mixes
are considered, it is observed that the LC® formulations gain > 46% of their 28-d
compressive strength but only < 8% of their 28-d surface resistivity until 3 days of

hydration.

Compressive Strength = 8.4905 X In(Surface Resistivity) + 9.4739 (5.6)
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This great difference in the rate of increase between the resistivity and strength
from 3 to 28 days can be explained by early pore refinement (< 3 days) and continuous C-
(A)-S-H formation. Pore refinement of LC? incorporating more than 65% of calcined
kaolinite by mass in calcined clay mostly occurs until 3 days, which enhances the strength
and surface resistivity but also hinders the formation of carboaluminates [48]. Considering
the fixed 2:1 calcined clay-to-limestone ratio used in [48] with ~30% calcined clay in the
total solid mass, 65% calcined kaolinite in calcined clay corresponds to ~20% calcined
kaolinite by mass in the total solid mixture. Therefore, all formulations investigated here
including more than 20% calcined kaolinite in their total solid mass, all mixtures except
55:15:30, can be assumed as the mixtures in which further formation of the
carboaluminates have become limited after 3 days because of the unavailability of pores
large enough to accommodate these phases [48, 50]. However, as Avet and Scrivener [48]
showed, C-(A)-S-H continues forming via ongoing metakaolin reaction and contributes to
strength development beyond 3 days. This C-(A)-S-H formation can produce greater
increases in surface resistivity than strength, also potentially through its binding of pore
solution alkalis [63, 69]. In summary, the hypothesis here is that binding of alkalis into C-
(A)-S-H could be a major reason for the significant differences between the rate of increase
in surface resistivity and strength beyond 3 days since a lower alkali concentration
translates into a lower pore solution conductivity and thus higher surface resistivity.
Conversely, compressive strength is not enhanced by this phenomenon, negating the
influence of alkali binding and changes in the pore solution conductivity. This hypothesis
can be tested through pore solution conductivity and scanning electron microscopy coupled

with energy-dispersive spectroscopy (SEM/EDS) measurements in the future.

140



60 T

R2=0.917

< | —- o
g 50 A ---------- ‘ ¥
=3 -y X
= X et ©
e .
£ * o
40 4
2 9 M55:30:15 (L3-GO) 55:30:15 (L15-GO0)
§ o A 55:30:15 (L25-GO) X 55:30:15 (L15-G2)
g X 55:30:15 (L15-G5) ©55:22.5:22.5 (L15-G0)
S 30 4 -
o 4 X ®55:15:30 (L15-G0)

i

F 4

20 v . . . 4 . - - - . v . . . 3 . - . - {
0 50 100 150 200

Surface Resistivity (k€2-cm)
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resistivity at 3, 7 and 28 days of hydration. All the resistivity and strength results at
3, 7 and 28 days of hydration are included. The blue dotted line represents the
logarithmic trendline fitted to the data.

5.6 Conclusions

The effect of metakaolin content, limestone particle size and added gypsum dosage
on the surface resistivity and compressive strength development of LC® formulations were
investigated. The significance of hydration reactions that consume portlandite for property
evolution was demonstrated. Based on the results presented, the following conclusions can

be drawn:

o Increasing the metakaolin fraction enhances both the strength development
and surface resistivity until 7 days. Beyond 7 days, while surface resistivity is not
significantly influenced by the metakaolin fraction, strength is still enhanced. As
the TGA results did not reveal significant variations in the total amount of hydrated

phases at 28 days from the changes in metakaolin fraction, increasing strength but
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similar resistivity achieved with increasing metakaolin fraction beyond 7 days may
be due to the physical microstructural differences.

. Fine limestone enhances the surface resistivity until 56 days, while also
increases the compressive strength until 7 days. This suggests that the
microstructural differences manifested by the filler effect are more evident through
surface resistivity testing than through compressive strength.

o Increasing gypsum dosage results in higher surface resistivities at all ages
due to the greater amount of ettringite formed in the solid matrix with gypsum.
While the increasing ettringite content can lead to higher strength before 3 days of
hydration, the diluted fraction of PC by added gypsum results in a decrease of
strength beyond 7 days.

. The formation factor data show that optimizing the limestone fineness and
gypsum content are of paramount importance to densify microstructure in LC3
concrete. Considering all mixes, the added gypsum content is the most significant
factor until 28 days of hydration for the formation factor. Beyond 28 days, using
relatively finer limestone has a greater effect on the formation factor, over both
compositional ratio (i.e., PC:MK:LS) and added gypsum content, due to the long-
term significance of the filler effect by limestone for microstructural development
in LC3,

o LC2 compressive strength and surface resistivity can be predicted from the
portlandite content, which decreases after 3 days of hydration due to the formation

of strength-giving C-(A)-S-H and carboaluminate phases.
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. LC2 concrete surface resistivity and mortar compressive strength have a
logarithmic relationship (R? = 0.917) for mixtures including similar PC content but
varying limestone particle size, metakaolin content and gypsum dosages. Greater
rate of increase in resistivity compared to strength after 3 days is attributed to the
alkali binding into C-(A)-S-H, which can significantly affect the resistivity but not

the strength.

