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Résumeé

Les émissions élevées de carbone dues a la production de ciment sont 'un des problémes les plus
critiques pour la durabilité du béton. Au cours des derniéres décennies, l'utilisation d’ajouts cimentaires
(SCMs) dans le béton est devenue trés courante pour produire un béton durable. En outre, la demande
mondiale croissante d'infrastructures entraine aujourd’hui une surexploitation des ressources
naturelles. En raison de la disponibilité limitée et variables des SCMs dans les régions, il existe
aujourd'hui un besoin urgent d'explorer des SCMs qui sont disponibles localement pour la production

d’'un béton durable.

Chaque année, 1,5 million de tonnes de brasques usées (SPL) sont générées comme déchets par les
fonderies d'aluminium primaire dans le monde. Aprés traitement, le SPL devient un matériau inerte,
appelé LCLL-ash dans cette étude. Les LCLL-ash sont riches en aluminium et en silice, ce qui leur

confére des caractéristiques pour remplacer le ciment dans le béton.

Tout d'abord, les LCLL-ash sont broyées a la méme taille que les particules de ciment. 10 a 20% en
masse du ciment, composant la pate de ciment, est remplacé par le LCLL-ash broyée. Une petite
quantité d'anhydrite synthétique (autre sous-produit lié a l'industrie de I'aluminium) est également
ajoutée dans certains mélanges. Comme pour les bétons conventionnels, les résultats présentés
montrent que la LCLL-ash a, au début, un effet de nucléation et une faible réaction pouzzolanique,
tandis que la LCLL-ash change les produits d'hydratation avec I'apparition d’une nouvelle phase AFm-
COs et la formation accrue d'ettringite par rapport a la pate pure. Un niveau de remplacement optimisé

de 10% de ciment a pu étre atteint sans affecter les propriétés micromécaniques.

Deuxiemement, une étude préliminaire sur |'effet de la LCLL-ash calcinée a haute température (800°C
et 1000°C) sur I'hydratation des pates de ciment est réalisée. La partie du ciment remplacée par la
LCLL-ash calcinée est de 20% en masse et le e/c est de 0.485. La LCLL-ash calcinée a changé les
produits d’hydratation avec la formation de la phase AFm-COs et retarde la vitesse d'hydratation du
ciment. Cependant, la chaleur générée par I'hydratation et la teneur en hydrates dans le ciment LCLL-
ash calciné sont inférieures a celles du ciment LCLL-ash. On peut conclure que la calcination n'a pas
amélioré de maniére significative la réaction pouzzolanique du ciment LCLL-ash. Ceci est
probablement lié a I'hétérogénéité de la LCLL-ash, entrainant un changement de sa composition

chimique.



Troisiémement, pour mieux comprendre |'effet des fillers minéraux sur les mélanges de BFUP, nous
avons mené une campagne expérimentale large et compléte au niveau de la pate de ciment et du
béton. Le ciment a été remplacé par des fillers minéraux issus de l'industrie de la pierre (poudre de
granite, poudre de calcaire) et post-consommés (poudre de verre) qui sont disponibles localement au
Québec. Les résultats obtenus permettent une meilleure compréhension de l'effet du remplacement
du ciment Portland et de la fumée de silice par 10-40% de charges minérales sur les propriétés a I'état
frais du béton, la cinétique d'hydratation, le retrait endogéne et les propriétés mécaniques. L'effet du

remplacement du liant par des fillers minéraux a également été vérifié a I'échelle du BFUP.

Enfin, une formule LCLL-BFUP a été développée avec succes en optimisant la densité de compaction
du mélange sur la base du modéle de compaction des particules (CIPM). La substitution du ciment par
la LCLL-ash était de 6% et 12% de la masse. Les résultats montrent que la LCLL-ash retarde le pic
d'hydratation maximum du clinker par rapport au mélange de référence. Cependant, la LCLL-ash aide
a diminuer le retrait endogene, réduisant ainsi les fissures précoces. De plus, la substitution jusqu'a
12% de la masse du ciment par de la LCLL-ash est possible pour produire un BFUP répondant aux
exigences de la norme canadienne (120 MPa). De plus, le mélange de BFUP développé a une teneur

en ciment inférieure a 550 kg/m3, ce qui permet de réduire le codt et les émissions de CO, du BFUP.

Mots clés: Béton fibré a ultra-hautes performances, sous-produits, ajouts cimentaires, brasques
usées, ciment, filler minéral, production d'aluminium primaire, bas e/c, retrait endogéne, CIPM,

compaction des particules.



Abstract

The high carbon emissions due to cement production is one of the most critical issues for fostering
concrete sustainability. In the last decades, supplementary cementitious materials (SCMs) in concrete
have become very common to produce sustainable concrete. Moreover, today, the growing worldwide
demand for infrastructures is causing over-exploited natural material sources. Concerned by the limited
availability of SCMs and their regional variation, there is today an urgent need for exploration of

alternative SCMs which are locally available in the production of durable concrete.

Every year 1.5 million tons of spent pot lining (SPL) are generated as waste from the primary aluminum
smelters worldwide. After treatment, SPL becomes an inert material called LCLL-ash in this study.
LCLL-ash is rich in aluminum and silica content which will be a potential property to replace cement in

concrete.

Firstly, ground LCLL-ash as the fineness of cement is replaced cement partially on the paste systems
at 10 and 20% wt. A small amount of synthetic anhydrite (other by-products related to the aluminum
industry) is also added in some mixes. As for normal concretes, the presented results show that LCLL-
ash has a nucleation effect and low pozzolanic reaction at an early age, whereas LCLL-ash changes
the hydration products with the presence of AFm-CO3z and more ettringite compared to the neat paste.
An optimized replacement level of 10% cement could be achieved without affecting the

micromechanical properties.

Secondly, a preliminary study on the effect of calcined LCLL-ash at high temperatures (800°C and
1000°C) on the hydration of cement pastes is carried out. The replacement cement by grind-(calcined)
LCLL-ash is 20% wt. and w/b of 0.485. Calcined LCLL-ash has changed the hydration production with
the formation of the AFm-CO3 phase and delays the hydration of cement. However, the heat of
hydration and the hydrates content in calcined LCLL-cement are lower than that of LCLL-cement. It
can conclude that calcination did not significantly improve the pozzolanic reaction of LCLL-ash. This is

possibly related to the heterogeneity of LCLL-ash, leading to changing its chemical composition.

Thirdly, to better understand the effect of mineral fillers on UHPC mixtures, we carried out a wide and
comprehensive experimental campaign at the cement paste and concrete scales. In particular, cement

was replaced by mineral fillers from the stone industry (granite powder, limestone powder) and post-



consumer (glass powder) which are locally available in Quebec. The presented results show a better
understanding of the effect of replacing Portland cement and silica fume with 10-40% of mineral fillers
on fresh concrete properties, hydration kinetics, autogenous shrinkage, and mechanical properties.

The effect of replacing binders by mineral fillers was also verified at the UHPC scale.

Finally, an LCLL-UHPC formulation was successfully developed by optimizing the packing density of
the mixture based on the compaction-interaction packing model (CIPM). The substitution of cement by
LCLL-ash was 6% and 12% wt. The result shows that LCLL-ash delays the maximum hydration peak
of clinker compared to the reference mix. However, LCLL-ash helps decrease the autogenous
shrinkage, reducing the early-age cracking. Moreover, the substitution of up to 12% wt. of cement by
LCLL-ash is possible to produce UHPC to meet the requirement of Canadian standard UHPC (120
MPa). Furthermore, the developed UHPC mixture has a cement content of less than 550kg/m3,

resulting in lower cost and embodied CO, emission of UHPC.

Keywords: Ultra-high-performance concrete, by-products, supplementary cementitious materials,
treated spent pot lining, cement, mineral fillers, primary aluminum production, low w/c, autogenous

shrinkage, CIPM, packing density.
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Introduction

Industrial problem

Concrete is the most widely used construction material on the planet, with approximately two cubic
meters per person [1]. The production of cement for the construction industry is one of the main sources
of global CO, emissions, which represents every year 5-8% of global CO> emissions [2,3]. Note that
about 0.84 tons of CO. are liberated per ton of cement produced, which is due mainly to the
clinkerization of cement. Given the relationships between life cycle characteristics and CO2 use, the
emission of CO2 can be assessed for environmentally friendly concrete production [4]. This has given
the concrete industry a strong incentive to become considerably "greener" about concrete. The cement
and concrete industries are under increasing pressure to produce concrete with a low environmental
impact and sustainable development. In a landmark work, Mindess et al. [5], discussed the most
promising strategies to improve the sustainability of concrete, listing the most effective ones, which are

essentially as follows [6]:

e replacement of as much as to cement as possible with supplementary cementitious materials
(SCMs);

e lowering the amount of concrete required to support loads by employing high strength

concretes;

e increasing the durability of concrete to provide a longer service life and lower maintenance

costs.

Today, it is well accepted that substituting SCMs for a portion of the cement in concrete production is
probably the most effective way of decreasing CO, emissions and energy consumption. Most SCMs
are industrial by-products or natural pozzolans such as fly ash from coal-fired power plants, ground-
granulated blast furnace slag from iron production and silica fume from the ferrosilicon industry,
calcined clay, and rice husk ash. These SCMs serve to preserve environmental resources and enhance
the performance, durability, and cost of concrete. The replacement of Portland cement with SCMs has
become the focus of attention of research for at least the past two decades [7-10]. The practice of
using SCMs is already a widely adopted industrial practice. For example, in the US, SCMs are usually
added directly to concrete production rather than blended with clinker. Over 60% of ready-mixed



concrete contains SCMs as a substitute for a portion of the Portland cement [11]. The demand for
cement and concrete still significantly increases worldwide, rising from 3.6 billion tons in 2011 [12] to
5.8 billion tons by 2050 [13]. Thus, the supply of current SCMs will not be enough to satisfy the rising
cement demand. Also, the availability of conventional by-product SCMs varies regionally; for instance,
the amount of fly ash will decrease since coal-fired power plants are being phased out for environmental
protection purposes in several countries [14]. Therefore, there is an urgent need to explore alternative

SCMs and their performance in concrete.

Ultra-high-performance concrete (UHPC) is a new class of concrete that has been under development
in recent decades and provides new potentials for enhancing construction sustainability. UHPC is
pushing the limits of concrete industry thanks to outstanding compressive strength, excellent tensile
strength and unprecedented durability. More important, UHPC allows extending service life and
reducing construction maintenance costs as more durable and impermeable material [15,16].
Moreover, it is possible to reduce the construction volume in structural elements which take fully
advantage of UHPC compressive strength. Because of these advantages, UHPC technology is
spreading in various bridge construction and rehabilitation applications [17-20]. However,
commercially available UHPC mixes have often a high cement content (e.g., more than 900 kg/m3) and
fibers content (e.g., 1-3% by volume), leading to the increase cost of UHPC compared to conventional
concrete. Therefore, it pushes the researchers to develop eco-friendly UHPC for wider engineering
application. UHPC mix design is characterized by very low water-to-cement ratio (w/c), which causes
a very low capillary porosity and a significant percentage of unreacted clinker which is residually left in
the microstructure. Interestingly, previous studies disclosed that the cement hydration degree is only
about 40-60% in UHPC [21-23]. A promising option to address sustainability concerns related to
reducing environmental impact and reducing the cost of UHPC is to replace unhydrated cement part
with SCMs or mineral fillers. Moreover, the use of locally available SCM is more efficient to reduce the

transport cost and create local circular economy loops.

In Canada, the aluminum industry produces 2.9 million tons of aluminum per year, and each ton of
aluminum generates about 25 kg of spent pot lining (SPL) [24]. In particular, SPL is a waste material
generated from the primary aluminum smelters. Figure 0-1 shows the aluminum production and amount
SPL generated from the top aluminum producers in the world. It shows that the production of about 64

million tonnes of aluminum generated approximately 1.4 million tonnes of SPL from top global



aluminum producing countries in the world in 2018 [25]. Thus, disposing of SPL is a challenge for the
aluminum industry in the world because SPL is listed as a hazardous waste since it contains toxic and
leachable elements such as cyanide and fluoride as well as its hydro-reactivity generating explosive
gases [24,26-28]. Therefore, SPL must be treated before proceeding to its landfill. SPL is separated
into two parts, the first cut is rich in carbon material from the cathode, and the second cut is rich in

vitrified refractory.
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Figure 0-1. SPL generated by the top aluminum producing countries in 2018 [25].

About 80 kT of SPL is produced annually in Canada, especially about 20 kt of SPL from Rio Tinto (RT)
[29]. In the early 1990s, RT has developed, at the Arvida Research and Development Centre (ARDC;
Jonquiére, Québec), the hydrometallurgical process called “Low Caustic Leaching and Liming”
(LCL&L), which extracts fluorides and cyanides to product inert by-products with high potential for
valorization [30]. After treating by the LCL&L process, the second cut of SPL is called “LCLL-ash”.
LCLL-ash is rich in alumina, silica, and sodium content, which can be used to replace partially cement

in concrete production.

Research problem

LCLL-ash contains high silica and alumina compared to Portland cement. Thanks to its chemical
composition, LCLL-ash has the potential to be used in concrete production as SCM or mineral fillers.
However, the use of these local by-products from the aluminum industry in concrete is still limited in

the open literature. The effect of LCLL-ash on the cement paste properties is today unknown.



Moreover, LCLL-ash is a fine powder that would be potentially employed as mineral filler in the
development of UHPC. Methods based on particle packing density have been recently developed to
introduce mineral fillers in sustainable concrete [31,32]. The effect of replacing the cement with LCLL-
ash in UHPC is unexplored. Moreover, the use of mineral fillers may allow to reduce cement in UHPC
mixes and reduce the autogenous shrinkage, which is often vital in UHPC as a direct consequence of
the high cement and silica fume content. Indeed, autogenous shrinkage occurs in the first days after
mixing and can cause potential cracks at early ages [33,34]. Therefore, using mineral fillers may be an

efficient solution to mitigate the autogenous shrinkage of UHPC by using less binder.
This thesis will address the following research questions:

¢ Can we efficiently recycle LCLL-ash in concrete as SCM or mineral filler? How does LCLL-ash

change the microstructure properties of the cement paste?

o IfLCLL-ash is not reactive, can calcination improve the reactivity of LCLL-ash? Does calcined
LCLL-ash undergo pozzolanic reactions creating additional Calcium-Silicate-Hydrates (C-S-
H)?

e Can we employ LCLL-ash as a mineral filler to replace the unreacted part of cement in UHPC
mixes? How do mineral filler changes the properties of cement paste at a low water-to-cement

ratio?

e How much LCLL-ash can be used to replace cement in UHPC while maintaining mechanical

properties? Does LCLL-ash reduce the early-age autogenous shrinkage of UHPC?

The overall novelty of this thesis is the development of sustainable concrete by replacing cement by
treated by-product from the aluminum smelter — LCLL-ash, which is massively and readily available
in Quebec. This could have several benefits. Firstly, this allows producing more environmentally friendly
concretes. Secondly, this use would be a sustainable solution to avoid disposing of LCLL-ash in a
landfill. Finally, LCLL-ash can be used as partial replacement cement as mineral fillers in high-strength

concrete, lowering their cost.



Objectives
This thesis aims to study the feasibility of the use of LCLL-ash in concrete. The detailed objectives are

as follows:

1. Characterize the chemo-micromechanical properties of the new constituent phases of cement
pastes with LCLL-ash.

2. Study effect of calcined LCLL-ash at different temperatures on hydration kinetic and hydration

production of cement paste.

3. Study the effect of mineral fillers on UHPC at an early age in terms of fresh concrete properties,

hydration kinetic, and autogenous shrinkage.

4. Optimize the LCLL-ash content in replacement cement in eco-friendly UHPC production.

Organization of the thesis

The thesis comprises five chapters.

The introduction section explains the industrial problem and research problem involving the concrete

industry and LCLL-ash — treated by-products from primary aluminum production.

The brief literature survey is presented in chapter 1, which is deepened in each chapter. This section
presents the introduction of cement chemistry, the supplementary cementitious materials, LCLL-ash,

ultra-high performance concrete (UHPC), and Eco-friendly UHPC.

The following four main chapters are presented in the form of the article. The summary of the four

chapters is shown in Table 0-1.

Chapter 2 presents the chemo-mechanical properties of the cement paste system incorporating LCLL-
ash with a constant water-to-binder (w/b) ratio of 0.35. LCLL-ash was ground to the fineness of cement
and used to partially replace cement at a dosage of 10% and 20% by mass. Some of the mixes were
also added a small amount of synthetic anhydrite (AH) — other by-products related to the aluminum
sector. The new hydrated products were found in LCLL-cement paste. Moreover, the cement pastes
with 1.25% of AH and 10% LCLL enhanced the mechanical property at 28 days.



Chapter 3 shows the preliminary results on the effect of calcined LCLL-ash at a different temperature
on the hydration of the cement paste system with w/b equal to 0.485. LCLL-ash was grinded and
calcinated at 800°C and 1000°C. Then calcined LCLL-ash replaced cement at 20% by mass. The new
hydrated products were found in both systems with calcined and non-calcined LCLL-ash. The hydration

kinetic measured by isothermal calorimetry did not show the pozzolanic reaction of calcined LCLL-ash.

Chapter 4 presents a comprehensive study on the effect of recycled mineral fillers (granite powder,
limestone powder and glass powder) on UHPC. Firstly, cement paste systems were fabricated by
replacing silica fume and Portland cement at different levels from 0% to 40% by volume while keeping
a low water-to-fine (w/) ratio of 0.20. At the concrete level, the most promising cement paste with
mineral fillers was employed to develop Eco-UHPC, of which compressive strength and electrical bulk
resistivity were characterized. The results show that the newly developed UHPC-filler formulations
were successfully attempted while remaining compressive strength of 100-110 MPa and exhibiting a

significant reduction of autogenous shrinkage.

Chapter 5 presents the development of substainable UHPC incorporating LCLL-ash without treatment
(no grinding and non-calcination). LCLL-ash replaced cement in UHPC mixtures at a dosage of 6%
and 12% by mass. The new LCLL-UHPC formulations were then designed by particle packing
optimization—Compaction-Interaction Packing Model (CIPM). Afterward, a multi-technique
experimental and analytical approach was employed to assess the key features of the developed
LCLL-UHPC, including fresh concrete properties, hydration kinetic, autogenous shrinkage, and
mechanical properties. The results showed that LCLL-ash is a promising mineral filler that can enable
producing low-CO, UHPCs.

Finally, the main findings are summarized in conclusion section, and the recommendations for future

outlook are also proposed.



Table 0-1. Summary of chapters 2, 3, 4 and 5.