Unlike strength experiments, surface resistivity test is non-destructive, rapid, and
relatively straightforward to perform. Based on the outcomes of this study, the surface
resistivity test appears to be a promising technique to discard strength experiments for LC?
binders as it can estimate the compressive strength development. For instance, the
correlations established in this study enable to predict later age strength if early age
resistivity and portlandite content over this time interval of interest are known, without
performing any strength testing. Furthermore, the significance of monitoring portlandite
content to predict both the surface resistivity and strength of LC® demonstrated here can
guide not only designing LC® formulations but also can facilitate the identification of
suitable calcined clay sources based on their pozzolanicity toward achieving strength and
durability requirements. It must be noted that the experimental matrix demonstrated here
is limited to a certain composition and materials. Therefore, future work should consider a
wider range of LC3 composition such as incorporating impure calcined clay sources. Also,
surface resistivity test can be adapted to mortars, which would eliminate the need for coarse
aggregate and increase the rate of experimentation, providing a broader view of the

complex phenomena underlying this important material.
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CHAPTER 6. MULTI-OBJECTIVE DESIGN OF LC?:
SUSTAINABILITY AND STRENGTH

6.1 Introduction

Limestone-calcined clay cements (“LC>”) have been identified as one of the most
promising sustainable cementitious binders that can be used at an industrial scale as an
alternative to Portland cement (PC) [13, 16]. The appeal of LC? originates from the wide
availability of the relatively minimally processed minerals that substitute for cement
clinker at a relatively high rate, together with lower embedded CO, emissions than PC. A
typical LC® binder formulation consists of 50% PC clinker, 30% calcined clay, 15%
limestone and 5% gypsum, by mass [13]. This results in a binder that has lower embedded
CO- emissions due to a lower amount of calcined constituent materials (namely PC and

calcined clay) compared to only PC.

The strength development of LC? is significantly impacted by the calcined kaolinite
(metakaolin) content in the calcined clay, with a positive linear relationship between
compressive strength and metakaolin content observed for up to 7 days. This is due to the
rapid reaction of metakaolin leading to the formation of C-(A)-S-H and carboaluminate
hydrates, creating a denser microstructure with pore refinement [17, 48]. However,
metakaolin is produced by calcining kaolinite between 600°C and 800°C and its embedded
global warming potential (GWP) is highly variable depending on the type of fuel used
during the calcination process and the type of calcination process (flash calcination versus
rotary kiln calcination) [159]. As a result the GWP of metakaolin can be as high as 559 kg
COze/t when coal is used as a primary fuel source [22], or almost 60% of the GWP of PC

(see Table 4). Additionally, the cost of pure metakaolin is up to 4-5 times than that of PC.
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Therefore, it is critical to optimize the amount of metakaolin in the mix to achieve lower
GWP than a conventional mix, while maintaining cost competitiveness and mechanical

performance.

The limestone component in LC? can be produced at lower cost and with lower GWP
than calcined clays (since it does not need to be calcined) and can be tailored through
proportioning and grinding (versus clay) [13]. Partial substitution of finely divided
limestone for cement can act as a filler, nucleation agent, dilutant, and chemical reactant
[26, 43]. The extent of the filler effect is mainly affected by the limestone particle size,
while the dilution effect is mainly related to the replacement level of PC with limestone
[26]. These effects can be interactive. Improved packing, therefore, shorter interparticle
distance with replacing PC partially by fine limestone can accelerate and enhance C-S-H
formation due to the increased shearing between particles [9, 25, 55, 160, 161]. However,
ternary blends like LC® may incorporate different amounts of limestone with various
particle diameters that may prompt further complexities. For instance, it is an unresolved
question whether the filler or dilution effect of limestone would be dominant in these

systems.

Further research is needed to understand the influence of relative proportions and
particle size of constituent materials on LC? sustainability and performance. To investigate
the interaction between the constituent materials, a quantitative multi-objective design tool,
which can simultaneously predict the LC*s GWP and compressive strength development
is presented. The model is supported by experimental results from various LC3
compositions with varying proportions of PC:MK:LS and limestone (LS) particle sizes,

and a “cradle-to-gate” life cycle assessment (LCA) to quantify the GWP.

145



6.2 Research Significance

Several studies have examined limestone-blended ternary cements’ mechanical
properties and their capacity to replace PC to reduce GWP. However, the literature lacks a
means by which to optimize a LC?® mix to concurrently achieve a decrease in CO2 emissions
while improving mechanical properties. This study addresses this research gap and
introduces a multi-objective design tool, which can improve the understanding on LC3
strength development and will be useful for designers in formulating LC? while considering
sustainability and performance. Furthermore, the methodology used in this paper can be

extended to optimize mix design with different raw materials.

6.3 Methodology

Eighteen LC2 blends were investigated to explore (1) the relative contribution of PC,
MK, and LS and (2) the impact of variables such as LS particle size on mechanical
properties and overall GWP. Therefore, this section first introduces the experimental
program (materials used and tests undertaken), followed by the sustainability assessment
of the LC?® blends. Finally statistical methods adopted to interpret the results, and the multi-
objective optimization tool are presented. Figure 6.1 clarifies how each section contributed

to the definition of optimized mix designs.
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6.3.1 Mix Design

Eighteen ternary blends composed of PC, metakaolin and limestone, at constant
water-to-solid ratio (w/s), were investigated (Table 6.1). Physical and chemical properties
of these materials used were introduced in Section 3.3.1. The solids were considered as the
total mass of PC, metakaolin and limestone in the binder. In designing these blends, the
main motivation was to further reduce the PC and MK content from a typical LC® mix, to
further enhance sustainability, and to explore the impact of these changes on property
evolution. In parallel, the proportions were determined to examine the influence of

increasing limestone while maintaining constant PC and MK proportions separately. For
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instance, comparing a baseline mixture with Cement:Metakaolin:Limestone (PC:MK:LYS)
of 55:30:15 with one with 55:15:30 and a baseline of 45:25:30 with 45:20:35 represent
pairs of mixtures with high and low PC replacement levels within which the influence of
limestone content can be probed. Also, the influence of increasing limestone content at the
expense of PC can be elucidated by comparing 50:25:25 with 45:25:30, and 45:20:35 with
40:20:40. The influence of limestone particle size was investigated within blends of the
same composition. In this research, gypsum addition and using low-grade calcined clays
were not considered to study mainly the filler effect of limestone and mixture

proportioning.

The water to solid (PC + metakaolin + limestone) ratio (w/s) used for the mixes
was at 0.40, which was proven effective for optimal performance [4]. Deionized (DI) water
with a resistivity of 18.2 mQ-cm (7.2 mQ-inch) was utilized for all samples.
Superplasticizer (SP) (BASF MasterGlenium 7920) first dissolved in mixing water was
added to each mix at a dosage of 0.50% by mass of solid. This dosage was kept constant
in all mixes for consistency, and slight variations in the flowability observed with the fresh
cement pastes were not considered as a predictor in modelling strength development

(discussed in later sections).
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Table 6.1 - Experimental matrix by sample identifier, based on mass ratio

Material (wt.% of
55:30:15 55:15:30 50:25:25 45:25:30 45:20:35 40:20:40

solid)
PC 95 55 50 45 45 40
Metakaolin 30 15 25 25 20 20
Limestone* 15 30 25 30 35 40

*Each blend (PC:MK:LS) was prepared with three limestone particle sizes (L3, L15, L25)
corresponding to 18 mixes (6 PC:MK:LS*3 limestone particle sizes = 18 blends)

6.3.2 Analytical and Test Methods

Paste cube specimens (2-inch) were prepared for compression strength testing.
Paste was chosen instead of mortar or concrete for the strength testing to focus on the
influence of only the binder composition varied by PC:MK:LS and limestone particle size
while avoiding any potential impact from aggregates such as formation of the interfacial
transition zone in the case of mortar and concrete. First, the measured materials were dry
blended for 30 seconds in a countercurrent mixer (Hobart model C100, 10-quart capacity).
The paste was mixed on at a low setting for 30 seconds, then on medium for an additional
60 seconds, and stopped for a 30-second rest period. During this time, the sides and bottom
of the mixer bowl were scraped to better incorporate the paste solids and any unmixed
material. The mixing regime ended with a final 60 seconds on the medium setting. Paste
cubes were molded in accordance with procedures in ASTM C109 [71] and then kept in a
humidity chamber at 23+2 °C (73.4£3.6 °F) and 100% humidity for 24 h. After demolding,

the samples were cured in water (23£2 °C (73.4£3.6 °F)) until testing was completed [64].
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The compressive strength was measured after 3, 7, 28, and 56 days of hydration according
to ASTM C109 [71]. Six specimens were tested for each age and the average and standard

deviation were reported.

Paste samples for isothermal calorimetry were prepared using a high shear blender
for cementitious materials. Heat evolution of blended cement pastes was investigated using
an isothermal calorimeter (TAM Air, TA Instruments) with a w/s of 0.40. The samples
were prepared outside the calorimeter at room temperature (232 °C (73.4+3.6 °F)) and
then 10 g of pastes were loaded into the calorimeter. Rate of heat evolution and cumulative

heat evolution of cement pastes were assessed at 23 °C (73.4 °F) up to 48 hours.

6.3.3 Sustainability Analysis

In this study the six mix designs shown in Table 6.1 were also assessed from an
environmental perspective, to quantify the possible savings in terms of greenhouse gas
(GHG) emissions of LC3cements. Life Cycle Assessment (LCA) is an effective method to
evaluate the environmental impacts of all products and processes associated to a given
system. There are various LCA approaches that can be adopted depending on the analysis
and the product of interest. In this case it has been chosen to follow a “cradle-to-gate”
approach, considering all the components of the production process but only until the
product is released to the market, hence not considering the transportation, placement,
maintenance, durability, and disposal of the product outside the cement plant. This is a

common approach because cementitious materials can be part of various end-products. In

this preliminary LCA, the goal is to compare the global warming potential (GWP),
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expressed as kg COze/t released during the production of LC3 cements. The choice of the
functional unit should reflect the similar function and performance that may be obtained
using two products. Since LC? cement is potentially used for different end products it has
been chosen to consider 1 metric tonne of cement as functional unit similarly to what is

considered for PC.