Chapter Tille Research question Methods
2 The Microstructure What are the | e  X-ray diffraction (XRD)
Signature of Cement microstructure phases | e  Thermogravimetric analysis
Pastes Recycling of cement pastes with (TGA)
Treated Spent LCLL-ash? o Wavelength-dispersive
Refractory Lining from Whare thg changes o spectrgscopy
Aluminum Production the propertles of cement | o Sganmng electron
paste with LCLL-ash? microscopy (SEM)
e Microindentation
3 (Chapter)  Preliminary Does calcined LCLL has e XRD
investigation of the pozzolanic reactivityina | e TGA
hydration in cement cement paste system? | e Isothermal calorimetry
paste with calcined
refractory waste from
the primary aluminum
smelters
4 Understanding The How do mineral fillers |e Mini-slump test
Effect of Recycled aﬁectthe microstructure | e  |sothermal calorimetry
properties of cement |e TGA
Mineral Fillers on Ultra- pastes and mortars at |e  Autogenous shrinkage
High Performance ve/r]}/ |0th y?vater-to-fines ¢ Microindentation
Concretes (w/f) ratios? »  Compressive strength
e Electrical resistivity test
5 Developing Sustainable Can we use the LCLL- |e Optimized mix design by
Ultra-High-Performance ash as mineral fillers in CIPM model
Concrete with | UHPC? e Mini-slump test
Aluminium  Production What is the effect of |e Isothermal calorimetry
Wastes LCLL-ash on UHPC- |e XRD
performance? e SEM
¢ Autogenous shrinkage
e Microindentation
e Compressive strength




Chapter 1. Literature review

1.1. Historic of concrete

Concrete is the most widely used substance in the world after water, environ 2 m? per person per year.
Concrete is first used in the Roman Empire [35]. The Roman concrete consists of broken bricks, rocks,
hydraulics binders, natural pozzolana, ground brick and water. After that, concrete became well-known
in 1824 with the introduction of Portland cement [36]. Reinforced concrete is concrete with an
embedded reinforcement developed in 1849. The most common material used as reinforcement is
steel. The advantage of reinforced concrete is that it enhances the tensile stresses and the
compression loads. With the increase of using high-strength concrete for construction, high-
performance concrete (HPC) is developed in the 1980s. The compressive strength of HPC is from 45-
100 MPa. In 1994, the Ultra-high performance concrete (UHPC) was first coined and became a hot
research topic for researchers. UHPC is an innovative cementitious material that exhibits an excellent

compressive strength of over 150 MPa and high durability [37].

Table 1-1. Ingredient proportion of three types of concrete [38]. NSC: normal strength concrete, HPC:

high-performance concrete, UHPC: ultra-high-performance concrete.

Composition NSC HPC UHPC
Cement [kg/m3] 350-375 350-500 700-1500
Silica fume [kg/m3] - 150-250 175-375
Water-to-cement ratio [-] 0.4-0.6 0,3-0,35 0,16-0,2
Water [kg/m3] 150-200 150-160 160-230
Superplasticizer [kg/m?] - 3,5-10 10-45




Table 1-2. Properties of three types of concrete [38]. NSC: normal strength concrete, HPC: high-

performance concrete, UHPC: ultra-high-performance concrete.

Properties NSC HPC UHPC
Compressive strength [MPa] 20-40 50-100 120-250
Tensile strength [MPa] 1-3 3-6 7-15
Elastic Modulus [MPa] 25-35 35-40 50-60
Porosity [%] 14-20 10-13 1.5-5
Diffusion Chloride [m?/s] 2.10-11 2.10-12 2.10-14

1.2. Portland cement

1.2.1. Hydration of Portland cement

Ordinary Portland cement (OPC) is the most commonly used type of cement globally. OPC is the main
ingredient of cement paste, mortar and concrete. It is produced by grinding Portland cement clinkers
and a limited amount of gypsums. The raw material of limestone, marl and a small addition of iron are
burnt at 1450°C. The main component of class OPC clinker is alite (C3S, 60-50% by weight), belite
(C2S, 10-20% by weight), tricalcium aluminate (CsA, 5-10% by weight) and calcium aluminate ferrite
(C4AF, 3-8% by weight) [39].

OPC is a hydraulic material. When OPC is mixed with water, it causes a series of chemical hydration
reactions and causes to set. The setting can take several hours, and the paste hardens in several
weeks, resulting in progressive stiffness, strength, shrinkage and creep behavior of concrete. The
reactions between major phases and water usually occur at the same time but a different rate. These
reactions are influenced by several factors such as temperature, fineness of cement, the concentration
of elements, the water-cement ratio, the presence of additives, etc.[40]. The chemical reaction of pure

cement compounds may be summarized as follows [40]:
Calcium silicates

Alite is the main clinker phase of OPC, and it is responsible for the initial set and early strength
development (before 28days). As soon as C3S makes contact with water, several ions start dissolving
from the C3S grain surface, leading to a large amount of heat being released [41]. Initially, Calcium

silicate hydrate (C-S-H) gel has started to precipitate around the C3S grain, while solid calcium



hydroxide (CH) is not precipitated due to a poisoning of the surface of the CH nuclei by silicate ions
[40]. CH starts to precipitate until the concentration of CH is higher enough to overcome the poisoning

effect.

Belite is the second most abundant clinker in OPC, and belite contributes effectively to concrete
strength development after 28 days. It usually reacts 30% in the first 28 days and 90% in one year [42].

Belite (C2S) reacts with water in a similar way compared to alite at a slow rate.

The following chemical equation illustrates [40] :

2C,S +5.6H — C,S,H, +2.6CH (1.1)

2C,S +3.6H — C,S,H, +0.6CH (1.2)

In reality, the Ca/Si ratio in the C-S-H is not a constant entity, and it varies for different types of cement
[41]. It is typically in the range of 1.57 to 2.1. For example, Bentz [43] modified the hydration of their

cement as follows:

C,5+5.3H > C,,SH, +1.3CH (1.3)

C,5+4.3H > C,,SH, +0.3CH (1.4)

It is noted that the index provided below each compound indicates their respective volume

stoichiometries in the hydration reactions.
Aluminates

Tricalcium aluminate hydrates most rapidly and causes the rapid setting time, and usually, gypsum is
added to control this unexpected fast setting. As a result, a large amount of heat is released and
contributes to early strength. The ettringite (AFt) needles are first present, and after a period of a few
hours, the AFt may become unstable and convert to monosulfate (AFm) form with additional aluminate
or ferrite after depletion of free calcium sulphate in the cement paste [44]. On the other hand, AFt has
a higher ration S/Ca ratio than AFm. The following chemical equations illustrate the formation of

ettringite and monosulfate (AFm), which are the most common type of AFt and AFm, respectively.

C,A+3CSH, +26H — C,AS,H., (15)
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C,AS,H., +2C,A+4H — 3C,ASH,, (1.6)

Ferrite is an impure form of tetracalcium aluminoferrite (C4AF), in which the Al/Fe ratio may differ from
1. It reacts similarly to the CsA, and it contributes very little to strength. The reaction rate is generally
low and decreases with the Fe/Al ratio [41]. The hydration products are also AFt and AFm, with Als*

partially replaced with Fes* [45]:
C,AF +3CSH, +30H - C,(A F)S,H,, + (A F)H,+CH (1.7)

1.2.2. Cement hydration kinetic

Hydration reactions are the fundamental aspect responsible for cementitious material behavior. During
hydration reactions, clinker phases transform to give different hydrates, resulting in space bridging
between the grains and increasing the solid volume fraction in the cement paste. Silicate phases react
to form calcium hydroxide (CH) and calcium silicate hydrate (C-S-H), whereas Aluminate and Ferrite

hydration leads to the precipitation of the so-called aluminoferrite hydrates.

Through a typical heat evolution curve Figure 1-1, the hydration of Portland cement can be
characterized by four stages: (I) Pre-induction period, (Il) induction stage, (lll) acceleration stage and

(IV) post-acceleration stage.
a. Pre-induction and induction period

It is also called the initial dissolution period. Once cement contact with water, cement immediately
reacts, and C3A is the most rapid active phase and then forms ettringite phase. The evolution of these
phenomena slows down rapidly and then followed by a period of low reactivity, known as the dormant
stage (or induction period). Different theories have been proposed to explain the mechanisms occurring
during the induction period, which are the membrane of protective layer theory or the delayed
nucleation and growth theory [46]. The dormant stage will not exceed 5 hours. At this stage, cement
grains remain plastic stage. The time at the end of this stage is generally related to the initial set of the

cement.
b. Acceleration and post-acceleration period
The main peak of hydration can be observed at this period, in which the rate of reaction accelerates

strongly and reach a maximum rate at the end of stage Ill. The main peak generally refers to the
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massive precipitation of hydrated calcium silicate and portlandite from C3S. Cement paste (or concrete)
temperature increased rapidly during this period. Kurdowski [44] described this mechanism as the
transport of ions to and from the surface of the anhydrous particle through a gradually thickening shell
that forms around the anhydrous core. These shells may reach a thickness of 0.5 um to 1.0 um after

8-10 hours of hydration.

The final setting time generally occurs before the paste shows the maximum rate of heat development.
The post-acceleration stage (1V) slows down gradually due to the decline in the amount of yet unreacted
grains. The thickness of the hydrate layer that covers unhydrated particles increases, and the surface
area of the unhydrated part decreases. The C-S-H phase continues to be formed, and the relative

contribution of C2S to this process increases with time.

Rate of heat evolution
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Figure 1-1. Rate of heat evolution during the hydration of Portland cement [47].

1.2.3. Development of microstructure in hydrating cement paste

When cement contact with water, cement grains are separated individually by water. As mentioned
previously, C3A is the most active phase during the pre-induction period of hydration. At this stage, the
cement grains are covered with an aluminum-rich gel and short ettringite rods (Figure 1-2a). After this
stage, CsS starts to react. The “outer” C-S-H formed on the ettringite needles. Next, the second
hydration of C3A produces the longer ettringite needles and the beginning of “inner” C-S-H formation.
The morphology of C-S-H gel at this stage is different, which shows as honeycomb [48] or long fiber
[49]. The calcium hydroxide precipitates as a crystalline from the solution into an empty pore. It looks

like a hexagonal plate-like shape, as shown in Figure 1-2. Ettringite has a crystalline or needle with a
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length up to 10um and 0.25um in diameter. The C-S-H formation and CH crystalline continuously form

in which the solid phase increase rapidly (Figure 1-2c) until the cement paste hardens.

Dormant period Setting Hardening

(a) Plastic stage (b) Setting stage (c) Basic skeleton (d) “Stable” skeleton

Figure 1-2. Formation of reaction products and build-up of microstructure [49].

1.3. Calcium-silicate-hydrates (C-S-H)

The C-S-H occurs after the dormant stage (Figure 1-3) as C3S start reacting. C-S-H is the main
hydration product in Portland cement system, and it contributes significantly to the physical, chemical
and mechanical properties. Figure 1-5 shows the SEM image of typical C-S-H morphology. The solid
structure of C-S-H, based on tobermorite, is composed of a complex layer of Ca and O atoms in contact
on both sides with silica chains (as illustrated in Figure 1-3) [50-52]. C-S-H has a composition of ~1.5-
1.9 Ca0.Si02.nH20, which the water molecules, n, depend on the relative humidity and temperature.
The Ca/Si and Al/Si atomic ration of the C-S-H gel present in cement paste is 1.7-2.1 and 0.05-0.1,
respectively [41].

Scrivener [53] employed the backscattered electron (BSE) image to distinguish IP and OP, while
Richard et al [54] used transition electron microscopy (TEM) to recognize them. The C-S-H is classified
as “inner” Ip and “outer” Op C-S-H, defined as those formed in space initially occupied by clinker grains
and by water, respectively, [55,56], as shown in Figure 1-4. By means of nitrogen sorption tests,
Jennings et al. [57] discovered the existence of two types of C-S-H with different densities: low-density
(LD) C-S-H with a density of 1.44 g/cm?® and high-density (HD) C-S-H a density of 1.75 g/cm?.
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(a) A

2C
| 4
4

p——F a intra-layer Ca inter-layer Ca bridging Si

Figure 1-3. Model C-S-H structure represented by 14A tobermorite in (a) perspective and (b) side
view. (c) Bonding geometries of intra-layer Ca, inter-layer Ca and bridging Si. O, H, Si and Ca atoms
are shown with red, white, blue and light blue spheres using a ball-and-stick model [52].

(b)
Figure 1-4. (a) A typical TEM image showing an Ip C-S-H and Op C-S-H of a paste hydrated for 3

months (w/c=0.4, 20°C) [55], (b) Backscattered electron (BSE) image of a CEM | cement hydrated
under distilled water for (b) 90 days (at 20°C w/c = 0.4) [56].
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(b) (c)

Figure 1-5. SEM image of (a) C-S-H, (b) platy crystals of Portlandite CH and needle-like ettringite Aft
and (c) of clinker surface [68,59].

1.4. Calcium-aluminate-silicate-hydrates (C-A-S-H)

In the presence of SCMs, the Ca/Si ratio is generally lower than in neat paste, while the Al/Si is
expected to increase with alumina-silicate SCM such as slag, fly ash and especially calcined clays [60-
64]. Richardson [65] has reported “fibrillar-like” or “foil-like” morphologies for outer C-A-S-H, with a foil-
like morphology only observed for Ca/Si atomic ratios at or below 1.5. The Al/Si ratio of C-A-S-H is
from 0.11 to 0.34 for the system with slag, measured by nuclear magnetic resonance (NMR).
Interestingly, the poor crystalline C-A-S-H was found in the ancient Roman marine concrete [66] that
was immersed in seawater for 2000 years. This concrete is made with a high volume of fine-grained
volcanic ash. During the hydration, the crystalline C-A-S-H is formed, and it contributed to the long-

term durability of the ancient Roman concrete.

Wilson et al [67] investigate the C-(A)-S-H (with or without aluminate) phase properties on systems
with 30% replacement by fly ash and 50% replacement by slag by coupling the nanoindentation and
quantitative energy-dispersive spectroscopy (QEDS) technique. The chemo-mechanical properties of
C-(A)-S-H shows in Table 1-3. As can be seen, the Ca/Si and Al/Ca atomic ratio in the system with
50S (50% slag) is higher than that in the system with 30FA (30% fly ash).
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Table 1-3. The chemo-mechanical properties of C-(A)-S-H phase in the system with fly ash and slag,
employed by coupling nanoindentation and QEDS technique. Indentation Modulus M, Indentation

Hardness H, Si/Ca atomic ratio, (Fe+Al)/Ca atomic ratio, and S/Ca atomic ratio are indicated.

Systems M (GPa) H(GPa) Si/Ca (at.) (Fe+Al)/Ca (at.) S/Ca (at.)
OPC 28.1+3.8 0.85+0.17 0.47+0.04 0.06+0.02 0.05+0.03
30FA 28.614.2 0.87£0.19 0.57+0.07 0.15+0.03 0.06+0.03

50S 26.2+2.6 0.78+0.13 0.60+0.04 0.1140.02 0.04+0.01

1.5. Calcium carboaluminate phase

Calcium carboaluminate phase or AFm-CO3 phase (including calcium monocarboaluminate Mc and
calcium hemicarboaluminate Hc) is formed with the presence of the carbonate content in the mix
[68,69]. In an ordinary Portland cement without limestone, C3A and C4AF will react quickly with calcium
sulphate to form ettringite (AFt). Upon depletion of SO4%, remaining C3A and C4AF will react with
ettringite to form monosulphate or hydroxy-AFm solid solution [70]. In the presence of limestone, this
reaction is modified. Calcium monocarboaluminate is immediately formed, and the transformation of

monosulfoaluminate to monocarboaluminate occurs at 28 days [71], as shown in Figure 1-6.

OPC OPC-L OPC-FA OPC-FA-L
180 days
90 days
] 28 days
o § ...,-_’ A -n'.,,_. w—-“v-"‘/ \"w-—- | SN ——7 days

JL».,»M-L.. .-L.m.m.. Jk,...»um.. JM —1day

8 910111213 8 9 10111213 8 9 10111213 8 9 10 11 12 13
28 26 26 20

Figure 1-6. X-ray diffraction patterns for the different tested blends at 1, 7, 28, 90 and 180 days. The
main peaks of ettringite (E), monosulphate (Ms), possibly a sulphate and carbonate containing

hydroxy-AFm (AFm*), hemicarbonate (Hc), monocarbonate (Mc) and ferrite (F) are indicated. (OPC:
cement, L: limestone, FA: fly ash) [71].

Interestingly, Wang et al. [72] found that in the Portland-limestone cement with alumina-rich pozzolan,
monocarboaluminate Mc formed at a low limestone replacement level while hemicarboaluminate Hc

occurred at high substitution levels. Moreover, AFm- COs formation significantly increases the solid
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volume of hydrates due to lower densities than the C-S-H, portlandite, and calcite. Consequently, it can
help in the reduction of the pore volume, volume stability and chloride resistance [72,73]. AFm-CQOs is
more pronounced in the Limestone calcined clay cement (LC3), which is a family of multicomponent
cement that incorporate limestone and calcined kaolinitic clays replacing up to 50% of the conventional
OPC [63,74,75] (as shown in Figure 1-7).

|— OPC 150 d—— FA30 150 d——LC3 150 d —oOPC4y—FA304y—LC3 4y
Hc CH
o E Hc E
Stlat. f l 1"‘: E l lMC Stlat. E i rc £ cn (I iMc

5 10 15 20 25 5 10 15 20 25

2-Theta Cu, 2-Theta Cu,
(a) (b)

Figure 1-7. X-ray diffractograms of hydrated cement paste at (a) 150 days and (b) 4 years (E:
ettringite, Ms: monosulphate , Hc: hemicarbonate, Mc: monocarbonate, Q: quartz, CH: Portlandite,
strat.: Stratlingite and F: ferrite are indicated. (OPC: cement, L: limestone, FA: fly ash).

1.6. Supplementary cementitious materials (SCMs)

The demand for the infrastructure expansion for concrete causes the over-exploited natural material
sources. Nowadays, the utilization of supplementary cementitious materials (SCMs) in concrete has
become very common to produce sustainable concrete. Using SCMs employment in concrete offers
not only to enhance the mechanical properties and durability of concrete but also benefits in terms of
reduction of carbon dioxide, natural source preservation and waste management. SCMs commonly
used meet the requirement of ASTM C618, including Class C and F fly ash—from a coal-fired power
plant, ASTM C989 ground-granulated blast-furnace slag (GGBFS) — from iron production, ASTM
C1240 silica fume—from ferrosilicon industry and other industrial by-products or natural pozzolanas

such as calcined clay, metakaolin, and rice husk ash.

SCMs can partially replace cement in concrete through three different mechanisms (i) a physical
mechanism known as filler effect, (i) the latent hydraulic reactivity, and (iii) a chemical mechanism is

known as a pozzolanic reaction.
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(i) Filler effect

Finely ground mineral fillers or fine powder influenced the rate of reaction in cementitious materials in
the early hydration [76]. The acceleration can be contributed by several mechanisms: (i) the dilution of
cement content, which provides relatively more space for the formation of hydrates from the clinker
hydration [77], (ii) the heterogeneous nucleation of C-S-H is enhanced due to extra surface provided
by fine filler, acting as additional nucleation sites [58,76] and (iii) ion sorption/exchange effects, which
means the sorption of several ions on the C-S-H drive force for continuing hydrate growth [78,79].
Among these, the nucleation site (or seeding effect) effect is perhaps the most important mechanism
that might affects the hydration kinetic of Portland cement. An example from [58], fine ground limestone
accelerates the hydration of C3S by providing an extra surface for nucleation. At an early age, Figure
1-8 indicates during the hydration, the surface of C3S and limestone is covered by hydrates. Obseverly,
C-S-H precipitates more on limestone surface after 3 hours of hydration than on alite grain (Figure
1-8b). The filler effect of SCMs mainly depends on some critical parameters, such as particle size,

crystallography, etc.

Figure 1-8. Example SEM images of the surface: (a) C3S grain and (b) limestone grain, for the mix of
60% CsS and 40% limestone after 3 hours of hydration [58].