The data used for this estimate were sourced from the literature. The GWP for PC
in Table 6.2 was higher than other estimates available in the literature, and this is due to
the fuel mix considered in the source. The fuel mix adopted was mainly heavy fuel and
coal based and represents the average fuel mix for cement kilns in the United States (data
from the Portland Cement Association) [162]. A metric ton of PC production is associated
with 942 kg COze emissions, in which limestone calcination contributes to nearly 60%, in
total. The GWP of various limestone sizes significantly varies, shown in Table 6.2,
depending on the grinding steps. For instance, the embedded CO2 emissions associated
with the production of one tonne of fine (3 um) limestone are 269 kg CO.e/t, approximately
5 times that of coarse (25 um) limestone, making coarse limestone a preferable source for
LC3. Literature shows that the GWP of metakaolin is strongly dependent on the fuel used
for the calcination of the kaolin clay, ranging from 94 kg CO.el/t if the fuel source is biogas,
up to 559 kg CO.e/t when coal is the main combustible [22]. In this study, an average fuel
mix of heavy fuel and coal was considered, resulting in 435 kg COze/t of metakaolin

produced [22].
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Table 6.2 - GWP (kg COze/t) of the raw materials used to produce LC? cement

Impact L3 L15* L25 PC MK

GWP 269 117 52 942 435

*GWP of 15 pum limestone is not provided in [24]. Therefore, it is estimated based on the
average GWP of 3, 20, and 30 um limestone sizes given in [24].

6.3.4 Statistical methods

With the purpose of achieving computational simplicity in the multi-objective
algorithm, multiple linear regression models predicting the 3 and 56-d strength, and GWP
of the LC3 formulations were developed based on compositional variables. These variables
were defined as the proportion of PC and metakaolin, and an interaction term between
limestone content and the limestone particle size, which will be discussed in later sections.
The robustness of each model was assessed with Monte Carlo Cross-Validation algorithm,
which randomly splits the data set to 75% training and 25% testing sets 100 times. Root
mean squared error (RMSE) — average of 100 computations - (Equation 3.3) was computed

as the model performance.

6.3.5 Multi-Objective Optimization

A multi-objective evolutionary algorithm known as the nondominated sorting
genetic algorithm (NSGA-II) was utilized, optimizing two objectives (hence the multi-
objective optimization) as the strength development and GWP of the LC2 formulations with
varying composition. This genetic algorithm randomly samples a set of points in the
compositional space and outputs the predicted strength and GWP for those points.

Crossover and mutation occur to create a new generation of points and a sorting algorithm
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selects the points which move towards a non-dominated (points where no better objectives

exist) Pareto front solutions [163].

A Python package, jMetalPy, was utilized to perform the multi-objective analysis
where either the regression model for 3-day or 56-day strength was maximized against a

minimization in predicted CO2e/t [164].

6.4 Results and Discussion

6.4.1 Assessment of Sustainability

The GWP of the different LC? blends introduced in Table 6.1, is given in Figure
6.2. The analysis is based on cement paste (w/s = 0.40, same as for the experiments), hence
not including any aggregate source. The variability shown by the error bars represent the
impact of the limestone particle size. The GWP of PC paste with w/s of 0.40 is equal to

673 kg COze/t, considerably higher than that of all LC? blends of in Figure 6.2.

Regarding the LC? blends investigated, the limestone content and size are factors
that highly impact the overall GWP of the blend. Increasing the limestone content at the
expenses of PC or metakaolin consistently corresponds to a decrease in GWP. Among Six
different LC2 blends, the highest GWP is observed with the mix 55:30:15. If fine limestone
(3 pm) is adopted in this mix the embedded CO- emission is 492 kg COze/t, ~27% lower
than that of PC. On the contrary, the lowest GWP can be achieved with the mix 40:20:40
prepared using coarse limestone (25 um). This results in a total of 346 kg COze/t or

approximately 49% lower than PC.
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Figure 6.2 - GWP potential (kg CO:2 e/t) of different LC? pastes investigated in
laboratory. Purple bars represent the variability from various limestone sizes
considered for each mix

6.4.2 Compressive Strength

Figure 6.3 displays the compressive strength development of LC? pastes up to 56
days of hydration, where the limestone particle size is varied for each of the LC? pastes.
All mixes - except 55:30:15 and 50:25:25 - significantly benefited from incorporating of
the finest limestone (L3) for 3-d strength. Most mixes with L3 achieve a higher 3-d strength
than those containing L15 or L25, likely due to the accelerated nucleation of early
hydration products [26, 142]. It must be noted that 55:30:15 and 50:25:25 are the only
mixes studied that do not incorporate limestone in a greater proportion than metakaolin. In
these mixes, the higher surface area provided by L3 is apparently less significant than the
higher proportion of metakaolin in terms of early (< 3-d) strength development. A
systematic dependence on limestone particle size is hard to deduce for 7-, 28-, and 56-d

strength for none of the pastes investigated. For instance, 55:30:15 achieves a 9.5% higher
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7-d strength with L15 compared to L3, and a 22.5% higher 7-d strength than L25. However,
L15 results in lower 28-d strength than that achieved with L3 and L25. Such complexity

holds for other formulations as well.