(ii) Latent hydraulic reaction

Cement having latent hydraulic properties is produced from ground granulated blast furnace slag
(GGBFS or slag). GGBFS is produced by grinding granulated blast furnace slag (GBFS), which is an
industrial by-product generated from iron and steel production. GGBFS is commonly used as a partial

replacement for Portland cement in mortar or concrete production. The hydration of clinker occurs with
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a contact of water (hydrolytic attack) while hydration of GGBFS appears due to the reaction of glass
dissolution by hydroxyl attack [80]. The reaction rate of slag cement is slower than Portland cement.
Slag needs an activator to activate; thus, cement plays an important role as an activator to provide
calcium hydroxide ((Ca(OH),) to react with the active aluminum (Al) and silicon (Si) ions that are

liberated from the glassy substance [81]. In addition, Ca(OH). also acts mostly for pH activation.

The latent hydraulic property of GGBFS causes a lower early-age strength of concrete with GGBFS.
However, the compressive strength significantly increases after 28 days. Addelli et al. [80] investigated
the pozzolanic reactivity of GGBFS on mortar with 0-80% replacement level. The results show that the
early-age strength of mortar is lower than the reference, while at 28 days or beyond, the compressive

strength grows rapidly and exceeds the strength of reference with up to 40% of replacement.
(iii)  Pozzolanic effect

SCMs contribute to the hydration reaction at a later age through the reaction with Ca(OH)2 released by
the hydration of OPC to form a second C-S-H (ll) [7]. Thus, Ca(OH)2 is consumed by the reaction of
SCMs and the reaction of SCMs on blended cement mainly gave the same hydration products. For
example, the reaction of siliceous pozzolanic SCM as silica fume (S) leads to the formation of C-S-H
as follows: S + 1.7CH + 2.3H = C17SH4. However, for aluminosilicate SCMs as metakaolin, also
calcium aluminate hydrates will appear, for instance, monosulfoaluminate in the case of availability of
calcium sulfate. With the presence of calcium carbonate ( CC) in the blended cement, calcium carbo-
aluminate hydrates form instead of monosulfoaluminate, and the balance sulfate will precipitate as
ettringite [10].

The second C-S-H and other hydration products will fill the pore space and further reduces the porosity.
This leads to an increase long-term strength and durability of concrete. These SCMs include fly ash,
metakaolin (MK), and agricultural residue ashes, such as rice husk ash (RHA). Duan et al. [82] found
that the compressive strength of concrete incorporating metakaolin increase gradually and improve the
pore microstructure of concrete. Antoni et al. [64] reported that the 15% blended cement (10% MK +
5% limestone) indicated higher strength than the neat cement reference mortar at all ages. Madandoust
et al. [83] investigated the mechanical properties and durability of RHA concrete (from 0-30%

replacement level). The results showed that the lower compressive strength at early age while the
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strength increased to 96% at 90 days and became slighter greater than the reference concrete at 360

days. This phenomenon can be explained by the pozzolanic reaction of RHA.

1.7. Mineral fillers

One of the most effective ways to enhance construction sustainability is to develop effective concrete
mixtures with less ordinary Portland cement [84]. However, the source of SCMs (such as fly ash or
slag) is limited and not available in all countries [85]. However, new potential powder materials may be
employed as mineral fillers, e.g., mineral fillers coming from stone quarry wastes produced by crushing
rock. As discussed by Taylor [41], for w/c below 0.38, complete hydration of the cement will not occur.
In fact, a portion of cement will remain unhydrates and thus serve as a reinforcing filler. Thus, in high-
or ultra-high performance concrete with high content of cement and low w/c ratio, cement clinker is a
rather expensive filler material. In a landmark work, Bentz et al. [86] studied the possibility of replacing
the coarser fraction of cement which does not react in low water-to-cement systems, as an inert filler.
They predicted the hydration and compressive strength by cement hydration and microstructure
development model (CEMHYD3D). The water-to-solid (w/s) mass ratio was 0.25 to 0.3, where solid
was defined as cement plus mineral fillers. The results indicated that the predicted compressive
strength of systems with fillers slightly reduced compared to the neat system. Afterwards, Bentz [87]
carried out experimental works to valid the previous hypothesis on High Strength Concrete with a
compressive strength of 78 MPa. The replacement of “coarse” cement particles replaced by inert fillers
at w/s ratio of 0.3. The fine cement (<30 um) was blended with coarse limestone in paste and mortar
systems. The results show that the expected compressive strength loss in the filled system in mortars
after 7 days was consistent with model predictions, and no significant reduction in strength was
detected at 56 days. Bentz et al. [88-90] applied Power's model to study total capillary porosity in
limestone-filled cement pastes for a w/s in the range of 0.30 to 0.35. The results on high strength
concrete with a compressive strength of 78 MPa concluded that it is possible to replace cement with
limestone around 15% to obtain a paste with a similar or better gel-space ratio of about 0.9. Moreover,
the replacement of about 10% cement with limestone at w/c = 0.3 produced a mortar with a reduction

of the autogenous shrinkage and chloride diffusion.
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1.8. Spent pot lining

1.8.1. Spent pot lining generation

In primary aluminum production, alumina is extracted from metallic aluminum by electrolytic reduction
in Hall-Héroult cells, which is shown in Figure 1-9. In this process, a large quantity of electrical current
enters the cell through carbon anodes. It passes through the electrolyte bath before being collected by
carbon cathodes at the bottom of the cell. The electrolyte is essentially a solution that contains alumina
(Al203) dissolved in cryolite (NasAlFs), held in temperatures around 960° C [91]. The molten fluoride-
containing salts and sodium impregnate the carbon cathode lining. Consequently, the cell fails after 5-
8 years of operation, and the carbon cathode pot lining is removed by recycling of iron and aluminum

pieces.

Alumina
~ Carbon anode

Electrolyte

Sidewall block

Shell

Current collector bar

Refractory
Heat insultation

Figure 1-9. Schematic of the main features of a Hall-Héroult aluminum reduction cell [92].

The remaining waste materials are called spent pot lining (SPL). SPL can separate into parts (i) first
cut- a carbon-rich fraction constituted of old cathode and (ii) second cut-mainly refractory brick part
with a non-carbon fraction (as shown in Figure 1-10.). The composition of the SPL varies depending
on the technologies. As can be seen in Figure 1-11, it can be observed that SPL contains cyanides,
fluorides and some metals (Al and Na), which are toxic as leaching into water and react with water to
explosive gases. Therefore, SPL is listed as hazardous material [25]. Dealing with SPL disposal has

become a significant concern of aluminum manufacturers as disposing of SPL into the environment is
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not permitted. About 22 kg of SPL is generated per ton of aluminum produced. In 2018, producing 64
million tonnes of primary aluminum generated approximately 1.4 million tonnes of SPL in the worldwise
[25]. Roughly 80 kT of SPL is produced in Canada per year, with about 20 kt coming from Rio Tinto
(RT) [29]. Demand for aluminum is expected to grow significantly to 2040 [93]. This means that it will
also lead to increased SPL generation. In other words, the challenge of managing SPL will continue to

be intensive in the future.

Figure 1-10. (a) Demolition of SPL [92], (b) SPL after breaking up [94].
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Figure 1-11. Chemical composition of SPL [92].
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Table 1-4. Summarized SPL treatment and processes [25].

Process Company-Owner Procedure and outcome Outcome
Pyro-metallurgical ~ Alcoa (Reynolds) Crushed and mixed with Landfilling dry at a
Gum Springs limestone and sand hazardous waste
Rotary kiln at 1000°C site
RT (Comalco) Extract cyanides in the pre- A soluble caustic
COMTOR treatment reactor for cement kiln

and alumina plant

Alcoa of Australia Ground SPL and react with  To make AlFs-
oxygen and natural gas in reused
an Ausmelt reactor at

1300°C
Nova Pb Rotary kiln at 1000°C Calcifrit (high
fluoride) &
Calcicoke (high C)
Regain Process Destruction of simple To more

cyanide to deactivate SPL  accessible to
transport, but still

hazardous
Hydro-metallurgical  Rio Tinto Alcan- Total extract of the A safety treated
LCL&L Process leachable fluorides and SPL residue

cyanides

1.8.2. Spent pot lining treatment

Before re-using SPL by a third party, it has to undergo partial or total detoxification. There are many
SPL treatment and processing solutions available. However, some of the processes have been
developed to the pilot stage but then stopped at an industrial scale [25]. To date, pyro-metallurgical or
hydro-metallurgical processes are the most used in the world. A summary of these processes is
summarized in Table 1-4. As can be seen, the treatment to extract toxic elements of SPL is very specific
and complex, and their chemical composition of treated SPL will also be different between each
process. Therefore, the comparison between these treated SPL is out of the scope of this work. We
focus on the hydro-metallurgical treatment explained below as the one industrially implemented in

Quebec.
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1.8.3. LCLL-ash

In the early 1990s, Rio Tinto developed an innovative process - hydrometallurgical process - called
Low Caustic Leaching and Liming (LCL&L) process in Jonquiére, Quebec, Canada. The LCL&L
process will convert SPL into inert by-products. The plant treats 80 kt of SPL annually and has treated
more than 700 kt of SPL since 2008. To date, the unique facility that uses the LCL&L procedure to treat

SPL is in Jonquiere, Quebec.

The SPL is firstly crushed and then water leached in a low caustic solution to neutralize the hydro-
reactivity and put the fluorides and cyanides into the solution, as shown in Figure 1-12. After that, the
solid component is filtered to produce an inert residue. After this water leaching stage, the second cut
is treated to produce LCLL-ash. Approximately 10 kt per year of LCLL-ash is produced in this plant
[92]. The mean particle size of LCLL-ash is approximately 20 ym. LCLL-ash has a high content of

alumina and silica, which can be a potential material to replace partial cement in concrete production.

SPL

Cyanide
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Washin Milk of lime % Water Ilquor
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fluoride CaF, M

Drum filter Settler Liming B ution

Figure 1-12. LCL&L process diagram [99] .
1.9. Ultra-high performance Concrete (UHPC)

1.9.1. Introduction

Ultra-high performance concretes (UHPCs) are a new class of cementitious composites that has been
developed more than 30 years of academic and industrial research to achieve the following properties
[96-100]. Undoubtedly, UHPCs have become a breakthrough in several civil engineering and

architectural applications, e.g., bridge infrastructure, retrofitting techniques, etc. [96,101-105]:
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Compressive strength between 150 and 250 MPa [99,106,107], which is almost comparable

to those of steel fibers and allows reducing the structural size. Figure 1-13a compares the
compressive behavior of UHPCs with a Normal Concrete in terms of a stress-strain
relationship. The compressive strength and ultimate deformation of UHPCs is significantly
greater than conventional concrete with a factor of magnitude between 5 and 10. Notably, the

compressive strength of UHPCs is comparable to the yield strength of structural steel;

A ductile tensile behavior that confers an unprecedented crack resistance with respect to

previous concrete composites. UHPCs exhibit a strain hardening concrete, which means that
the tensile “material law” (i.e., the stress-strain relationship of the material under tension) has
an ascending branch, as shown in Figure 1-13b. Such ductile tensile response is due to
multiple micro-cracks, which grow simultaneously before their coalescence into a large crack
at large deformation. Figure 1-13.b shows an example of multiple microcracks occurring in a
UHPC sample under tensile loading, which is not visible to the naked eye as they have a
micrometer size [108].The same figure compares the tensile response of UHPCs and
conventional concrete showing a plateau at a stress of about 12 MPa with deformation at the
peak load of about 0.15% [109-113]. Note that the tensile strength is of the order of 10-15 MPa,
which is 10 times less than the compressive strength. The area underneath the tensile stress-
strain relationship is also called fracture energy, i.e., the energy needed to create a crack in
the material. The UHPCs fracture is about 20-30 kJ/m2, which is more than 100 times that of

a Normal Concrete (NC). Figure 1-13.a shows the tensile behavior of an UHPCs in more detail;

Nearly zeros permeability and chloride diffusion guarantee exceptional durability to

UHPCs structures [98]. Notably, even when microcracks may occur, e.g., under serviceability
states for non-pre-stressed structures, UHPCs exhibits still very low permeability until a critical
deformation threshold [114-116].
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Figure 1-13. Comparison of an UHPC and Normal Concrete: (a) Compressive behavior [101];
(b) Tensile behavior [117].

Figure 1-14a compares different beam solutions with the same maximum moment. Clearly, the use of
UHPC allows reduction of the weight from about 500 kg/m down to 140 kg/m for concrete structures,
and it provides a solution comparable to the steel structure. As shown in Figure 1-14a, the thickness
of UHPC is thinner than normal strength UHPC to meet the sustain loads. Thus, UHPC can offer new
possibilities of reduced-weight structures and new designs of structures for better aesthetics. Also,
UHPC is eliminated using coarse aggregates to improve the granular packing density (Figure 1-14b)
leading to a denser interfacial transition zone of microstructure and increasing the long-term durability
of UHPC.

Conventional
Concrete

) Pre-stressed

: v. Reinforced : ‘j
Concrete 27} % aaed
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Figure 1-14. (a) Comparison of beam with same moment resistant: (i) Reinforced UHPCs (ii) steel
beam; (iii) Pre-stressed concrete; (iv) Reinforced concrete [118], (b) Compare between the
conventional concrete versus UHPC [119].
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Because of its exceptional properties, structures made with UHPC will have much longer service life
with lower maintenance and repair costs over time compared to NSC or HPC structures [120].
According to Aitcin [121], the Quebec Ministry of Transportation calculated that the initial cost of a

55 MPa bridge was 8% less than that of a 35 MPa bridge without taking into account a more extended
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service life. UHPC became commercially available in the United States since 2000. Favorite
constructions of UHPC can be seen as structural repairs, bridge deck overlays, and architectural works.

For example, Figure 1-15 presents some constructions applied to UHPC materials.

Figure 1-15. (a) UHPC overlay on a bridge, USA, (b) Fondation Louis Vuitton, Paris, France, (c)
Pedestrian bridge in Sherbrook, Canada.

1.9.2. Ingredients
Binder

UHPC contains a relatively high amount of cement content compared to that used in conventional
concrete or high-performance concrete, in the range of 600-1200 kg/m3 [122]. Silica fume (SF) is the
second essential binder element in UHPC. SF has a high pozzolanic reaction that reacts with
Portlandite from cement to produce additional C-S-H, enhancing the strength properties of UHPC. SF
can improve the workability of UHPC in filling voids between cement and fine aggregate [122,123].
Silica fume content is from 15% to 35% by mass of cement in UHPC formula [124,125]. It should be
highlighted that only about 20% of total silica fume hydrates, given the extremely low w/c environment
[126]. Thus, UHPC strength from silica fume would rather come from the unreacted silica fume that
contributes to reducing the final porosity and increasing the packing density of the matrix
microstructure. The cost of UHPC is higher than that of traditional concrete, likely due to high binder
content. For example, NC is sold at $130/m3, and the cost of commercially available UHPCs escalates
to the range of $750-$1,400/m3 in Europe and $1,000-$2,620/m?3 in North America [127-130].

Fine aggregates

UHPC eliminates coarse aggregates to improve the interfacial transition zone (ITZ) between the

cementitious matrix and aggregate. Furthermore, ITZ defects reduce overall matrix porosity and
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improve mechanical properties [131]. The fine aggregates are likely quartz sand or natural sands.
These fine aggregates can also reduce the paste thickness of UHPC. An optimum sand-to-cement

ratio is reported as 1.4 for a quartz sand size of 0.8 mm [132)].
Steel fibers

Adding steel fiber to UHPC can enhance the ductility of UHPC [37]. The workability of UHPC mixture
can be affected by the addition of steel fibers. The most common size of steel fiber is 13 mm in length
and 0.2 mm in diameter. However, 6 mm long and 0.15 mm diameter steel fibers can be used up to
10% by mixture volume [133]. Steel fibers account for up to 50% of UHPC costs. More than 45% of
UHPC cost is attributed to powders [129]. Richard et al. [134] recommended using 2% by mixture

volume of steel fibers for an economical and workable UHPC mixture.
Water-to-binder (w/b) ratio

UHPC is characterized by a very low w/b ratio. As the w/b ratio drops, the distance between adjacent
binder particles reduces, implying that the hydrates of one particle must shrink to reach the hydrates
of surrounding particles. It also improves the hydration of the product and densifies the microstructure
of the UHPC, resulting in increased mechanical strength and durability of the product [119,135]. An
optimum w/b ratio of 0.18-0.25 was found in a previous study [22,23,136] to ensure spread flow and

achieve maximum relative density.
Superplasticizer

Due to the very low w/b ratio, the workability of UHPC can be improved by adding a superplasticizer
(SP) to the mixture. SP had been used as critical chemical admixtures for concrete [137]. The
molecules are adsorbed onto particles, which are subsequently physically separated by steric and/or
electrostatic forces opposing their attractive forces [138,139]. The amount of SP needed depends on
the consistency of the materials in the combination as well as the type of SP used. Polycarboxylic
ethers (PCEs), a new generation of superplasticizers created in the 1980s, can reduce water by up to
40% [140,141]. The effects of PCE-type SP on the fresh behavior of cementitious materials are found
as adsorption, rheological behavior and retardation hydration effect [139,141]. Wille et al. [132] suggest

that SP dosage of 1.4-2.4% by cement weight.
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Figure 1-16. Comparison of mix compositions for normal-strength, high-strength and various UHPCs
[142].

Figure 1-16 compares the composition (by volume) of a normal-strength concrete, a high strength
concrete, a self-compacting concrete (SCC) and different UHPCs with sand inclusions of different
maximum sizes. Note that normal UHPC mix designs include a large amount of binders (cement +
silica fume)' and no coarse aggregate (i.e., sand with a diameter larger than 0.5 mm). That is, common
UHPC employs only fine sand for two reasons: (i) to assure the rheological property at the fresh state
[143]; (ii) the difference in thermal and mechanical properties between aggregate and cementitious

matrix is one of the main reasons for the micro cracking in the interface zone, and that the length of the

Ordinary
concrete

3777 LT

"UHPC fine  UHPC
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{0/ 8 mm)

SC
8 3
O

UHPC
harsh

micro cracks is proportional with the grain size of aggregates [144].

1 Really, UHPCs should literally be considered as a mortar as the maximum sand size is less than 2 mm.
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(d)

Figure 1-17. Examples of (a) micro-silica particles with a size of 0.01-1 um; (b) quartz sand with a
diameter between 1-100 um; (c) cement clinker grains with a size 0.1-100 um; (d) steel micro-fibers
with a length of about 12 mm and diameter of 0.2 mm.

1.9.3. Mix design method

The UHPC mix design has been optimized in a twofold manner:

1.

By maximizing the packing density of the microstructure with the use of very fine minerals,
quartz powder and silica fume so that the micrometer pores and defects are nearly absent
[97,99]. Figure 1-18.a schematically illustrates the maximization of the packing density of an
UHPCs is by the optimal choice of the size distribution of particles (powder quartz, sand, silica

fume, and cement);

by adding an efficient steel micro-fiber reinforcement which maximizes the composite
toughness (i.e., the dissipated energy). The fiber reinforcement has been optimally designed
to assure that the fibers pull out simultaneously without breaking from the cement matrix.
Figure 1-18.b shows the distribution of the steel micro-fiber (at a fiber volume content Vi = 2%)

inside a UHPC by tomography.
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(a) (b)
Figure 1-18. (a) Example of the UHPCs microstructure optimization by maximizing the packing
density with an optimal size distribution of the particles; (b) View of the steel fiber distribution (at the
volume content of 2%) within an UHPCs by tomography [101].

The size distribution of ultrafine particles? has been optimized to maximize the packing density. Figure
1-19.a shows an example of the optimal size distribution of the ultrafine particles (cement, silica fume,
quartz powder, sand). As illustrated in Figure 1-19b, this packing optimization causes an increase in
strength but also significantly reduces the amounts of water and superplasticizer required for the
rheological flowability. The effect of the packing density on the compressive strength is shown in Figure
1-19.a which shows the relationship between the compressive strength and the density: the greater the
packing density, the greater the density, the greater the compressive strength. Notably, heat treatment

can further affect the packing density increasing the compressive strength, as shown in Figure 1-19b.
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Figure 1-19. (a) Example of optimal size distribution for ultra fine particles in UHPCs mix design; (b)
Optimum packing [142].

2 ultrafine particles cement, quartz, powder, silica fume plus further inert or reactive fine fillers if required
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Particle packing density

The method for designing the concrete mixtures is particle packing density to obtain a compact mixture
by selecting the appropriate size and proportion of particulate materials. In considering packing, smaller
particles should be employed to fill the voids between the large particles, resulting in a lower porosity
throughout the entire skeleton. The concept of packing density is introduced to evaluate the
arrangement of the granular mixture. The packing density of granular mixtures can be defined as the

volume of solid per total bulk volume.

With the advent of novel concrete types, such as high-performance concrete (HPC), self-consolidating
concrete (SCC), and ultra-high-performance concrete (UHPC), particle-size optimization has reignited
attention in recent decades [158]. The packing density of concrete has been shown to be one of the
most critical factors impacting its performance (increasing strength, reducing permeability, and
reducing porosity in the transition zone). The increase in aggregate packing density can increase the
workability of concrete at the same w/b or increase the strength of concrete by reducing w/b at given
workability for a fixed paste volume. However, a higher packing density is preferred; the maximum

packing density does not necessarily guarantee a workable concrete mixture [159].
Particle packing models

Particle packing models are based on mathematical equations that specify how different-sized particles
interact geometrically. The analytical particle packing models are used to calculate the theoretical
packing density of a mixture. The calculation is based on the particle size distribution and packing
density of the various particle groups present in the mixture. It is noted that we should consider the
interaction between the particles: wall effect — this effect occurs close to a wall or close to a large
particle and loosening effect — this effect appears when the small particles are too large to fit in

between the voids or between the large particles, as shown in Figure 1-20.
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Figure 1-20. Wall and loosening effects in a ternary system of granular mixture [160].

Several common particle packing models are developed and employed. De Larrard and Sedran
[158,161,161,162] proposed different approaches to design concrete, such as the Linear Packing
Density Model (LPDM), and Solid Suspension Model (SSM) and Compressive Packing Model (CPM).
Fennis [163] developed the compaction-interaction packing model (CIPM) based on the CPM method
[160]. The CIPM take into account the interaction due to the surface forces like van der Waals forces
for very fine particle (< 125 ym), which are necessary for UHPC. Hajiesmaeili et al. [100] applied the
CIPM model to design Ultra-High Performance Fiber Reinforced Concrete with 50% clinker
replacement by limestone. Therefore, the CIPM will be selected in this study to optimize the packing

density of granular mixtures of UHPC.
Compaction-interaction packing model

The CPM [160] considers geometrical characteristics (loosening and wall effects) as well as

compaction energy to predict the packing density of a mix having n monosized classes. Fennis used

Eq.(1.8) to calculate the actual packing density @ for the monosized class.

S ole
K=y -S4 (1.8)
él_(/’i lo,

2 . i (L.9)
A A= [1-b,a-1/b) ]t~ > [a,8,1 5, ]r)

j=i+1

K = Compaction index depends on the compaction energy applied to the mixture
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B : virtual packing density of size class i, as in Eq.(1.9)

1
B =« (1+E) (1.10)

@; = Experimentally determined packing density of class ifor a prescribed packing process and K

value, as shown in Table 1-5.

The components of UHPC are in a wide range of particle sizes, which are not monosized without

interaction. Then, the actual packing density @ is obtained by solving the Eq. (1.11):

M

: >

K=Y - * k1 ﬁk':/l (1.12)
Qi /ﬂk,i _Z¢’k,i /ﬂk,i
k= k=1

1 =

i=1

Where,

Pei = Pyl ;- @ (1.12)
i-1 n

01 = B P {1—{ [1-b, (1—1/ﬁk]i]}rk’j®+ Z a,r /B,
j=1 J=i+l (113)

In which

@ = Actual packing density of the mixture with k materials

P, = Volume fraction of material k
I' i = Volume fraction of material k in class i

,Bk,i = Virtual packing density of material k in class i (Eq.(1.11))

1
i = o @+ —
Bii = +K) (1.14)
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@, ; = Experimentally determined packing density of class material k in class i

The geometrical interaction between size classes is represented by a; — the loosening effect and bij

—the wall effect, as is shown in Eq. (1.12) and Eq.(1.13) , respectively.

108, (0, 7))

ai- _ T Ioglo(di /dJ) > WO,a = Wa X La dj < 25[le (115)
: ' w, d. >25um

0 log,,(d; /d;) <w,, !

L 100u(@ 1d)

- Ogm(di/dj)>Wo,b w, x L, dj <25um (1 16)
bij = Wo,b o Wop = )

W, d; >25um

0 log,, (d, /dj) W,

Where,

di and dj are the diameter of size class 1 and class j, respectively
dC is the transition diameter in the CIPM below which compaction-interaction is taken into account
Wy . and W, are the functions for maximum range of loosening effect and wall effect respectively.

W, and W, are the constants denoting the maximum range of loosening effect and wall effect,

respectively.

L, and L, are constants (L,=1.5and L,=0.2).
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Table 1-5. K values for various packing processes [163].

Packing process Methods K value

Dry Pouring 4.1
Rodding 4.5

Vibration 4.75
Vibration + compression of 10 kPa 0

Wet Smooth thick paste 6.7
Proctor test 12
Virtural - 0

Packing density measurements of the components

For the powders larger than 125 um, the particles are weighed in a container with a known volume.

Packing density is calculated by dividing the weight of the particles in a unit volume by the specific

gravity of the particles.

For the powders smaller than 125 ym, to measure the packing density of the fine powder more
accurately, the water demand method based on mixing energy has been used [164]. The liquid demand

of the mix is determined as the liquid (water and superplasticizer) at which maximum mixing power is

measured. The packing density @; ., of each material can then be calculated as follows:

0% =V, / (M +V, ) ,where V,is the volume of powder, and V. is the total added liquid

i_exp

solution until reaching the maximum power consumption.

1.9.4. Autogenous shrinkage

Autogenous shrinkage is more pronounced in UHPC than in conventional concrete. While the
contribution of autogenous shrinkage to the total long-term deformations in concretes with a high w/b
ratio can be as low as 5-10% [165], it can reach up to 50% in low w/b concretes [166]. A high
autogenous shrinkage is easily observed in the first day after mixing, which might generate a micro-
crack of UHPC [33,34]. Due to a low w/c ratio and high amount of cement and silica fume, the early-
age autogenous shrinkage is due to capillary depression caused by the hydration in the porous network
and the latter is caused by evaporation of pore water to the surrounding. When the surface tension

increases exceed the capacity of the fresh concrete, autogenous shrinkage is manifested [167].
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Autogenous deformation is measured according to the ASTM C1698 — applying for cement paste and
mortar — by using the sealed corrugated tubes test, as shown in Figure 1-21. The autogenous
deformation was zeroed at the final setting time measured as described in ASTM C403. Figure 1-21
presents the sealed autogenous shrinkage of 6 commercial UHPCs for 7 days. As can be seen, while
the autogenous shrinkage of U-D and U-F is lowest after 7 days, U-C and U-E exhibit high deformation

excessing 800 .

. T
il )

4

Figure 1-21. A corrugated PE-mold and a 425 mm reference bar according to the ASTM C1698.
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Figure 1-22. Autogenous shrinkage was measured by a sealed corrugated tube test of 6 commercial
UHPCs [15].

Therefore, it is important to mitigate the autogenous shrinkage of UHPC. Several solutions can reduce
autogenous shrinkage in UHPC, such as: adding fibers [168], adding admixtures (shrinkage-reducing
admixtures, SRA, or expansive admixture, EA [169], the superabsorbent polymer [170], using industrial
by-products (fly ash [171]) or agricultural waste [33,172]. Soliman et al.[168] replaced cement up to
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12vol.% by wollastonite microfibers, resulting in the reduction in total shrinkage (both dry and

autogenous shrinkage) by about 16% compared to that of the control mixture at 7 days.

1.9.5. Eco-friendly UHPC

Due to a very low water-to-cement (w/c) ratio of UHPC, only part of cement was hydrated. It is reported
that about 45-60% of cement hydrates [22,23,136]. Consequently, the unhydrated cement plays the
role of an expensive and high-CO2 filler—thereby making UHPC less cost-effective. Several significant
efforts on partial replacement of cement with SCMs/fillers are one of the promising solutions to produce
affordable UHPC with less environmental impact. In fact, SCMsffillers are by-products and are
considered as waste materials and sent to landfills. Thus, the recycling waste in construction would
benefit the environment by lowering landfills for these industrial wastes, as well as the impact of global
warming caused by the energy consumption and gas emissions associated with cement manufacture.
Moreover, it would improve the workability and comparable strength compared to conventional
concrete. Also, it would reduce the cost of concrete production by reducing the cement content. The
commonly SCMsffillers used UHPC include fly ash [173,174], slag [175-177], limestone powder
[178,179], rice husk [33,180,181], granite powder [182,183] and glass powder [184,185].
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Chapter 2. The Microstructure Signature of
Cement Pastes Recycling Treated Spent Refractory
Lining from Aluminum Production

2.1 Résumé

L'utilisation de sous-produits industriels disponibles localement comme d’ajouts cimentaires (SCMs) et
fillers minéraux est essentielle pour réduire le carbone incorporé du béton. S'appuyant sur nos récents
travaux sur la réactivité des brasques usées traités, appelés LCLL-ash, comme matériaux cimentaires,
cette étude vise a mieux comprendre les changements de microstructure des pétes de ciment
incorporant des déchets de fonderie d'aluminium, tels que les LCLL-ash et I'anhydrite synthétique
(CaSOsa).

Tout d'abord, la poudre fine de LCLL-ash a été utilisée pour remplacer partiellement le ciment dans les
pates de ciment avec un rapport eaulliant (e/l) constant de 0.35. Les pates de ciment ont été
caractérisées par une approche a techniques multiples. Les résultats de I'analyse de diffraction des
rayons X (XRD) sur les pates de ciment et des LCLL-ash ont montré une modification des produits
d’hydratation avec la présence de la phase carbo-aluminate. Les résultats de ['analyse
thermogravimétrique (TGA) ont indiqué que les pates contenant de la LCLL-ash avaient des teneurs
plus élevées en C-S-H, ce qui suggére que la LCLL-ash a un léger effet de nucléation. Les
micrographies au microscope électronique a balayage (MEB) ont montré que la pate de ciment
contenant 10% de LCLL-ash favorise une microstructure plus dense grace a leffet filler. La
spectroscopie dispersive en longueur d'onde (WDS) a montré que la LCLL-ash augmentait également
le rapport Ca/Si de la phase intermixe C-S-H. Enfin, la microindentation a montré que I'addition de
sulfate de calcium avec 10% de LCLL-ash a amélioré les propriétés mécaniques a 28 jours. En
conclusion, une conception optimale du mélange pour une pate de ciment avec 10% de ciment

remplacé par la LCLL-ash avec une empreinte carbone réduite a été réalisée.

Mots-clés: remplacement du ciment, pate de ciment, brasques usées traités, microstructure,

microindentation, phases d'hydratation, sous-produits.
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2.2 Abstract

The use of locally available industrial by-products as supplementary cementitious materials and mineral
fillers is key for reducing the embodied carbon of concrete. Fostering our recent work on the reactivity
of treated spent pot lining (SPL), called LCLL-ash, as cementitious materials, this study aims to better
understand the microstructure changes of cement pastes incorporating aluminum smelter wastes, such
as LCLL-ash and synthetic anhydrite (CaSOs4).

Firstly, fine powder LCLL-ash was used to partially replace cement in cement pastes with a constant
water-to-binder ratio of 0.35. The cement pastes were characterized by a multiple-technique approach.
The X-ray diffraction analysis (XRD) results on the LCLL ash-cement pastes showed a modification of
the hydrated products with the presence of the carbo-aluminate phase. The thermogravimetric analysis
(TGA) results indicated that the pastes containing LCLL-ash increased C-S-H contents, suggesting that
LCLL-ash has a slight nucleation effect. The scanning electron microscopy (SEM) micrographs showed
that the cement paste with 10% LCLL-ash favors a denser microstructure with a filler effect. The
Wavelength-dispersive spectroscopy (WDS) showed that LCLL-ash also increased the Ca/Si ratio of
the C-S-H phase intermix. Finally, microindentation showed that the addition of calcium sulfate addition
with 10% LCLL-ash enhanced the mechanical property at 28 days. Conclusively, an optimal mix design
for cement pastes with 10% of cement replaced by LCLL-ash with reduced carbon imprint was

achieved.

Keywords: cement replacement, cement paste, treated spent pot lining, microstructure,

microindentation, hydration phases, by-products.

2.3 Introduction

The use of industrial by-products as supplementary cementitious materials (SCM) or mineral fillers to
reduce the cement content in concrete is a promising strategy to reduce its critical contribution to
worldwide carbon emissions [186]. In particular, the recycling of industrial by-products which are locally

available allows for reducing the environmental impact of transport [187].

Several SCMs, such as silica fumes, fly ashes, and ground blast-furnace slag, have been employed to
recycle industrial by-products by replacing more than 50% of cement content [188-191]. In general,
SCMs improve not only the ecological imprints of concrete, but they can also enhance its durability,

e.g., mitigating the risk of alkali-reaction [191-193]. However, the performance of concretes containing
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SCMs is affected by many factors, such as their chemical composition mineralogical and physical
properties [180,194,195]. One of the major limitations to the use of SCMs is the transport cost and the
development of new sources which are locally available is of great interest today. As an example, glass
powder recycled from the glass bottle industry is today used as supplementary cementitious materials
in concrete [67]. Furthermore, industrial by-products can act as mineral fillers and are efficiently

employed to favor cement hydration and develop concretes with a low water-to-cement ratio [6,196].

Canada is the fourth-largest aluminum producer worldwide with nearly 3 million tons of primary
aluminum produced each year thanks to the low cost of electrical power [197]. Aluminum is fabricated
by the Hall-Héroult electrolysis process, involving the electrolysis of alumina, dissolved in liquid cryolite
a molten salt acting as electrolyte [29]. Spent pot lining (SPL) is a hazardous waste generated from
aluminum electrolysis cells. Considering that each ton of aluminum products generated about 22 kg of
SPL, about 35 kt of SPL is generated per year by Rio Tinto in Canada. However, it is not possible to
landfill SPL due to the high levels of leachable cyanides and fluorides [24]. SPL is made of two parts:
(i) the 1stcut is rich in carbonaceous materials; (ii) the 2nd cut is rich in vitrified refractory. The carbon
part has caloric value and can be used as a fuel substitute mixed with coal. Thanks to the fluoride
content, the addition of SPL in the raw meal decreases the clinkerisation temperature by 20°C to 100°C
according to the SPL replacement percentage [198]. This allows to reduce the fossil fuels consumption
up to 4% and reduce the overall CO2 emissions by 1% [198]. It is also possible to utilize SPL without
treatment as a raw material in the cement kiln in the cement plant or as an additive in steelmaking is
the most common as done in Europe, China, Brazil, Russia and South Africa [199,200]. The utilization
of SPL in the cement industry provides a saving in fuel as it offers the solution to ecological problems
created by the disposal of SPL waste [199]. Previous studies have shown that SPL has the potential
for mineral additives in cement formulation [201]. However, the sodium content in SPL is an issue as
cement manufacturers do not want to have extra sodium to avoid the durability concerns of concrete

due to the alkalis silica reactions [202,203].

SPL can be treated by a hydrometallurgical process called “Low Caustic Leaching and Liming” (LCL&L)
to extract toxic elements, including leachable cyanides and fluorides. Treated SPL is an inert by-product
with a limited amount of Na and F content than untreated SPL with a high potential for valorization [30].
By treating only refractory bricks (2nd cut) separately from the carbon part (15t cut), an industrial by-

product herein called LCLL-ash is produced. For instance, about 20 kt of LCLL-ash per year produced
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at the SPL treatment plant in Jonquiere (Quebec) could be recycled in concrete production. The reuse
of treated SPL or LCLL-ash in concrete can reduce the landfilling and the aluminum producer's

environmental impact.

Previous studies employed SPL as supplementary cementitious materials by using lab-treated SPL
[201,204,205]. In particular, Glass Frit (GF) resulted from a thermal treatment (pyrometallurgical
process) followed by grounding it to the fineness of cement and mixing it in mortar and concrete by
partial replacement of cement. Their results showed that GF had a remarkable pozzolanic potential for
improving both rheological and mechanical properties of concrete after 28 days, which showed the
reactivity behavior similar to slag [201,204]. In addition, Laldji et al.[205] showed that GF had low

chloride ion permeability and excellent resistance to freezing and thawing.

Very recently, Brial et al. [206] studied the reactivity of LCLL-ash as supplementary cementitious
materials by using the Rilem R? pozzolanic test [207]. The results showed that the LCLL-ash acts as
an inert addition similar to quartz powder due to the presence of silicate phases, such as albite and/or
nepheline. Interestingly, due to the high amount of reactive alumina in calcinated LCLL-ash, new
hydrates phases may be at stake, such as carbo-aluminate phases and ettringite. However, the
presence of phases containing alumina leads to hydro-reactivity (gas expansion), which is a complex
phenomenon dependent on many factors, such as temperature, chemistry, and pH. However, this study
is limited to solution reactivity tests and compression tests on standardized mortar with only 20%

cement replacement by LCLL-Ash without any synthetic anhydrite.

Furthermore, synthetic anhydrite (CaSO4) is another solid industrial by-product of aluminum smelters.
For instance, in Quebec, it is produced by a fluoride plant (Jonquiere, Quebec) by using BUSS
technology. Aluminum fluoride is an important additive for aluminum smelters. In particular, anhydrite
is produced in the gasifier where the spat fluor (CaF2) and sulfuric acid (H2SQas), react to produce
hydrofluoric acid (HF), according to the following reaction:

CaF,(s) + H,50,(I) > 2HF(g) + CaSO, (s) (1.17)

At the gasifier exit, synthetic anhydrite is neutralized with lime (CaO). It consists of more than 95%
CaS0q, reduced amounts of CaF2, CaCOs and SiO2, and other trace elements. Its CaSOs purity, well
above 90%, is comparable to that of a geological deposit [208]. Synthetic anhydrite has a bulk density

of 1.4 g cm3, and a fine particle size where 80% of the particles have a size less than 6.4 mm. About
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80-110 kt of anhydrite is produced per year. This product is valorized in several applications, such as
drying agent, as raw material instead of gypsum (CaSO4*nH20) for cement plants, for floor screed (self-

leveling) and also as fertilizer for agriculture.

In the knowledge of the authors, there is no data available in the open literature on the effect of treated
SPL on the microstructure features of a cement paste. This work aims to further investigate the effects
of replacing cement with LCLL-ash on the chemo-mechanical properties of a cement paste by means
of a multiple technique methodology, which combines X-ray diffraction (XRD), scanning electron
microscopy (SEM), Wavelength-dispersive spectroscopy (WDS), thermogravimetric analysis
(TG/DTA), and micro-indentation. In particular, we investigated different replacements of cement up to
20% by grinded LCLL-ash. Furthermore, the addition of a small amount of anhydrite by-products is also

investigated.