Increasing limestone content at the expense of metakaolin does not necessarily lead
to lower late strength; this is an important finding for further improving the sustainability
of LC? binders. For instance, the 3-d strengths are lower in 55:15:30 compared to 55:30:15,
regardless of the limestone particle size, despite that both mixes incorporate an equal PC
content. However, 55:15:30 achieves a 10.2% higher 56-d strength than 55:30:15 when L3
is used. A similar trend is observed for the mixes 45:25:30 and 45:20:35, with slightly
higher metakaolin content of the former mix giving slightly higher 3-d strengths — 4.1%
for L3, 6.0% for L15 and 1.9% for L25 - for each of the limestone particle sizes explored,

whereas the finest limestone (L3) achieves higher 56-d strength for 45:20:35.
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Figure 6.3 - Compressive strength development of LC3 pastes including different
limestone particle sizes; (a) at 3 days of hydration, (b) 7 days of hydration, (c) 28
days of hydration, (d) 56 days of hydration. Black bars indicate the standard
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6.4.3 Strength vs. Sustainability
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The relationship between compressive strength and GWP influenced by limestone
particle size and PC:MK:LS is shown in Figure 6.4. In this figure, the limestone particle
size is colored differently to decouple its influence on the GWP estimates and strength.
Kernel density estimates using Gaussian kernels are placed above the top horizontal and
secondary vertical axes to observe the differences in distributions with three limestone

particle sizes.

Effect of fine limestone (L3) is pronounced only for the 3-d strength with a higher
GWP than that of LC? pastes including medium (L15) and coarse limestone sizes (L25).
The mean of 3-d strengths achieved by LC? pastes including L3 is 28.4 MPa, which is ~4
and ~7 MPa higher than that of the pastes containing L15 and L25, respectively. This trend
does not continue for 56-d strength as L3 resulted in the mean 56-d strength of 58.9 MPa,
which is ~3 MPa lower than that of L25, and ~5 MPa lower than that of L15. On the other
hand, the mean GWP of LC? pastes is always proportional to the limestone particle size,
with the finest limestone (L3) corresponding to the highest mean GWP - 451 kg CO.e/t for
L3, 420 kg CO-e/t for L15 and 406 kg COze/t for L25. These results suggest that coarser
limestone particle sizes are favorable compared to fine limestone particles in terms of the
sustainability (L25 results in ~10% lower mean GWP than L3) and strength development

of LC2 binders after 3 days of hydration.
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6.4.4 Significance of Limestone Characteristics on Heat Evolution

As displayed in Figure 6.4, the fine limestone particle size enhances the 3-d strength
for LC® pastes containing limestone at a higher proportion than metakaolin. This
conditional dependence on limestone particle size for the 3-d strength implies an
interaction between limestone particle size and content in LC3, modifying the early
hydration Kinetics. To test this hypothesis, an interaction term is defined (Equation (6.1))

and then utilized to explain the hydration kinetics.

LSI = Z Ds, (Limestone used) x Limestone content (wt. %) (6.1)

The hydration Kkinetics, herein, were represented by the peak rate of heat release in
the acceleration period (obtained from the heat evolution curves), which indicates the
reactivity of siliceous and aluminous phases and the rate of precipitation of C-(A)-S-H and
ettringite [30, 48]. A strong linear relationship (R? = 0.82) is found between the LSI
parameter and the peak rate of heat release (Figure 6.5). This correlation confirms the
hypothesis that the early hydration of LC? is not only controlled by the limestone content
but also depends on the limestone particle characteristics. In other words, the limestone
content and particle size jointly impact the C-(A)-S-H and ettringite formation at early
ages. Considering the mix design (Table 6.1) where the proportions of all constituent
materials are varying, accurate predictions on early-age hydration parameters using only
the limestone content and its median particle diameter is beneficial, and this approach can

be adapted for designing and optimizing LC? blends.
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6.4.5 Statistical Analysis

Motivated by Figure 6.5, showing the significance of the interaction between
limestone particle size and content on the hydration kinetics, the interaction term LSI is
also used as a predictor variable for LC2 strength. The multiple regression models to predict
LC?2 strength at 3 (Equation 6.2) and 56 days (Equation 6.3) shows a high R? of 0.96 and
0.81, with the RMSE of 1.6 MPa (232.1 psi) and 4.6 MPa (667.2 psi), respectively. The
equations (6.2 and 6.3) incorporate the non-standardized coefficients for the model

variables. Their standardized coefficients and p-values are given separately in Table 6.3.