2.4 Research significance

Driven by the urgency of fighting climate changes, concrete industries, and renewable energy solutions
by 2030-2050 will significantly reduce available quantities of SCMs for concrete [209]. For example,
the coal plants in Canada will no longer be used by 2030 [14], and concrete producers want to use
more fly ash in concrete [210], resulting in the scarcity of fly ash. Considering that the worldwide use
of concrete is increasing due to population growth, there is a strategic need to seek alternative sources
of SCMs or mineral fillers. The partial replacement of cement by the aluminum by-products will
contribute to an effective circular economy solution for countries with a major production of aluminum,
such as China, Europe, Asia, North America and Latin America. Moreover, developing locally available

LCLL-cement will reduce landfilling aluminum waste and cost of concrete.

2.5 Materials and methods

2.5.1 Materials

A commercially ordinary Portland cement (OPC) type GU with estimated Bogue phase composition of
51.2% CsS, 16.2% C2S, 6.7% C3A, 11.0% C4AF and a Na20 of 0.25% was used. LCLL-ash was
supplied by Rio Tinto SPL treatment plant (Jonquiere, Canada). Synthetic anhydrite (CaSO4) was used
as a mineral admixture, and was supplied by Rio Tinto AIF3 plant (Jonquiere, Canada). The LCLL-ash
was dried and grinded by means of the laboratory vibrating cup mill type Pulverized 9 at a speed of

1000 rpm. The particle size distribution (PSD) was measured by Mastersizer 2000 laser diffraction
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spectrometry of a dilute particle suspension in isopropyl alcohol. Figure 2-1 shows the particle size
distribution of LCLL and cement. Figure 2-2 illustrates the SEM micrographs of cement, LCLL-ash and

anhydrite.
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Figure 2-1. PSD of cement and LCLL-ash.

Figure 2-2. SEM micrographs of (a) cement, (b) LCLL-ash, and (c) anhydrite.

While the particles of cement and LCLL-ash are characterized by irregular shapes and sharp edges,
anhydrite grains are quite spherical. The chemical composition of LCLL-ash, and cement were
determined by X-ray fluorescence spectrometer (ZSX Primus II). The specific surface area of LCLL-
ash was measured by BET method by using Micromeritics Tri STAR Il. Table 2-1 shows the chemical
and physical properties of LCLL-ash, and cement, respectively. The compositions of LCLL-ash are
mainly SiO2, Al203 and Fe20s. A high content of the alkali content can be found in LCLL-ash, which is

approximately 8% in weight of sodium oxide. Figure 2-3 shows the X-ray diffraction analysis of LCLL-
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ash measured by X-ray diffraction (PANanlytical). LCLL-ash is mainly composed of crystalline phases
such as corundum, nepheline, albite, anorthite and some amount of graphite [211]. The anhydrite (AH)

granulometry was not investigated as it rapidly reacts with water.

A: Albite
S An: Anorthite
C : Corundum
Q : Quartz
N : Nepheline
F: Fluorite
S : Sodium aluminum oxide

Figure 2-3. X-ray diffraction patterns of LCLL-ash.

2.5.1 Mix formulation and curing

Table 2-2 summarizes the mix-design series with different replacement percentages of cement at 0%,
10% and 20% by weight (wt.) with LCLL-ash. A small amount of anhydrite (AH) was also added in
some mix-design (1.25% and 2.5% by wt. of cement). The material code corresponds to the percentage
of cement replacement by LCLL-ash and anhydrite (Table 2-2). The cement pastes samples prepared
with a water-to-binder ratio (w/b) of 0.35 were poured into cylindrical specimens with a size of 25 mm
in diameter and 150 mm in height. After a cure of 24 h at room temperature, the specimens were
demolded and cured in saturated limewater tank at an environmental temperature of 20°C + 3°C. The
hydration of the specimen was stopped at the desired ages by immersing them in isopropanol (1:1 by
volume) for 7 days. According to the previous results [212,213], isopropanol exchange was employed
to stop hydration for investigating the microstructure phase assemblage. Subsequently, the samples

were conserved in a desiccator with soda lime to prevent carbonation for the analysis.
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Table 2-1. Chemical properties (wt.%) and physical properties of cement and LCLL-ash.

Cement LCLL-ash
Chemical properties (wt.%)
Ca0 60.20 3.04
SiO2 19.13 37.18
Al203 4.80 36.29
Fe20; 3.60 7.37
SOs3 3.80 0.07
MgO 2.6 0.38
TiO; 0.23 0.73
Na20 0.25 8.23
P20s 0.19 0.12
K20 1.1 0.77
Mn203 0.07
Physical properties
LOI 1.92 5.72
Specific gravity (g/cm?3) 3.09 2.72
Blaine’s fineness (m2/kg) 395
Surface area m?/g (BET) - 4.6

Table 2-2. Mix proportion in mass.

Cement LCLL-ash  Anhydrite w/b w/c

Name of samples [%] [%] [%] [-] [-]
Control 100.00 / / 0.35 0.35
10LCLL 90.00 10 / 0.35 0.38
10LCLL-1.25AH 88.75 10 1.25 0.35 0.39
20LCLL 80.00 20 / 0.35 043
20LCLL-2.5AH 77.50 20 2.50 0.35 0.45
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2.6 Specimen preparation and experimental details

2.6.1 X-ray diffraction
X-ray diffraction (XRD) was employed to observe the formation of crystalline hydrates and non-reacted
raw materials in hydrated pastes at different curing days. An X-ray diffraction analysis of the materials
was performed using Philips X'pert APD operating at a tube voltage of 40 kV, a tube current of 40 mA,
and using Cu K radiation. About 3g of hydrated paste was crushed and finely grinded using a mortar
and a pestle. Then, the sample should be immersed in 100 mL of isopropanol immediately after
crushing for 10 min. The grinded powders were dried for 10 min in a ventilated oven at 40 £ 5 °C. The
analyses were performed within an angle range of 5-70° 2 theta. The step width was set at 0.02, and

the scan rate was 2°/min.

2.6.2 Thermogravimetric analysis

Thermogravimetric analysis (TGA) (Netzch STA 449 F3 Jupiter) was used to measure the mass loss
upon heating the sample. For each test, about 40 mg of powder were taken in a ceramic crucible
without lid. The heating ramp varied between 50 °C and 950 °C with a heating rate of 20°C/min. The

test was done under a nitrogen atmosphere at a flow rate of 50 mL/min.

Then, the amount of CH and C-S-H can be estimated from the TG curve, using the tangential method

[145], using the following equation [146]:

CH (%) = AWL,,, (%) X Wen 100 (%)
MWy, 2.1)

C—S—H(%)=AWL,__, (%) X MWe_s-t 4100 ()
2.1IMW,, 2.2)

where AWL,, | AWL. , , is the percentage TG mass loss during 400-500 °C and 150-400 °C which

should exclude AFm peak [145], MW, MW, ., and MW, are the molecular weight of CH, C-S-H

gel, and water, respectively. The chemical formula of C-S-H is taken as C17 SH4, some part of the 4
moles of water has already been lost below 150 °C [146]. The equilibrium composition of C-S-H is
thus taken as C1.7 SH2.1as given in [41], which explains the division by 2.1 used in in Eq. 2.2.
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2.6.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was carried out to study the microstructure of the blended cement
pastes. The employed Scanning electron microscopy (SEM) instrument was the commercial brand
Tescan Vega3. The samples were cut into 3 mm thick slices by a diamond saw. The slice was then
impregnated with low viscosity epoxy under a vacuum. The impregnated sample was cured at 40°C
for 24 h. The specimens were glued on metallic discs and polished with Anamet perforated polishing
cloths installed on Ultrapol automatic polishing machine, applying an oil-based diamond suspension of
different particle sizes (6 umand 1 um) for 1 h each. Before testing, the sample was coated with carbon

to avoid electrical charges on the surface sample.

2.6.4 Wavelength Dispersion Spectroscopy

The electron probe micro-analyzer is a microbeam equipped with wavelength dispersive spectrometers
(WDS). WDS is to characterize materials based on x-rays emitted from the solicited specimen because
of interaction between the sample being analyzed and an electron beam. WDS analysis classifies
emitted X-rays based on their wavelengths and offers spatial resolutions in the micrometer range
depending on the electron beam energy and sample density [147]. It is worthy to note that WDS is a
quantitative technique to measure chemical elements within a probed material spot. To avoid charging
during high-vacuum chamber, the samples were coated with a thin layer of carbon. The WDS was
measured by using a EPMA Cameca SX-100. The polished sections (the same sample preparation for
SEM) were examined at an accelerating voltage of 15 kV and a dwell time of 0.04 seconds. The beam
size is approximately 1 to 2 um, based on previous work [148]. The grid of 20x20 points spaced by 3

Mm was performed.

2.6.5 Micro-indentation test

For the sample preparation, the sample surface was cut into ideal size by 25 mm in diameter and 5
mm in thickness at the middle portion. The surface was polished by using the same machine in section
2.3.3, according to a well-established procedure [149-151], such as: (i-iv) the coarse polishing using
different grit sizes (400, 600, 800 then 1200) was employed during 15 min for each paper; (v-vi) after
that, oil-based diamond suspension (6 pm and 1 um) were used during 15 min and 30 min,
respectively. Between each polishing step, specimens were cleaned with isopropanol for 3 min in an

ultrasonic bath to remove any debris.
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For micro-indentation test, the penetration depth hmax should be chosen to be large enough to assure
a homogenous response while considering that the probed volume is about 5-10 times of hmax
[152,153]. In this study, the maximum applied load is 10 N, and the holding force is 300 seconds before
unloading for creep investigation. A matrix of 10 x 10 indents was performed on each sample with an
inter-distance of 500 pym (to avoid interaction between indented areas). The indentation tests were
carried out by using a MCT CSM Instruments Indentation Tester. The indentation method consists of
applying a load into the surface of the sample with a rigid indenter, typically a Berkovich diamond, with
different phases: (i) loading phase; (i) holding phase at constant load; (iii) unloading phases. The
indentation modulus (M) and the contact area Ac needed to estimate the indentation hardness (H) are
estimated by the initial slope of the load (P) vs. penetration depth (h) curve in the unloading branch
(Figure 2-4). Based on continuum mechanics analysis of the P-h curve [154], the indentation properties

(H and M) are defined by the following relations:

2 P (2.3)
A .
def \/; S
M=f4~" =
B > \/K (2.4)

where Pmax is the maximum load applied; Ac is the projected area of the indenter; and S =
(dP/dh)h=hmaxis the initial slope of the unloading branch of the P-h curve;  is a coefficient accounting
for the slip on the indenter surface and can be extrapolated from the indentation depth h using the
Oliver and Pharr method [155].
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Figure 2-4. A schematic view of the indentation load-displacement curve (a) sectional view of the
physical parameter under load (b) load-deflection curve [149].

One of the major advantage of microindentation is the ability of rapidly measuring the logarithmic basic
creep of a cement paste [149,151,156]. For modeling indentation creep of cementitious materials,

Vandamme et al. [151] proposed the logarithmic contact creep compliance equation as :

1 1 1 t

where C is the contact creep modulus C and - is the characteristic time. The contact creep modulus
(C) is further defined as follows [150,157]:

P

ZZXLJHZ/E

where x1 can be estimated by fitting the increase of indentation depth [h(t) under constant loading by

C (2.6)

Ah(t) =% In{xt +1) .The contact creep modulus C is today widely employed to measure the

logarithmic creep rate of a cement paste and can be reasonably used to predict the long-term deflection

of structures [156].
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2.7 Results and discussions

2.7.1 Hydration products by XRD

XRD allows a qualitative identification of the different crystalline phases composing the cement paste
microstructure. Figure 2-5 shows the XRD patterns of hardened cement pastes with and without LCLL-
ash at 28 days. The main hydration products were ettringite (E) and portlandite in addition to mineral
components such as unreacted clinker phases and unreacted LCLL-ash. The pattern of ettringite and
ferrite is visible for all tested samples at 9.1° 28 and 12.2° 20, respectively. Moreover, anhydrite
addition systems (10LCLL-1.25AH and 20LCLL-2.5AH) show a broader ettringite peak. This is
attributed to a quickly dissolving of calcium sulfate, which then reacted with calcium aluminates during
the early hydration to form more ettringite [214,215]. The main LCLL-ash crystalline phases, such as
sodium aluminate oxide (NaAlO.) at 7.9° 26 and quartz at 26.4° 26, are still clearly present in all LCLL-
ash blended cement pastes, particularly in samples that have higher contents of LCLL-ash in the

mixture, due to its hydraulic properties.

—20LCLL-2.5AH

Intensity

20LCLL

—10LCLL-1.25AH

—10LCLL

i —Control

26

Figure 2-5. X-ray diffraction patterns of pastes at 28 days. Mc—monocarboaluminate, P—portlandite,
E—ettringite, F—Ferrite, Hc—hemicarboaluminate, Qq—quartz, A— Sodium aluminate oxide
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Figure 2-6. X-ray diffraction patterns of all investigated samples at difference days: Mc—
monocarboaluminate, Hc—hemicarboaluminate, E—ettringite, F—Ferrite, A — Sodium aluminate
oxide.

Figure 2-6 shows the XRD patterns of hydrated cement pastes at different curing days. As observation
in samples with 10% and 20% substitution, the formation of AFm phase assigned as hemicarbonate
peak (that is, calcium hemicarboaluminate hydrate, Hc) is detected at 7 days and 14 days, respectively,
but it seems to level off after 14 days, whereas the monocarbonate peak (that is, calcium
monocarbonaluminate hydrate, Mc) grows over time until 112 days. More interestingly, the intensity of
Mc peak increases with the increase of LCLL-ash content (10LCLL and 20LCLL). This can explain by
two possibilities: (i) owing to the reactive alumina from LCLL-ash and the CH and calcite in the binder
to form Mc [214,216,217]; (i) AFm is mainly formed by the reaction of CO, with CAH, similar
phenomena of hydration of metakaolin-cement [218]. The ferrite phase was identified over 112 days in

this study.

2.7.2 Hydrate content by TGA

TGA analysis aims at estimating the content of Portlandite and C-S-H of the cement pastes.
thermogravimetric curves of hydrated cement paste samples at 7 and 28 days of hydration. Derivative
thermogravimetric (DTA/DTG) curves were also plotted from TG data to identify the exact boundaries
of phases presented in the hydrated sample. Four endothermic phases are observed. The first one is
related to the evaporation of absorbed surface moisture in the range of 30-110°C. The second
observed range is 110-400°C showing the dehydration of calcium aluminate hydrate and calcium
silicate hydrate. The hydrates decomposition, between 400 and 500°C, corresponds to the CH
dehydration during hydration. The final range corresponds to the decarbonation of calcium carbonate
(600-800°C). It is noted that the intensity of the first peak is more pronounced for 10LCLL-1.25AH and
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20LCLL-2.5AH systems. Therefore, it is possible to assign these peaks to the presence of ettringite

and AFm phases. These phases are formed by adding sulfate in anhydrite or carbonate in LCLL-ash,
which corroborates data of XRD results.

Figure 2-8 shows the estimated content of C-S-H and CH at 7 days and 28 days, respectively, in terms

of the total mass and mass normalized to the cement mass. As for the cement paste (control), the C-
S-H and CH contents increase over time due to C3S and C»S hydration as expected.
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Figure 2-7. DTA/ TG curves of hydrated cement paste samples at (a) 7 days and (b) 28 days.
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Figure 2-8. C-S-H content at (a) 7 days and (c) 28 days and CH content at (b) 7 days and (d) 28 days
as determined from the TG curves.

As for the cement pastes with LCLL-ash in Figure 2-8a, C-S-H content at 7 days in the control sample
is lower than that of the paste containing LCLL-ash, i.e., the C-S-H increase from 34% to 45% by mass
of cement by adding 20% of LCLL-ash, which is an increase of about 32%. This can be attributed to
different possible reasons, such as (i) the nucleation effect of LCLL-ash particles (ii) the dilution of
cement particles by replacing LCLL-ash in cement paste, when the water-to-cement increases, there
is more space for the formation of hydrates of cement; (iii) the formation of other hydrates phases, such
as carbo-aluminate (e.g., Hc and Mc) and ettringite might have been included in the estimated content
of C-S-H as difficult to separate their thermo-gravimetric effects. At a later hydration stage (28 days in
Figure 2-8c), the increase in amount of C-S-H by mass of cement due to LCLL-ash addition is about
18% (i.e., the C-S-H increase from 43% to 51% by mass of cement by adding 20% of LCLL-ash), which
is less important than the gain at 7 days.

Based on the TGA estimation, the CH in LCLL-ash systems reduces with the increase of LCLL-ash

content, at both 7 days and 28 days, as shown in Figure 2-8b and Figure 2-8d. Note that the amount
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of CH content by mass of cement in LCLL-ash systems at 28 days is lower than that of control paste
due to the lower content of cement (Table 2-2). The fact that CH reduces by adding LCLL-ash may
indicate that the reason of the aforementioned increase of C-S-H content is due to additional rich-

aluminate hydrates.

2.7.3 Microstructure texture by SEM

Figure 2-9 shows SEM micrographs of the hardened pastes at 28 days. The microstructure of cement
paste with LCLL-ash particles appears different from that of the control sample, which show a denser
morphology. This can be explained by the filler effect of LCLL-ash particles during the hydration of
cement [87,88]. However, 20LCLL shows to be more porous than the control, which is perhaps due to
the dilution effect. The few micro-crack observed are likely due to dehydration under vacuum or
autogenous shrinkage [219]. Furthermore, both unreacted clinkers and unreacted LCLL-ash particles

are still visibly embedded in the cement paste matrix (as shown in Figure 2-9b and 9c).

2.7.4Phase distribution by WDS chemical analysis

WDS analysis aims at describing the phase distribution and microstructure heterogeneity. The WDS
spot quantitative analysis was performed on the Control and 10LCLL samples to better understand the
effect of LCLL-ash particles on the chemical properties of the blended cement paste. Figure 2-10 shows
the WDS spot contour of the 10LCLL sample at 28 days. As an observation, the areas with a high level
of Ca and Si are residual clinker. The LCLL-ash particles are rather heterogeneous in elemental
compounds and non-uniform sizes. For example, the particle with a high concentration of Al, Na, Si,

and O on the mapping can be associated with albite, accounting for about 20% of LCLL-ash [206].
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Figure 2-9. BSE images of 28-day curing. (a) Control; (b) 10LCLL; and (c) 20LCLL.
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Figure 2-10. Quantitative WDS elemental mapping of 10LCLL sample at 28 days of curing with scale
weight percentage for (a) BSE image, (b) calcium, (c) aluminum, (d) sodium, (e) silicon and
(f) oxide.

Figure 2-11 presents the chemical clustering with 5 quantitative chemistry variables (Si/Ca, (Fe+Al)/Ca,
S/Ca, Mg/Ca, Sum of Oxides (SOX). The cluster deconvolution analysis was carried out by a statistical
most-likelihood algorithm which was used in previous work [67,220]. Such a method allows identifying
the phases with a similar chemical structure by most-likelihood estimation of the aforementioned 5
quantitative chemistry variables [220]. That is, the identified cluster is a statistically recognizable phase

or intermix of different phases.

It is well known that the microstructure of a hydrated cement is highly heterogenous and made of a
complex intermix of several hydrated phases such as C-S-H, CH, E, as well as residual clinkers [220-
222]. Table 2-3 and Table 2-4 present the estimated 6 clusters for control and 7 clusters for 10LCLL,
respectively. In this section, we have used the vocabulary of previous works of Wilson et al. to describe
the intermix phases which may compose a cluster [220], such as: (i) cluster #1 is Al-rich clinker (C4AF,
C3A) intermix with C-S-H; (ii) cluster #2 is CH intermix with C-S-H; (iii) cluster #3 is E intermix with C-
S-H; (iv) cluster #4 is a very small fraction of silicate clinkers (alite and belite); (v) cluster #5 «Others»
is a minor phase which is not identified; (vi) cluster #6 is mostly C-S-H; (vii) cluster #7 is a intermix with

mostly LCLL-ash particles.

As for cement microstructure, only cluster #6 can be considered as a mostly pure phase made of C-S-
H, which has similar results of the referenced work [220]. The cluster #3 «Al-rich + C-S-H» has more
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content in LCLL-ash system due to the formation of monocarboaluminate Mc products of which

presence is confirmed by XRD results in Section 4.1.

Table 2-3. Results of the chemical clustering by quantitative chemistry from WDS for the control
sample.

Cluster ~ Si/Ca (At (Fet+Al)/Ca S/Ca (At.) Mg/Ca (At.) SOX (Wt.) m Predominant
(At.) (%) phases

#1 037+016 041+016 0.09+003 013+0.06 080+0.06 19  Aluminate Mix

#2 041+022 009+0.04 006+002 003+001 070+014 10 CH + C-S-H

#3 0.54 +0.11 021+0.08 0.09+003 007+003 078004 30  Alrich+C-S-H

#4 059+012 011+0.07 0.04+£003 0.18+020 0.87+0.07 4 Silicates Mix

#5 063+022 024+017 0.09+£0.02 002+0.01 0.85+0.07 2 Others

#6 065+0.05 012+0.03 008+002 006+0.03 078x0.02 35 Mostly C-S-H

Table 2-4. Results of the chemical clustering by quantitative chemistry from WDS for the 10LCLL

sample.

Cluster SilCa (Fe+Al)/Ca (At.) S/Ca Mg/Ca SOX ™ (%) Predominant phases
(At) (At) (At) (Wt.)

#1 033+ 0.48 +0.21 0.05+ 013+ 082+ 12 Aluminate Mix
0.14 0.03 0.06 0.06

#2 0.34 + 0.08 +£0.04 0.05+ 0.02+ 071+ 12 CH+C-S-H
0.12 0.02 0.01 0.06

#3 045+ 0.26 + 0.1 0.08 + 0.07+ 073+ 36 Al-rich + C-S-H
0.13 0.02 0.03 0.03

#4 0.50 + 0.56 £0.45 0.09 + 0.46 + 079+ 3 Silicates Mix
0.2 0.06 0.41 0.06

#5 0.55 0.06 +0.05 001+ 0.02 + 0.88 + 6 Others
0.17 0.01 0.01 0.08

#6 0.58 + 0.11+0.03 0.07+ 003+ 073+ 27 Mostly C-S-H
0.08 0.02 0.01 0.03

#7 092+ 022+0.15 0.06 + 013+ 0.77 + 4 Mostly LCLL-ash
0.66 0.02 0.02 0.03

Figure 2-11 graphically plots the estimated clusters in terms of chemical mass ratios (Fe+Al)/Ca vs.
Si/Ca (a.1, b.1), (Na+Al)/Ca vs. Si/Ca (a.2, b.2), Si/Ca vs. sum of oxides (a.3, b.3) for the 2 systems,
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including control and 10LCLL. Clinker phases should have a sum of oxides equal to 1, while the sum
of oxide of theoretical C-S-H is close to 0.7. It can be seen that the C-S-H phase (cluster #6) did not
increase its aluminate content (Figure 2-11a.1 vs. b.1), which confirms that confirming no aluminum
uptake by C-S-H [223]. However, the Ca/Si ratio of cluster #6 (mostly C-S-H) with 10LCLL system
(1.72) is higher than that for the control system (1.53). The Ca/Si ratio is an important parameter of the
C-S-H structure, but this shift is too small to evoke a C-S-H phase change [224-226]. In addition,
unreacted LCLL-ash (cluster #7) can be found in LCLL-ash system. Figure 2-11 (b.3) shows the very
high Si/Ca ratio of such cluster #7 as LCLL-ash is rich in Si and low in Ca content (Table 2-1). Notably,
the C-S-H cluster #6 has similar values of (Fe+Al)/Ca for control and LCLL-ash systems (a.1 vs b.1),
which hints that there was no aluminate uptake from C-S-H and no formation of C-A-S-H for such

system.

2.7.5Micromechanical properties by micro-indentation

Figure 2-12 shows the micro-indentation results of hardened pastes at 28 days, 56 days, 112 days of
hydration. While the contact creep modulus (C) is related to the time-dependent deformation of a
cement paste under sustained loading, the indentation modulus (M) and indentation hardness (H) are
related to the elastic modulus and the compressive strength of cement pastes, respectively [227-229].
To make sure that the variation of micro indentation property is statistically acceptable, an analysis of
variances (ANOVA) was carried out. Table 2-5 reports the results at different curing days, P-value with
the normal distribution and the F-test with the Fisher—Snedecor distribution. These results are verified
as P is much lower than the threshold a = 0.05, while F is much greater than Feit. Therefore, the
observed effect of LCLL-ash on the indentation properties M and H is meaningful and statistically

acceptable.
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Figure 2-11. Statistical clustering analysis for the (a) Control and (b) 10LCLL in terms of (a.1-b.1)
(FetAl)/Ca vs. Si/Ca; (a.2-b.2) (Nat+Al)/Ca vs. Si/Ca and (a.2-c.2) Si/Ca vs. Sum of Oxides (SOX).
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Table 2-5. ANOVA results on Indentation Modulus M, Hardness H with significant level a = 0.05. To

reject the null hypothesis with confidence, P values must be smaller than 0.01, and F must be larger

than Fit.
Curing days Indentation Modulus M Indentation Hardness H
P F P F Ferit
28 days 3.39703E-57 90.37 1.52557E-35 50.32 2.39
56 days 7.35718E-71 170.96 3.84858E-44 89.78 2.62
112 days 3.43703E-57 123.37 1.72537E-35 70.34 2.40

As observed in Figure 2-12, the mechanical properties of the control sample increase with the hydration
degree due to the formation of hydration products, mainly C-S-H and the reduction of porosity [230].
For cement with LCLL-ash samples, the same trend was also observed. The indentation properties of
the 10LCLL sample (90% OPC+ 10% LCLL-ash) are comparable with those of the control sample. In
the case of the 20LCLL sample, the micro-indentation properties are slightly reduced with respect to
other systems. Compared to control, the indentation hardness H of 20LCLL sample at 28 days, 56 days
and 112 days was reduced by a factor of 1.29, 1.15 and 1.10, respectively. As we have carried out the
comparison of systems with the same water-to-binder ratio, this decrease may be attributed to the
reduction of the water-to-cement ratio w/c ratio from 0.35 to 0.43 passing from control to 20LCLL, which
might have caused a more porous cement paste with a negative effect on the strength [231]. Based on
previous work on microindentation of cement paste, the increase in Hardness is due to an increase in
the property of friction and cohesion of the material, which increases the compressive strength
[228,232]. The creep compliance C is a powerful indicator of the basic creep of the cement paste as it
correlates very well with the logarithmic creep compliance measured by macroscopic compressive
creep tests over 1 year time as shown by several works published in the open literature [149,157]. The

more the concrete creep compliance, the lower the concrete creep.

Figure 2-13 compares the H, M and C, respectively, for all the systems at different ages in terms of
percentage variation with respect to the reference system (which is the cement paste without LCLL-
ash at the same age). The mix-designs incorporating LCLL and calcium sulfate (10LCLL-1.25AH and
20LCLL-2.5AH) showed higher values of H and contact creep modulus C, compared to the reference

samples at 28 days. Notably, the results of microindentation confirm the TGA results. Indeed, the
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Figure 2-12. Micromechanical properties of cement pastes: (a) Indentation Hardness H; (b)

Indentation Modulus M; and (c) Indentation Creep Modulus C.
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The possible reason is the increase of ettringite due to the presence of anhydrite (AH) which might
have strengthened the cement paste microstructure. The increase of the content of ettringite due to
LCLL-ash aluminate content at 28 days for the systems was also confirmed by XRD (Figure 2-5) and
TGA (Figure 2-7). According to the results of Zajac et al. [214], the formation of ettringite increased
concrete strength at early ages (less than 2 days), but the results from this search found that the

addition of sulfate improved the strength of cement paste strength at later age of 28 days.

At a later stage, the enhancement of H and C of the systems with anhydrite was less important at 56
days with respect to the cement paste and even disappeared at 112 days (Figure 2-12). This may be
attributed to the hydration process of cement in the reference control, which increased the hydrates

product, resulting in a denser matrix.

2.8 Conclusion

By a multi-technique approach, this study investigates the microstructure of cement pastes with cement
partially replaced by two industrial by-products of Aluminum production, LCLL-ash and a small amount

of synthetic anhydrite. Based on the presented results, the following conclusions can be drawn:

e Based on XRD results, the microstructure of cement blended with LCLL-ash contains new
hydrate products such as the hermicarboaluminate Hc at 7 days, which transforms into
monocarbonaluminate Mc at 28 days. The latter appears chemically stable at 112 days as
proven by XRD patterns. The ettringite peaks in cement pastes with LCLL-ash and anhydrite

are more marked than in other systems. Moreover, unreacted LCLL-ash particles are visible.

e Based on TG/DTA results, the content of C-S-H by mass of cement increases by adding LCLL-
ash, which is likely due to afiller and nucleation effect or the formation of aluminate-rich phases
among C-S-H hydrates (e.g., Hc, Mc and E). The presence of new aluminate-rich phases was

also confirmed by TG/DTA results.

e Based on SEM image analysis, the hardened blended cement pastes containing 10% LCLL-
ash appeared as a denser microstructure than the one of control. The unreacted LCLL-ash
particles are well visible in the BSE image, and the residual LCLL-ash particles seem to act as

a filler inclusion embedded in the matrix of hydrated products.
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e Based on WDS analysis and statistical clustering analysis, the phase with predominant C-S-H
did not increase its aluminate content, confirming no aluminum uptake and a slight shift of the
Ca/Si ratio was observed. This may be explained by an intermix of tiny LCLL-ash particle with

C-S-H or a change of the silicate chain length.

e Based on micro-indentation, the indentation mechanical properties showed that it is possible
to replace 10% of cement with LCLL-ash without affecting the mechanical property of the
cement paste at different ages. The systems with LCLL-ash and anhydrite exhibit a clear
enhancement of hardness H and creep modulus C at 28 days which is likely due to the
presence of ettringite. The addition of sulfate (AH) led to an increase in the volume of hydrates
(most likely ettringite), which caused a remarkable gain in strength. On the other hand, this
effect was not found for cement paste systems without LCLL-ash, which hints at a limited filler

effect of the fine particles of grinded LCLL-ash.

In the main conclusion, a cement paste blended with 10% LCLL-ash and 1.25% anhydrite seems a
promising avenue to develop concrete with low carbon imprint by locally available industrial by-
products. Further studies are required at the concrete level by considering the bond between the
aggregate and the cement paste. The effect on the durability shall also be investigated, especially for
alkali-silica reaction (ASR) due to the high content of alkalis in LCLL-ash [233,234]. Furthermore,
nanoindentation techniques coupled with chemical analysis shall be used to disclose the high

heterogeneity of cement paste microstructure with LCLL-ash [67,220].
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Chapter 3. Investigation of Hydration of Cement
Paste with Calcined Treated Spent Refractory Lining
From The Primary Aluminum Smelters?

3.1 Résumé

Ces derniéres années, l'utilisation de matériaux cimentaires supplémentaires pour remplacer le ciment
dans le béton est le moyen le plus efficace de réduire les émissions de CO2 de l'industrie du ciment.
Les brasques usées (SPL) sont des sous-produits générés par la fonderie d'aluminium primaire. Aprés
traitement par le procédé LCL&L, le SPL devient un sous-produit inerte, appelé LCLL-ash. Les LCLL-
ash ont été broyées a la méme taille que les particules de ciment et ensuite calcinées a haute
température (800°C et 1000°C). Cet article présente une étude de I'effet de la substitution de 20% en
masse de ciment par des LCLL-ash calcinées sur les caractéristiques d'hydratation des pates de
ciment LCLL-ash calcinées. Les expériences réalisées comprennent la calorimétrie isotherme,
I'analyse thermogravimétrique et la diffraction des rayons X. Les résultats seront discutés et comparés
a ceux obtenus avec les pates de ciment calciné. Les résultats seront discutés et comparés au mélange

de référence avec et sans LCLL-ash non traitées.

Mots clés: brasques usées traités, calcination, pate de ciment, recyclage, cinétique d'hydratation.

3.2 Abstract

In recent years, using supplementary cementitious materials to replace cement in concrete is the most
effective way to decrease CO, emissions of cement industry. Spent pot lining (SPL) is a by-product
generated from the primary aluminum smelter. After treatment by LCL&L process, SPL becomes an
inert by-product, which is called LCLL-ash. LCLL-ash was grinded as the fineness of cement and then
calcinated at high temperatures (800°C and 1000°C). This paper presents a study on the effect of
20 wt% substitutions of cement by calcined LCLL-ash on the hydration characteristics of calcined
LCLL-cement pastes. The experiments are performed, including isothermal calorimetry,
thermogravimetric analysis, and X-ray diffraction. The results will discuss and compare to the reference
mix with and without non-treated LCLL-ash.

3 This chapter is in article format for sake of coherency, but it is not a journal article as it is a preliminary study
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Keywords: cement paste, calcination, recycling, treated spent pot lining, hydration kinetic.

3.3 Introduction

Concrete is one of the most consumed materials in the world [1]. However, concrete industry is
responsible for 5-8% of global carbon dioxide (CO2) emissions, which is mainly contributed from the
clinker production. In particular, the production of one ton of Portland clinkers can generate one tone
of CO2. Therefore, finding alternative materials for cement in concrete production has become the focus
of many researchers in recent years. Several efforts on partial replacement of cement with industrial
by-products or agricultural waste are one of the promising solutions to produce affordable concrete
with less environmental impact, such as: fly ash [62], blast furnace slag [235], silica fume [236], rice
husk ash [237]. The use of these by-products in concrete mixtures can be a viable solution to

sustainable construction materials as well as to solve the problem of landfilling.

The primary aluminum production generates the industrial wastes, for example, spent pot lining (SPL)
from electrolysis cells. SPL is considered as a hazardous material due to its leachable elements
(fluoride and cyanide), but also due to its hydro reactivity creating explosive gases [199]. SPL can
separate into parts (i) first cut- a carbon-rich fraction constituted of old cathode and (i) second cut-
mainly refractory brick part with non-carbon fraction. About 22 kg of SPL is generated per ton of
aluminum produced. For Rio Tinto in Quebec, Canada, about 20 kt of SPL is cumulative per year [29].
In the early 1990s, Rio Tinto developed an innovative process - hydrometallurgical process - called
Low Caustic Leaching and Liming (LCL&L) process in Jonquiére, Quebec, Canada, to convert SPL
into inert by-products. The plant treats 80 kt of SPL annually and has treated more than 700 kt of SPL
since 2008. After treatment by LCL&L process, the refractory part of SPL becomes an inert non-
hazardous material, which is called LCLL-ash. Approximately 10 kt per year of LCLL-ash are produced
in this plant [92]. LCLL-ash has high content of silica and alumina of which can be used in concrete

production.

Some of SCMs must be calcined before using to increase reactivity through amorphization. For
example, metakaolin (MK) [238] is processed from kaolin clay—an available material in the earth’s
crust— by calcination at a temperature (650-800°C). MK contains silica and alumina in an active form
which can react with portlandite released from cement to make second C-S-H. Kannan et al.[239] found

that the partial replacement of cement with MK enhanced the compressive strength of concrete, and
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the optimum replacement level of OPC by MK was about 20 wt%. Several research has focused on
improving the calcination process, particularly in terms of temperature and time optimization. It has
been reported that the calcining temperature and time could directly influence the pozzolanic reactivity
[240-242]. However, the calcining process influences not only the mineralogical composition of the

materials but also the morphology and composition of the particles.

In a recent study, Brial et al. [243] studied the reactivity of LCLL-ash by Rilem R3 tests compared to
other SCMs. The results show that LCLL-ash has inert properties similar to quartz filler and retards the
hydration of cement. Interestingly, calcination can improve the pozzolanic reaction of LCLL-ash, which

increase the amorphous content from 6% to 75%.

Therefore, the aim of this study is to better understand the effect of calcined LCLL-ash at different
calcining temperatures (800°C and 1000°C) on the hydration of cement paste systems. X-ray diffraction

(XRD), thermogravimetric analysis (TGA) and isothermal calorimetry are employed.

3.4 Materials and methods

3.4.1 Materials and mix proportion

Portland cement type GU is used in this study. LCLL-ash was provided by the primary aluminum
production. For the rest of this paper, LCLL-ash refers to LCLL. Before calcination, LCLL was grinded
as the fineness of cement for 2 hours (donated as LCLL). We used the laboratory vibrating cup mill
type Pulverized 9. Then, grinded LCLL is calcined at 800°C (LCLL-800) and 1000°C (LCLL-1000) in a
muffle furnace for 2 hours, followed by a rapid air-cooling on a steel plate at room temperature. After

that, calcined LCLL was re-grinded to separate agglomerate particles until dso = 10 ym.

The chemical composition of all materials was measured by X-ray fluorescence, and the particle size
distribution was measured using laser diffraction granulometry with isopropanol as a dispersant. The
particle size distribution of all materials is given in Figure 3-1, while Table 3-1 shows the chemical
composition and physical properties of cement, LCLL, and calcined LCLL. The mineralogical
composition of cement, LCLL and two-calcined LCLL were measured by quantitative XRD as shown in
Table 3-2. It can be seen that calcination of LCLL did not significantly affect its chemical composition
but the LCLL’s phase composition changed by decreasing the albite and quartz content and increasing
nepheline content. Also, the loss of ignition reduces from 5% to 1% and the amorphous content

increases for 6% to 34%.
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Table 3-1. Chemical compositions and physical properties of granular materials used.

Materials Cement LCLL-ash Calcined LCLL-ash
Chemical (wt.%) (wt.%) (wt.%)
composition

Ca0,% 61.52 3.04 4.00
Si02,% 19.17 37.18 38.83
Al203,% 4.69 36.29 36.57
Fe203,% 3.61 7.36 8.59
MgO,% 240 0.38 0.39
S03,% 3.98 0.06 0.12
K20,% 1.06 0.77 0.79
Na20% 0.25 8.23 8.03
LOL,% 2.63 5.72 1.11
Amorphous content - 5.90 74.90
Physical properties
Specific gravity 3.09 2.72 2.72
Blaine surface 365 - -
area, mz/kg
BET, m2/kg - 4.60 4.60
D50 (w m) 13 20 20

Cumulative volume (%)
w
o

=e—Cement
— LCLL
~——LCLL-800
——LCLL-1000

10

Particle size (um)

100 1000

Figure 3-1. Particle size distribution measure by laser granulometry.
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Table 3-2. Major mineralogical compositions of cement, LCLL and calcined LCLL.