3d strength (MPa) = 0.511 X PC (wt.%) + 0.401 x MK (wt.%) —0.010 x LSI —4.538  (6.2)

56d strength (MPa) = 1.327 x PC (wt.%) — 0.033 X MK (wt.%) + 0.004 X LSI — 3.547  (6.3)
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Table 6.3 - The model variables, standardized coefficients, and p-values

3-d Strength 56-d Strength
Model _ _
PC (wt. %) 0.492 4.27*10°7 0.937 2.65*10°
MK (wt. %) 0.340 2.49*%10° -0.020 0.87
LSI -0.540 2.06*1077 0.168 0.21

The p-values of the model variables indicate that the PC proportion is a highly
significant variable for both 3- and 56-d strength considering 95% confidence level.
Evidently, the PC proportion is the only significant variable for 56-d strength regarding the
p-values in contrast to 3-d strength. This finding also highlights that coarser limestone
particles can be preferred over fine limestone particles without compromising 56-d
strength. The regression models demonstrate that increasing PC content improves 3- and
56-d strength. This is not surprising as PC hydration leads to the formation of some
strength-giving hydration products such as ettringite and C-(A)-S-H. Also, portlandite that
forms from the PC hydration, partakes in the hydration reactions with metakaolin and

limestone to precipitate carboaluminate phases that further improves the strength [41, 51].

Increasing metakaolin proportion is shown to enhance the 3-d strength, but it
decreases the 56-d strength. This trend is the opposite of what is observed with LSI, which
is inversely proportional to the 3-d but directly proportional to the 56-d strength. In fact,
both variables demonstrate a minor effect for the 56-d strength compared to the PC

proportion. Still, a 56-d strength model excluding the metakaolin proportion and LSI is not
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considered to quantify the relative importance of these variables. Higher 3-d strength
demonstrated with increasing MK proportion and decreasing LSI indicates that lower
limestone proportion — relative to the proportion of PC and metakaolin - with finer particle
sizes can be favored for early strength gain (< 3-d). It can also be inferred that statistically
meaningful improvements in 56-d strength can be achieved with increasing the PC content

in a LC® formulation.

6.4.6 Multi-Objective Optimization

The model to predict LC® strength at 3 and 56 days shows a high R? of 0.96 and
0.81, respectively. However, a more complete assessment of the model’s accuracy can be
provided through the optimization and testing of a unique LC® composed of optimal
fractions of PC, MK, and a disparate size distribution of LS. Furthermore, to design an LC?
blend which also considers the GWP of the designed material is included for a multi-
objective optimization. While this model is specifically designed for a w/s of 0.40, the
amount of PC, MK, and LS are allowed to vary within the range of the training data and

the bounds for the optimization are listed in Table 6.4:

Table 6.4 - Constraints on the minimum and maximum fractions of each LC3
component (for w/s = 0.40), considering LS particle size

Bounds min max

PC 40% 55%
MK 15% 30%
LS3 0% 40%

LS15 0% 40%

LS25 0% 40%
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Additionally, the following constraints are applied within the optimization:

% PC+ % MK + %LS3+%LS15+ % LS 25 =100% (6.4)

%LS 3+ %LS 15 + % LS 25 < 40% (6.5)

Two separate optimizations were performed, the first optimization maximized the
3-day predicted compressive strength while minimizing the GWP, and the optimization
maximized the 56-day predicted compressive strength while minimizing the GWP. The

corresponding Pareto fronts are shown in Figure 6.6.
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From each of these optimization routines, the Pareto solution which maximizes

strength with the lowest possible GWP and minimizes the GWP with the highest possible
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predicted strength are selected for testing. The composition, measured and predicted
strengths, and GWP of the selected formulations from the Pareto front are shown in Table

6.5.

Table 6.5 - Compressive strength and GWP of the selected LC? compositions from
the Pareto front

Predicted Measured GWP

Mix ID  Strength  Strength (kg PC% MK% Ig/o3 I_OiS I_OiS

(MPa)  (MPa)  COuelt)
2D P3-L 16.0 16.2 357 400 220 32 06 342
Stength — pa 335 29.9 478 537 299 87 72 05
eep  PS6L 520 53.1 357 400 201 16 172 211
Strength  peg 713 69.6 434 548 150 43 18 241

After testing it is observed that the predictions from the optimization algorithm for
both 3- and 56-d strength are satisfactory. The highest discrepancy between the actual and
predicted strength is only 10.7%, observed with P3-H. The optimization algorithm
proposes the P3-H as the highest 3-d strength formulation, with 8.7% L3 (~58% of the total
limestone content). In addition, this formulation has almost the maximum allowed MK
content as set by the bounds imposed (30%), highlighting the importance of metakaolin

content combined with fine limestone to achieve early strength development.

The combination of the lowest GWP with the highest possible strengths at 3-d (P3-
L) and 56-d (P56-L) is reached by minimizing the L3 in the total limestone proportion and
the PC and metakaolin contents in the total cementitious solid. This is in line with Figure
6.2, where 40:20:40 including L25 was suggested as the most preferable formulation in
terms of GWP. It is noteworthy that P56-L reached 53.1 MPa in compressive strength, with

only 40% of PC content. Also remarkable is that the highest 56-d strength (P56-H) is
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achieved by minimizing the metakaolin content (15%) and preferring coarser LS (24%),
while limiting to 4.3% the finer L3. These results support the premise that the metakaolin
content can be lowered and coarser limestone particle sizes can be incorporated to optimize

the strength development and GWP of LC?,

6.5 Conclusions

In an effort to contribute to the design of LC3, a multi-objective design tool that can
predict the GWP and compressive strength development of LC? formulations at w/s of 0.40
is developed. The influence of the PC:MK:LS and the limestone particle size on the
property evolution and GWP of LC? pastes is examined. Based on the results presented,

the following conclusions are drawn:

e LC?2 binders can be formulated with a multi-objective optimization approach
considering performance and sustainability with accurate predictions (within
10.7% error rate) for the compressive strength.

e Sustainability of LC? is improved by optimizing the limestone particle sizes (up to
10% improvement in the mean GWP considering all PC:MK:LS investigated),
preferring coarser limestone particle sizes. The GWP is also lowered by optimizing
the relative proportion of the raw materials (PC:MK:LS), especially by using lower
cement and metakaolin contents.

e Early compressive strength (< 3-d) is enhanced significantly with the incorporation
of fine limestone particle sizes if the limestone proportion is higher than
metakaolin. When the sustainability is also considered as a variable, and for

strength development after 3 days, coarser limestone particle sizes are favorable.
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e The LSl is defined as the multiplication of the limestone particle size and content
to explain the peak rate of heat release in the acceleration period thus the early
hydration kinetics. Lower LSI corresponds to higher peak rate of heat release,
suggesting enhanced formation of C-(A)-S-H. This interaction term is also greatly

significant in predicting 3-d strength.
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS
7.1 Summary of Findings

This dissertation focused on building composition-property linkages for LC? with the
purpose of facilitating the transition from the laboratory to field while providing design
approaches. An interdisciplinary approach combining materials science with data analytics
was followed to elucidate the fresh and hardened properties of LC2. Feature engineering
allowed for identifying representative and generalizable compositional variables, which
can be varied to tailor the fresh properties of LC2 (i.e., rheology). Analytical methods such
as portlandite quantification were used to investigate the microstructural development
towards predicting hardened properties such as compressive strength development and

surface resistivity.

Chapter 3 proposed a quantitative approach to determining sulfate balance of LC?,
which can also be applied to other cementitious materials. This was accomplished by NW
kernel regression parametrizing the derivatives of the measured heat flow curves obtained
from isothermal calorimetry. With this methodology, the influence of various
compositional variables (e.g., metakaolin fraction and limestone particle size) on the
required sulfate balance and on the early hydration kinetics parameters of LC® were
quantified. It has been understood that metakaolin fraction is a significant factor in
controlling the necessary sulfate addition not only because it can adsorb sulfates but also
this research showed that the metakaolin fraction also determines the extent of the effect

of other compositional variables, including such as limestone particle size, on the sulfate
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balance. Understanding and quantifying these relationships is important to formulate LC?

with desired performance in terms of both fresh and hardened properties.

Chapter 4 argues that while a single compositional predictor can be used to predict
yield stress or plastic viscosity of some PC-based systems (i.e., neat PC and PC-limestone)
[113, 133], LC® systems require several predictors. For instance, four compositional
predictors — K, Al,03/SO3, TPD and MKI/LS — are needed to accurately predict the yield
stress of LC2. These predictors were identified with stepwise regression. SVR algorithm
was suggested to make accurate predictions for both the yield stress and plastic viscosity.
Further, the hypothesis relating onset heat to initial yield stress was tested. Increasing onset
heat — identified with NW kernel regression method - corresponded with higher yield
stresses for pastes incorporating relatively coarse limestone sizes L15 and L25 (R?=0.712)
and L3 (R? = 0.809). The yield stress of LC? pastes has been found remarkably more

sensitive to modifications in composition than onset heat.

Chapter 5 investigated the relationship between surface resistivity and compressive
strength development of LC? binders to inform design guidance. A strong logarithmic
relationship was found between the resistivity and strength development until 28 days (R?
=0.917) when composition was varied by metakaolin fraction, limestone particle size and
added gypsum content. Also, both these properties could be accurately predicted from the
changes in portlandite content over time. From the logarithmic relationship observed
between the resistivity and strength, it has been hypothesized that binding of alkalis in the
pore solution by C-(A)-S-H could be an important factor behind why surface resistivity
increased at a much higher rate than strength beyond 3 days. Overall, the findings propose

that non-destructive surface resistivity test can discard strength experiments for LC2.
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Given the increasing environmental awareness due to the climate change it is of
paramount importance to formulate cement binders with low CO2 emissions but with
satisfactory performance. Chapter 6 demonstrated that multi-objective optimization can be
used to formulate LC® pastes with relatively low CO. emissions but high 3-d or 56-d
compressive strength. Remarkably, 56-d compressive strength higher than 50 MPa could
still be achieved with the LC? paste including only 40% PC and 20% metakaolin by mass,
whose formulation suggested, and 56-d strength predicted by the multi objective
optimization algorithm. The results suggested that relatively low metakaolin fractions and
coarser limestone particle sizes can be used to optimize the sustainability and compressive

strength of LC.