Phase Cement LCLL LCLL-800 LCLL-1000
CsS 63.4 - -
C2S 7.3 - -
CsA 3.9 - -
C4AF 13.0 - -
Quartz 0.1 6.7 4.5 1.6
Corundum - 14.5 10.5 12.7
Albite - 20.2 9.3 10.5
Nepheline - 18.7 31.9 20.4
Anorthite - 11.8 16.1 14.0
Graphite - 6.9 2.1 3.0
Mullite - 3.8 04 -
Hematite - 2.6 -
Magnetite - 4.2 -
Calcite 2.2 - -
Amorphous + Fe- - 2.9 18.4 33.8
rich phases

In this study, 20% in weight of cement is replaced by non-calcinated LCLL (LCLL) and two-calcined
LCLL (LCLL-800 and LCLL-1000). The water-to-binder (binder = cement + LCLL) ratio is fixed at 0.485.
Samples were remolded after 24h of casting and cured in the saturated lime solution until the tested

day.
3.4.2 Methods

3.4.2.1 X-ray diffraction

X-ray Diffraction (XRD) was employed to identify crystalline phases of cement paste with LCLL
with/without calcination. The measurements were carried out on samples cured at 7, 28 and 90 days.
The sample preparation for XRD measurement is based on [145]. Firstly, the specimens were crushed
and grinded using a mortar and a pestle. Then, the sample was immersed in 100 mL of isopropanol

immediately after crushing for 15 min. Next, the crushed powders were dried for 10 min in a ventilated
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oven at 40 + 5°C. XRD measurements of the dried powders were done at room temperature using a
Philips X’pert A.P.D. diffractometer, a Cu Ko< radiation. The analyses were performed within an angle

range of 5-70° 2 thetas. The step width was set at 0.02, and the scan rate was 2°/min.

34.2.2 Isothermal calorimetry

To study the effect of calcined LCLL on hydration in blended cement paste, the isothermal calorimeter
was employed by using means of |-Cal 2000 HPC. The pastes were prepared by hand-mixing for 2
min, followed by immediately injecting about 20 g of paste into the container to measure the rate of
heat evolution at 23°C in 48 hours, according to ASTM C1702-17.

3.4.2.3 Thermogravimetric analysis

To investigate the hydration products of the paste systems at different curing days, the
thermogravimetric analysis (TG) was carried out by using a Netzch simultaneous analyzer, model 449
F3 Jupiter. About 40 mg of finely ground powder was taken in a ceramic crucible without a lid. The
heating rate was 20°C/min, from 50°C and 950°C. The test was done under argon gas at a flow rate
of 50 mL/min.

3.5 Results and discussion

3.5.1 Effect of calcined LCLL on hydration products

Figure 3-2 illustrates the results of XRD patterns of paste cured at 7 days, 28 days and 90 days. The
main crystalline phases in blended cement paste can be found, such as ettringite, ferrite, clinkers, and
portlandite. The sodium aluminate oxide (NaAlO2) at 7.9° 26 and quartz at 26.4° 26 in calcined LCLL
(LCLL-C) systems is lower intensity than in systems without calcinating. In the system with LCLL and
LCLL-C, the formation of carboaluminate is observed. The reference paste shows very small diffraction
signal of calcium hemicarboaluminate hydrate (Hc) peak, and it is more obvious when 20 wt% LCLL is
incorporated. This is attributed to the reactive alumina from LCLL, which can react with calcite in the
binder to form Hc, as reported in reported of [72,214]. Moreover, the diffraction peak of Mc is generated
at 90 days while remaining the Hc peak. This can conclude that Hc can convert into calcium
monocarbonaluminate hydrate (Mc) during long-time curing, similar to results of [72]. This
transformation is relatively related to the continuous dissolving of unreacted calcite from the binder, as

addressed by other researchers [214,244]. However, this result is different from the same system with
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20LCLL that observed the predominant Mc peak at all tested days [245]. This shows that LCLL particles
are heterogeneous, leading to the change of chemical composition and hydrating products in cement

paste systems.

7 days 28 days 90 days
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Figure 3-2. XRD patterns of all investigated mixes at (a) 7 days, (b) 28 days and (c) 90 days
(A=Sodium aluminum hydration, E = ettringite, P = portlandite, Q = quartz, F=ferrite,
Hc = hemicarboaluminate, Mc =monocarboaluminate).

3.5.2 Effect of calcined LCLL on the heat of hydration

The heat evolution and cumulative heat release of paste samples during the first 48h are shown in
Figure 3-3. As a result of Figure 3-3a, the substitution of cement by LCLL delayed the reaction of alite.
This phenomenon is more pronounced in the non-calcined LCLL system. Interestingly, for the system
with LCLL, the second aluminate (C3A) peak occurs after the main alite hydration peak, corresponding
to the secondary formation of ettringite, as reported in [72,246]. Scrivener et al. [246] have reported
that the retardation of the C3A reaction is due to sulfate reaction and remains at around 15-18h. The
reaction of C3A can accelerate after the depletion of gypsum. This peak is only observed in cement
paste with LCLL and this is attributed to the amorphous alumina phase from LCLL to form ettringite.
Compared 20LCLL-800 and 20LCLL-1000 systems, Figure 3-3a shows that the rate of hydration in
20LCLL-1000 is lower than 20LCLL-800. It means that calcination at 800°C can have more pozzolanic

reaction.

Another observation that should be noticed is that a low broad peak can be seen between about 20h
and 25h in the only sample with LCLL-C. This appears to correlate with the formation of
hemicarbolauminate Hc phase, corresponding to results on XRD in section 3.4.1. This is due to the

reactive alumina content in calcined LCLL, which reacts to calcite in the binder to form Hc [8,214,217].
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The cumulative heat release is presented in Figure 3-3b. The heat of hydration in paste with LCLL
system is lower than the reference due to the cement dilution effect. The systems with calcined LCLL
(20LCLL-800 and 20LCLL-1000) react faster than the system with no-calcined LCLL for the first 18h.
This is due to a small amount of LCLL-C acting as a nucleation agent, which enhances the hydration
process of systems. Moreover, the total heat release of 20LCLL-C is lower than 20LCLL. It means that

the calcinating did not significantly improve the pozzolanic reaction of LCLL.
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Figure 3-3. Heat of hydration of cement paste with no-calcined and calcined LCLL-ash at 48 hours.

3.5.3 Thermogravimetric analysis (TGA)

The TG and differential thermal analysis (DTG) of the hydrated LCLL-cement paste after curing at 7
days, 28 days and 90 days are shown in Figure 3-4 to 3-6. The DTG thermograms show the occurrence
of four endothermic peaks at 100, 150, 400-500, 650-800°C. The endothermic peaks located below
200°C are mainly due to the dehydration of ettringite, AFm (Hc or Mc), and part of C-S-H, while the
endothermic peak appears at 405-500°C is due to the decomposition of Ca(OH).. The last endothermic
peak located at 650-800°C is due to the decomposition of CaCOs.

From the TG curves, the amount of CH and hydrates contents can be calculated as the following
equation [146,247]:

74
CH(%)= M, ..-M_..)X s x 100 (3.1)
Hydrates (%)= (M_;. —-M,..) x100 (3.2
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where M

60°C’

405°C and Iv'soo"c

respectively, and 74/18 is the molar mass ratio between the CH and water.

1

Mass lost (%)

Figure 3-7 shows the CH and hydrates content, calculated by E.q3.1 and E.q3.2. The CH and hydrates
content by total mass in LCLL-cement systems is lower than the reference systems, as directly related
to the cement dilution. However, comparing 20LCLL and 20LCLL-C, the hydrate content by total mass

in 20LCLL is higher than 20LCLL-C. It means that calcination seems not to enhance the pozzolanic
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Figure 3-4. TG and DTG curves of all mixes at 7 days.
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reaction of LCLL-ash. This result corresponds to the isothermal calorimetry in section 3.4.1.
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Figure 3-7. Hydrates and CH contents of cement pastes at (a-b) 7 days, (c-d) 28 days, and (e-f) 90
days.

3.6 Preliminary Conclusion

In this preliminary work, we start investigating the effect of calcined LCLL at different temperatures on
hydration in the cement paste system. The following preliminary conclusions can be drawn based on
the presented results:

e The replacement cement with LCLL changes the hydration products with the formation of

hemicarboaluminate Hc besides the residual phases from LCLL particles.
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e LCLL (calcined or non-calcined) particle delays the hydration of cement paste. The rate of
hydration and the hydrates content in LCLL-C paste system is lower in LCLL paste system. It

means that calcination LCLL does not improve the pozzolanic reaction.

Further studies need to be investigated, such as the compressive strength and durability of mortar and
concrete with calcined LCLL. The heat treatment of LCLL is lower than clay in clinker production
(1450°C), but we need pre-treatment (grinding) before calcination. Thus, the efficiency of this solution

should be considered and calculated.
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Chapter 4. Understanding The Effect of Recycled
Mineral Fillers on Ultra-High Performance Concretes

41 Résumé

Comme une partie considérable du ciment ne réagit pas dans le BFUP, le remplacement du ciment
par des sous-produits industriels disponibles localement est une voie prometteuse pour favoriser la
construction durable. Ce travail vise a réaliser une étude complete sur l'effet sur les BFUP a faible
rapport eau/fines (w/f) du remplacement partiel du ciment par des fillers minéraux recyclées a partir de

déchets industriels, comme le granite (GrP), le calcaire (LP) et post-consommé-le verre (GP).

Tout d'abord, des pates de ciment avec w/f = 0.2 ont été fabriquées en remplagant partiellement la
fumée de silice et le ciment Portland par différents pourcentages (0%, 20% et 40%) des fillers minéraux
choisies. Les pates de ciment ont été caractérisés par plusieurs techniques, telles que la calorimétrie
isotherme, 'analyse thermogravimétrique, le test de retrait endogéne, le test de compression et le test
de microindentation. Les principaux résultats montrent que la teneur optimale en fillers dépend du type
defiller. En particulier, I'effet des fillers sur le retrait endogéne varie considérablement, surtout au début
de I'hydratation aprés la prise, selon le type de filler et le niveau de remplacement du liant. A I'échelle
du béton, des mélanges de BFUP avec une teneur optimale en fillers minéraux ont été étudiés en
termes de résistance a la compression et de résistivité électrique. Enfin, la formulation de BFUP permet
de réduire le CO2 en recyclant les déchets minéraux et constitue un matériau de construction

prometteur pour les infrastructures civiles durables.

Mots clés: Matériaux cimentaires; fillers minéraux; sous-produits industriels; poudre de granite et de
calcaire; poudre de verre; recyclage; béton fibré a ultra-hautes performances (BFUP); cinétique

d'hydratation; retrait endogéne; carbone incorporé.

4.2 Abstract

As a considerable part of cement remains unreacted in UHPC, replacing cement by locally available
industrial by-products is a promising avenue for fostering sustainable construction. This works aims at
carrying out a comprehensive study on the effect on UHPC with low water-to-fine (w/) by partially
replacing cement with mineral fillers recycled from industrial waste, such as granite (GrP), limestone
(LP), and glass (GP).
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Firstly, cement pastes with a ratio w/f = 0.2 were fabricated by partially replacing silica fume and cement
with different percentages (0%, 20% and 40%) of the chosen mineral fillers. The cement paste samples
were characterized by multiple techniques, such as isothermal calorimetry, thermogravimetric analysis,
autogenous shrinkage test, compressive test, and microindentation test. As the main results, the
optimum filler content was found to depend on the filler type. Notably, the effect of fillers on the
autogenous shrinkage varies considerably, especially at the beginning of the hydration after setting,
depending on the type of fillers and the binder replacement level. At the concrete scale, UHPC mix with
optimal content of mineral fillers was studied in terms of compressive strength and electrical bulk
resistivity. Finally, the UHPC formulation enables cutting CO. by recycling mineral wastes as a

promising construction material for sustainable civil infrastructure.

Keywords: Cementitious materials; mineral fillers; industrial waste; granite and limestone powder;
glass powder; recycling; ultra-high-performance concrete (UHPC); hydration kinetics; autogenous

shrinkage, embodied carbon.

4.3 Introduction

Ultra-high-performance concrete (UHPC) is a new class of cement-based composites characterized by
outstanding compressive strength and unprecedented durability [1]. In general, UHPCs are
characterized by high cement content, e.g., in the range of 800-1200 kg/m3, as well as a high dosage
of silica fume (15-30% of cement content) [124,125], a very low water-to-cement (w/c) ratio of 0.18—
0.33 [22,23,136], and a limited volume of fine aggregate (~50%). Moreover, a high dosage of high-
range water-reducing admixtures (HRWRA) in the range of 1.4-2.4% by cement weight is employed to
guarantee satisfactory workability [132]. As for structural applications, steel microfibers are added from

2% to 4% by volume to provide strain-hardening and low cracking under service [16].

UHPC technology is increasing acceptance in civil infrastructures for precast concrete elements, long-
span footbridges and bridges, and bridge deck repairs and architectures with complex shapes [248—
250]. Nonetheless, UHPC technology is today limited by the high construction cost associated with its
raw materials, particularly mineral powders and steel fibers [127-130]. The latter may account for up
to 50% of UHPC cost [129]. Owing to the fact that the concrete industry emits about 9% of global
carbon dioxide CO2 emission [1] and that a great amount of cement remains unreacted in UHPC, there

is a strong interest in developing low-cement UHPC for building concrete structures with low volume
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and embodied carbon. Given the very low water content in UHPC, only 45-60% of cement hydrates
[22,23,136]. Consequently, the unhydrated cement plays the role of an expensive and high-CO: filler,
thereby making UHPC less cost-effective. Thus, partially replacing cement with industrial by-products
is one of the promising solutions to produce affordable UHPC with less environmental impact. This
includes, UHPCs incorporating fly ash [173,174], slag [175-177], limestone powder [178,179], rice
husk [33,180,181], granite powder [182,183] and glass powder [184,185].

Furthermore, existing UHPCs use a high content of silica fume with high surface area and pozzolanic
activity to achieve high strength and durability. However, only about 20% of silica fume hydrates given
the extremely low w/c environment [126]. While the use of silica fume in UHPC is intended for its filler
and pozzolanic effects, the efficiency of the latter mechanism whereby calcium hydroxide (CH) from
cement hydration is converted to secondary C-S-H gel, is questioned when the low w/c environment is
not even sufficient for cement hydration to complete, not to mention that of silica fume. In fact, it was
clearly shown that silica fume reduces the compressive strength of cement pastes at a water-to-cement
ratio lower than 0.25 due to the lack of water in the mix to engender pozzolanic reactions [251]. With
the increasing demand for silica fume, the partial replacement of silica fume by other SCM or mineral
fillers would enable reducing the cost, and carbon footprint is imperative, particularly since silica fume

has the further drawback of exacerbating autogenous shrinkage in UHPC [172].

Moreover, since that calcium hydroxide is mostly consumed by silica fume in UHPC with a very low w/c
ratio, its availability for pozzolanic reactions of SCM might be much limited. Nevertheless, it was found
that glass powder acts as a SCM in UHPC systems as it reacts just enough on the edges of the glass
particles to enhance the bonds with cement hydrates [67,252]. From a mechanical standpoint, UHPC
strength may be enhanced by the unreacted silica fume due to its extreme size (~0.1 um) as it
contributes to reducing the final porosity and increasing the packing density of the hydrates in the
porous ITZ around mineral fillers and sand [253]. Thus, the micro-filler effect of silica fume allows for

enhancing the overall mechanical properties and enhancement of durability [184,254].

Given that a significant portion of cement and silica fume in UHPC does not hydrate due to the very
low wrc, it is legitimate to believe that the replacement of cement and silica fume with mineral fillers
can enable developing low-CO2 UHPCs. The filler effect of these materials enables replacing
unhydrated cement and silica fume particles, while the low reactivity of these mineral fillers will enable

attenuating autogenous shrinkage. Hajiesmaeili and Dénarié replaced cement up to 50% by limestone
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fillers for developing ecological UHPC [255,256]. Li et al. [178] showed that it is possible to replace up
60% of cement with limestone in UHPC with compressive strength of 150 MPa without affecting
workability. Finally, Bouchard et al.[257] developed UHPC with about 25% cement replaced by granite

powders.

UHPC mixtures are characterized by autogenous shrinkage which mainly occurs in the first days after
mixing [33,34]. The early-age autogenous shrinkage is caused by internal self-desiccation due to the
hydration of cement and silica fume. As self-desiccation continues, water menisci are formed in the
capillary pores and their surface tension increases, causing volume reduction. When these tensile
forces exceed the tensile strength of UHPC which is growing with time, especially in the first week,
early age cracks may occur [167]. Thus, autogenous shrinkage can cause a considerable potential at
an early age micro-cracking which can affect the sough durability of UHPC or the esthetic texture for
architectural applications [258]. The use of SCM and mineral fillers may strongly affect the autogenous
shrinkage in a complex way depending on many parameters [259]. Ye et al. [33] showed that 20%
replacement cement by rice husk ash (RHA) reduces 20% the autogenous shrinkage compared to the
control sample, even the autogenous shrinkage of the RHA samples was further mitigated after 10
days. Hisseine et al. [172] reduced autogenous shrinkage of UHPC with glass powder by using
nanocellulose filaments. Soliman et al.[168] reduced the shrinkage by replacing 12% volume of cement
with wollastonite microfibers, resulting in the reduction in total shrinkage by about 16% compared to

that of the control mixture at 7 days.

To foster the potential of low carbon UHPC with locally available mineral fillers which are recycled by
industrial and post-consumer wastes, i.e., granite, limestone, and glass. This work has twofold
objectives: (i) at the cement paste scale, to carry out a comprehensive study on the effect of on the key
features of UHPC, such as hydration kinetics, autogenous shrinkage micromechanical properties; (ii)
at the concrete scale, to study the effect of mineral fillers on UHPC compressive strength and electrical
resistivity. Finally, research outcomes are expected to contribute to carbon imprints of concrete

structures and better use of natural resources.
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4.4 Materials and methods

4.4.1 Raw materials properties

Type General Use (GU) Portland Cement (CSA A3001) equivalent to Type Ill cement (ASTM C1157)
and silica fume (SF) fulfilling the requirements of CAN/CSA A3000 specifications were used as a
binder. Glass powder (GP), granite powder (GrP), and limestone powder (LP) were used as mineral
fillers. The GrP is a solid waste material from the industrial stone industry and was obtained from a
local supplier in Quebec. During the production of industrial stone, the cutting process generates
significant waste of fine GrP with high silicate (SiO2) content. The GP is obtained from post-consumer
glass ground to a particle size closer to that of Portland cement. The LP used herein is generated from
the cutting and polishing of coarse stone. All fillers were dried at 110°C for 24 hours prior to utilization
in this project. The sand consists of natural sand (NS) with a maximum particle size (Dmax) of 1.25 mm,
a mean particle size (Dso) of 500 um, and a specific gravity of 2.75. Steel fibers have an average length

of 6 mm and an average diameter of 0.2 mm and have a nominal specific weight of 7800 kg/m3.
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Figure 4-1. (a) PSD of the raw materials; (b) PSD of the powder mixtures for cement cement paste
systems (without sand) and UHPC systems (with sands).