7.2 Recommendations for Practice

This dissertation provides design guidance for fresh (i.e., rheology) and hardened
properties (i.e., compressive strength and surface resistivity) of LC? supported by empirical
findings and predictive models. These findings can inform not only engineers and
practitioners in field but also future standards and specifications addressing the formulation

of LC? binders.

NW kernel regression appears to be a useful technique to parametrize the heat flow
curves obtained from isothermal calorimeter. In Chapter 3, this technique allowed to
establish a new methodology quantifying the early hydration kinetics parameters of LC®
pastes. In the future, researchers can use this methodology to investigate the sulfate balance
of other alternative cementitious materials or to simply parametrize the heat flow curves in

a reproducible manner without following ad hoc procedures.
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The modelling results presented in Chapter 4 can be used to modify the yield stress
and plastic viscosity of LC? pastes. Because the dataset in this dissertation included the
rheological properties of only pastes not including any aggregate, yield stress and plastic
viscosity predictions by SVR may not be as accurate for mortar or concrete mixtures.
Nevertheless, the compositional predictors identified for the paste rheology can still be
used to tailor the rheological properties of LC3 concrete provided that modifications in
these predictors (i.e., particle packing) bring about by various aggregate sources are

accounted for.

The surface resistivity test is rapid and non-destructive, which allows for the
examination of microstructural development in concrete over time. The correlation
established between the concrete resistivity and mortar strength development of LC? in
Chapter 5 is promising in terms of replacing resource-consuming strength experiments with
the faster, non-destructive, and inexpensive surface resistivity test. This correlation can be
exploited by organizations and owners writing specifications to provide design guidance
for LC2 only based on surface resistivity. In addition, Chapter 5 shows that both the surface
resistivity and compressive strength development of LC? binders can simply be predicted
based on portlandite content over time. RILEM, which is leading the adoption of the R®
method, can adapt the methodology used for portlandite content quantification in Chapter
5 as an alternative procedure to R® portlandite consumption method [158]. Another
implication of the findings from Chapter 5 is, perhaps, to predict later age strength from
early age resistivity and portlandite content over the time period of interest for LC2 binders.
For instance, if concrete surface resistivity development until 28 days of hydration and

paste portlandite content until 90 days of hydration of a given LC? formulation are known,
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the exponential equation can be found between the resistivity development and portlandite
content until 28 days. Using this equation, concrete surface resistivity and then the mortar

compressive strength at 90 days can be predicted.

As LC3 binders are being adapted by the concrete industry over time, formulations
of LC® must be adjusted to meet performance, cost, and sustainability criteria. This problem
can be addressed with the multi objective optimization tool demonstrated in Chapter 6. In
this chapter, this tool was used to formulate LC? pastes while optimizing GWP and
compressive strength. Future research can use this tool to optimize other objectives such

as set time, cost, and yield stress depending on the application.

7.3 Recommendations for Future Research

Incorporating inexpensive, widely available impure calcined clay sources is an
effective way to further improve the sustainability and cost of LC3 binders. In this
dissertation, however, only a single source of high purity (> 95% calcined kaolinite)
metakaolin was used to minimize variability in the development of composition-property
linkages. Another critical limitation of this dissertation regarding material composition is
the single source of calcium sulfate carrier used, gypsum. It is anticipated that calcium
sulfate carriers other than gypsum such as anhydrite and hemihydrate may correspond with
different early hydration thus property evolution of LC3. These potential differences in LC®
properties can originate mainly from varying solubility rates across anhydrite,
hemihydrate, and gypsum. Therefore, future research should include impure calcined clay
sources and various calcium sulfate carriers in the compositional design space and revisit

the findings of this dissertation.
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Similar to other studies [63, 77], this dissertation also shows the necessity of
superplasticizers to produce LC3 concrete or mortars at relatively low w/s (i.e., 0.40)
desired by the concrete industry. Because LC? needs to be produced with locally available
clay sources to reveal the sustainability and cost benefits [16], it is of paramount
importance to design superplasticizers that are robust against a wide range of clay
compositions. Therefore, future research should be devoted to understand how these

polymers interacts with various clay minerals [78].

Finally, composition-property relationships should be investigated for common
degradation mechanisms such as freeze-thaw and carbonation induced corrosion that were
not investigated in this dissertation. New information gained with such future studies —

coupled with findings from this dissertation - can facilitate the globalization of LC2 binders.
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