Table 4-1 presents the X-ray fluorescence (XRF)-based chemical properties of these materials
measured as well as their physical properties. Figure 4-1 presents the particle size distributions for
cement, SF, GrP, GP and LP, and cement pastes and mixtures, as measured using a Mastersizer 2000

laser granulometry by Malven. In addition, the particle size distribution of the densified SF after
ultrasonic dispersion is presented.
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Figure 4-2. SEM images of the used materials.
Table 4-1. Chemical composition (percentage weight, Wt.%) and physical properties of PC, SF, GrP,
GP and LP employed in this study.

Materials PC SF GrP  GP LP
Ca0 61.3 0.40 125 113 512
Al203 4.4 0.11 134 15  0.08
SiO 19.7 99.8 729 74 5.2
Fe20s 2.7 0.09 1.08 04 0.3
MgO 2.9 0.2 158 0.8 0.5
Na20 0.3 - 3.83 128
SO3 4.0 - 0.06 -
K20 0.9 05 364 05
TiO2 0.2 - 014 0.04
Loss on ignition 2.7 3.5 181 06 424
Specific gravity 3.09 2.20 274 253 275
Specific surface, BET (m2/g) 445 20,000 - -
Dso (Um) 9.6 0.1 201 116 408
Do (Um) 443 1.0 582 259 1725
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Table 4-2. Mixture proportion (kg/m?3) of the cement paste systems.

Mix PC SF GrP GP LP SP Water w/c w/f

Ref 1413 283 - - - 51 339 0.24 0.2
GrP10 1272 254 161 - - 50 337 0.27 0.2
GrP20 1131 226 321 - - 50 336 0.30 0.2
GrP30 989 198 482 50 334 0.34 0.2
GrP40 848 170 643 - - 50 332 0.39 0.2
GP10 1272 254 - 148 - 50 335 0.26 0.2
GP20 1131 226 - 297 - 50 331 0.29 0.2
GP30 989 198 445 49 326 0.33 0.2
GP40 848 170 - 593 - 48 322 0.38 0.2
LP10 1272 254 - - 162 51 338 0.27 0.2
LP20 1131 226 - - 323 50 336 0.30 0.2
LP30 989 198 485 50 336 0.30 0.2
LP40 848 170 - - 646 50 333 0.39 0.2

PC: Portland cement; SF: Silica fume, GrP: Granite powder, GP: Glass powder, LP:
Limestone powder, w/c: water-to-cement ratio, w/f: water-to-fine ratio; fine = PC + SF +
filler; filler = GrP or GP or LP

4.4.2 Mix proportions

To enable capturing the effect of mineral fillers on the hydration kinetics of UHPC, it was deemed
necessary to conduct the assessment of hydration kinetics on the cement paste systems (without sand
and fibers). In this study, the term fine (f) refers to the combination PC+SF+filler, whereby the filler can
be either GrP, GP, or LP. The SF to cement ratio (SF/PC) is set to 20% by mass, while the water-to-
fine ratio (w/f) was fixed at 0.20 by mass. For the paste systems, the substitution level of binder
(PC+SF) by mineral additions ranges from 0 to 40 vol.% with an increment frequency of 10 vol.%. Later,
these paste formulations with 20 vol.% and 40 vol.% were upscaled by integrating sand and steel fibers
to produce UHPC. In both cases, UHPC mixes were designed following the absolute volume method—
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utilizing the key components’ proportions by volume instead of by mass is more reasonable and useful
in mix design [20, 34]. In addition, superplasticizer (SP), with a specific gravity of 1.08 and a solid
content of 28%, was added at 3% by mass of fine. Also, the micro-steel fibers were added at 2% by
volume of mixture to final UHPC. Table 4-2 presents the mixture proportions of the paste systems,
while Table 4-3 presents the proportions of final UHPC mixtures. It is worth noticing that the UHPC

mixtures have a relatively high volume of fine aggregates for the economic and ecological purposes.

Table 4-3. Mixture proportion (kg/m3) of final UHPC mixtures.

Mixtures PC SF GrP GP LP  Sand Water Fiber wl  w/f
UHPC-Ref20 878 178 - - - 1052 211 156 024 0.2
UHPC-Refd0 757 151 - - - 1256 182 156 024 0.2
UHPC-GrP20 709 144 201 - - 1061 211 156 030 0.2
UHPC-GP20 M1 145 - 187 - 1064 208 156 029 0.2
UHPC-LP20 713 145 - - 188 1071 210 156 029 0.2
UHPC-GrP40 457 91 346 - - 1262 179 156 039 0.2
UHPC-GP40 459 92 - 321 - 1270 175 156 038 0.2
UHPC-LP40 456 92 - - 348 1262 179 156 039 0.2

PC: Portland cement; SF: Silica fume, GrP: Granite powder, GP: Glass powder,
LP: Limestone powder, w/c: water-to-cement ratio, w/f: water-to-fine ratio; fine = PC + SF + filler;
filler = GrP or GP or LP

4.4.3 Batching and casting

The UHPCs were produced using Hobart mixer as the following sequence: (i) To achieve homogenous
mixtures, all granular materials were initially dry-mixed at speed 1 for 5 minutes; (i) From a pre-
prepared suspension (of the mixing water and SP ), 50% of the suspension was gradually added and
mixing continued at speed 1 for 3 minutes; (iii) Upon stopping the mixer and scarping its sides and
blades, the remaining 50% of the suspension (water + SP) was introduced then mixing continued at
speed 2 for 2 min; (iv) For upscaling the initial paste systems to UHPC formulations, sand and steel

fibers were added to the initial formulations. The mixing process followed the same sequence described
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above except for an additional step of 2 min mixing at speed 2 once the steel fibers are gradually added

to the batch at the end of step 3 above.

4.4.4 Tests and methods

4.4.4.1 Fresh cement paste properties

The workability was assessed using the flow table test in compliance with ASTM C1437. Statistic
readings of three diameters for each mix were recorded at 120 seconds after slowly lifting the cone.
The air content was measured in compliance with ASTM C185. The density of fresh concrete was
measured as follows ASTM C138M.

4.4.4.2 Hydration reaction

Isothermal calorimetry

An isothermal calorimeter of type I-Cal 2000 HPC was employed to quantify the effect of different
mineral fillers on the heat of hydration. Mixtures not containing neither sand nor steel fibers (as detailed
in Table 4-2) were considered for this purpose. Directly after mixing, about 50 g of the fresh concrete
mixture was poured into a sealed glass, which was then placed into the isothermal calorimeter. The
instrument was set at a temperature of 23°C according to ASTM C1702-17. Reading continued for 48+
hours. Results were used to evaluate the effect of mineral fillers on the hydration kinetics of UHPC as

well as to determine the degree of hydration.
Thermogravimetric analysis

Thermogravimetric analysis was conducted to evaluate the effect of different mineral fillers on the
extent of hydrates (CH and C-S-H). A Netzch simultaneous analyzer (model 449 F3 Jupiter) was used
to obtain the thermogravimetric (TG) and differential scanning calorimetry (DSC) curves of cement
paste systems. For each test, about 40 mg of finely ground powder was taken in a ceramic crucible
without a lid. Analyses were conducted at a heat ramp of 20°C/min from 50°C and 950°C. The test
was performed under a nitrogen atmosphere at a flow rate of 50 mL/min. TGA results were then used

to evaluate the amount of CH and C-S-H by the following equations [146,178]:

CH (%) = AWL,, (%)x ':'AVV\CCH X100 (%) (4.1)

H
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MW
C—S—H(%)=AWL,__,, (%) X ﬁxloo (%)

W, (4.2)

where AWL., ,AWL. ¢ , is the percentage TG mass loss during 400-500°C and 150-400°C,

MW, ,MW_ ¢, and MW, are the molecular weight of CH, C-S-H gel, and water, respectively. It

is noted that the exact boundaries for the temperature interval of CH are adapted based on the
derivative curve (DTG). The stoichiometric amount of water in C-S-H gel is taken as 2.1 in Eq.2, as

suggested by [261] due to some water of the 4 mol has already been lost below 150°C.
Double Danish Model

The assessment of heat of hydration by isothermal calorimetry is more efficient at early ages (first 48
hours). The technique has less sensitivity to heat release at long curing ages [262]. Therefore, the
Double Danish Model, DDM [263] was used to predict the heat release beyond 48 hours. To do so,
DDM parameters corresponding to the best fit (during the first 48 hours) between the experimental heat
release and DDM-based heat release were estimated for all UHPCs. Using these DDM parameters,
the heat releases up to 28 days (700+ hours) were estimated and used to determine the degree of

hydration.

The DDM is an extension of the original Danish Model [264] where the heat of hydration is contributed
by the cement alone. The DDM further considers the contribution of silica fume which has a
phenomenal impact on the hydration of UHPC mixtures. The development of cumulative heat of
hydration contributed by cement and silica fume can be estimated as follows:

_(aya _(Q)ﬁz

)
H.(t)=H,, e ' +H,,e ! 4.3)
HTw =H;+H,, (4.4)

Where Hr(t) is the profile of the cumulative heat of hydration in kd/m3, Hrs and Hr2 are the heat of
hydration of cement and silica fume at time z; and z2in hours, respectively, 1 and S.are the hydration
slope parameters of the cement and silica fume, and Hr- is the asymptotic value of the cumulative
heat of hydration of each mixture.
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The degree of hydration at any time, «(t), then can be estimated by the following equation:

H, (1)

T100%

a(t)= (4.5)

With Hr100% is the theoretical total potential heat of hydration release for full hydration of cement and
silica fume. It is noted that the heat contributed by other components (e.g., SCMs) are negligible due
to their documented slow reactivity at an early age. The heat release of cement and silica fume for full
hydration are 452.3 kJ/kg [263,265] and 780 kJ/kg [263].

4.44.3 Autogenous shrinkage

The corrugated tube test (ASTM C1698) was utilized to measure the autogenous shrinkage of UHPCs.
The length and diameter of the corrugated tube were approximately 430 mm and 29 mm, respectively.
The fresh mixtures were poured into the tube and vibrated for 180 second. The test was conducted in
a controlled environment (i.e., the temperature of 20 + 2°C and 55% RH). Test samples were then
placed on a rigid frame equipped with a TRANS-TEK 350-000 displacement transducer. The length
changes were recorded at 15 min intervals for 7 days. The setting time was determined based on
ASTM C403. The measurements were carried out at room temperature with 55% of humidity. The final

setting time was defined as “Time Zero” of autogenous shrinkage measurements.

4.4.4.4 Micromechanical properties

Microindentation is a powerful technique for statistically and rapidly probing the viscoelastic and
strength property of a cement paste. Notably, such a technique allows for estimating the logarithmic
rate of the basic creep of a cement paste in a few minutes instead of the several months required by

macroscopic compression creep tests [227,266].

Prior to testing, the UHPC samples were carefully polished, following a procedure detailed in previous
studies [151,266,267]. The specimen is cut into 3 mm thick slices. The latter were polished with coarse
abrasive papers (240, 400, 600, 800 and 1200 of grid size) on a rotating table until the sample surface
was horizontally leveled. Furthermore, oil-based diamond suspension (3 and 1 ym) was used as the
final polishing process. Finally, the samples were cleaned by an ultrasonic bath in order to remove

debris and suspensions lefts on the surface of the sample.
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A typical P-h curve (Figure 4-3a) is constituted by a loading curve up to the maximum load Pmax, hold
for a given time interval at Pmax, followed by an unloading curve. For this study, the Berkovich-type
indenter—consisting of a three-sided pyramid with an equivalent cone semi-angle 8 of 70.3° was used.
Two mechanical properties can be extracted from the P-h curve: (i) the indentation Modulus M = (S 7%-9)
/ (25Ac) and (ii) the indentation Hardness H = Pmax / Ac. Where Ac is the projected contact area and
can be extrapolated from the indentation depth h through Oliver and Pharr’s method [155]. The contact
stiffness S=dP/dh is the slope measured during the initial stages of the unloading curve. The coefficient

B accounts for the non-symmetrical shape of the indenter (8=1.034 for Berkovich indenter).

The indentation modulus, M, is related to the elastic Modulus, E, and Poisson’s ration v, of the isotropic
material as follows: M-" = ((1-v?)/E + (1-v?)/Ei. Where E; and v are the elastic modulus and the
Poisson’s ratio of the diamond tip, which are equal to 1141 GPa and 0.07, respectively; while E and v
are the Young modulus and the Poisson’s ratio of the material, respectively. As for a creep
microindentation test, the contact creep modulus C proposed by Vandamme and Ulm [157] which
describes the logarithmic asymptote of the creep penetration depth C = Pmax/ (2aux1), where X1 is term
of the logarithmic penetration depth function 4h(t) = x1 In(t/z+1) which is employed to fit the creep
curve of the holding period 7. This definition assumes that the radius of the contact area at unloading

au is constant during holding, as experimentally verified with an error of approximately 5% [157].

The microindentation tests were carried out by using a CSM Indentation Tester. The maximum load
applied in this study is 15 N, corresponding to the maximum depth of 30~35 ym. A grid of 10 x 10
microindentation tests with inter-distance of 400 ym was performed on cement pastes. The loading
time and unloading time is 5 s, while the holding time at P=15 N is 60 s for the creep investigation (as

shown in Figure 4-3b).
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Figure 4-3. A schematic illustration of an indentation test in terms of (a) P-h curve, (b) P-t curve for a
creep test.

4.4.4.5 Compressive strength

For both cement pastes systems and final UHPC mixtures, 50 mm cubic molds were used to prepare
the sample for the assessment of the compressive strength (ASTM C109). The samples were
demolded after 24 hours and then cured in an environmental control room with 20 + 2°C temperature
and relative humidity (RH) > 95%. Testing was conducted at 7, 28 and 90 days using at least three
samples, from which the mean value was used to designate the compressive strength. The test was
carried out at a rate of 0.6 MPa/s. It is worth noticing that the means compressive strength converting
factor between cube and cylinder specimen of UHPC with 1-2% fiber is about 0.95-0.99, as reported
by [268,269]. It can also be expected a certain wall effect on the orientation of fibers as fibers of length

12 mm is 4.1 times smaller than the cube size.

4.4.4.6 Electrical resistivity

The electrical resistivity test is recently becoming popular to evaluate the durability properties of
concrete since it is a rapid and non-destructive test and requires a minimal amount of equipment [270].
Electrical resistivity is a material property that indicates how easily an electrical charge moves through
a material when an electric field is applied [270]. Hernandez et al.[271] evaluated the durability of the

UHPC incorporating quartz and limestone fillers through an electrical resistivity test.

The electrical resistivity test using the uniaxial resistivity test method, which was measured on cubic
samples without fibers at 7 days and 28 days of final UHPC-20% fillers by using the RCON device by
Giatec at 1 kHZ. The measured resistance value Q (denoted as ohm) was multiplied by the ratio of
cross-sectional area-to-length m to determine the uniaxial resistivity (Ohm-m).
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4.5 Results analysis and discussion

4.5.1 Fresh cement pastes properties

Figure 4-4. compares the fresh properties of developed UHPC mixtures in terms of spread (4a), air
content (4b), unit weight (4c) and wet packing density (4d). Results indicated that the cement
replacement with tested mineral fillers (GrP, LP, GP) affected the workability with a more pronounced
effect at higher replacement levels Figure 4-4.a. A higher spread diameter was recorded in UHPCs-
based paste with fillers as a direct consequence of the drop in the binder content (cement and silica
fume) versus the increase in the effective water owing to the replacement of binder with fillers.
Therefore, for the same w/f ratio of 0.20 in all UHPCs, there is higher effective water in cement pastes
with fillers (e.g., a w/c of 0.39 in the case of the UHPCs with 40% filler content compared to a w/c of
0.24 in the reference UHPC). The considered mineral fillers increased mixture flowability for 2 reasons:
(i) the reduced specific surface area of mineral fillers because of their relatively coarser particles (PSD
depicted in Figure 2), and (ii) the low reactivity of mineral fillers, as addressed in the coming section
(4.5.2). This trend was also observed by other researchers [182,183,185,272,273]. In particular, LP
mineral fillers increase the workability the most, as found in previous work [178]. The air content is very
low in all systems and not affected by the addition of mineral fillers. (Figure 4-4.b). However, LP slightly
decreased the air content by increasing the replacement level. The contradictory effect on the air
content reduction and increase of flowability is explained by the work of Li et al. [178] for which cement
could be replaced up to 50% by LP without affecting strength and workability. They explained that LP

acts as a mineral plasticizer which improves the fluidity of UHPC by the following factors: (ii) LP is

characterized as a neutral surface with Ca2* and CO_" ions, and OH- groups tend to localize over the

Caz* surface, which contributes to electrostatic repulsion between particles [274,275]; (i) LP has
weaker adsorption ability than cement and micro-silica because of a lower solubility and lower surface
charge, leading to reduced adsorption of polycarboxylic ethers molecules and consequently reduced
superplasticizer saturation dosages [141]. Also, Figure 4-1 shows that LP is characterized by larger
particles size than other fillers. Adding LP lead losing the compaction compared to the other fillers that

air can entrap more easily.

Figure 4-4.c and d show the effect of fillers on the density and wet packing density calculated as
aforementioned. The results may appear apparently contradictory, but the increase in packing density

may not involve an increase in density if powder with higher density (cement ~3200 kg/m?) is replaced
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with powder with lower density (mineral fillers ~2700kg/m3). The mineral fillers slightly increased the
wet density of the systems in a similar fashion (i.e., reduced the density). In particular, GP mineral filler

achieved the highest packing density for 40% addition.
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Figure 4-4. Effect of binder replacement level by mineral fillers on (a) spread; (b) air content; (c) unit
weight; (d) wet packing density.

4.5.2 Hydration reaction

4.5.2.1. Isothermal calorimetry

Figure 4-5 presents the results of isothermal calorimetry for cement pastes with mineral fillers for the
test duration of 48 hours. As can be seen, the studied mineral fillers affected the hydration kinetics. In
particular, the hydration rate of UHPC decreased with an increase the mineral substitutions, as shown
in Figure 4-5a. Moreover, 40% replacement level (GrP40, GP40 and LP40) remarkably delayed the
hydration of cement as the heat-time curve was shifted on the right compared to the reference. The
maximum peak value of heat flow of Ref, GrP40, GP40 and LP40 was achieved at the following time
20h, 24.5h, 26.6h and 26.4h, respectively. As we keep the same amount of superplasticizer as 3% of

the mass of fines (cement, silica fume and filler), this caused a higher superplasticizer-to-binder ratio
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in the systems with fillers, which could explain this retardation effect [141]. According to Jansen [276],
the diffusion of Ca2* ions was affected by the polymer adsorption on the nuclei or the anhydrous grain

surfaces, which might prevent nuclei growth or lead to the dissolution of the anhydrous grains.

Figure 4-5¢ shows that the total heat of hydration of UHPC with mineral fillers decreased compared to
the reference. This reduction is more pronounced in UHPC with 40% of replacement. This is directly
related to the low reactivity of mineral fillers and the lower binder content (dilution effect). The lower
cumulative heat of hydration can mitigate potential autogenous shrinkage, similar to the report of [34],

as discussed in the next session 4.5.3.

Figure 4-5b and Figure 4-5d present the results of isothermal calorimetry normalized by a gram of
cement. The normalized heat flow peak of the mixtures with the mineral additions is higher than that of
the reference. The delayed hydration of cement is still observed in the curves with 40% substitution.
Interestingly, UHPC-40% fillers exhibited a higher heat release than UHPC-20% fillers and the
reference mixture. This can be explained by the following reasons: (i) the dilution of cement particles
by filler particles in paste (w/c increase), which provides relative more space for the formation of
hydrates of cement, and (i) the fine particles sizes of mineral admixtures can provide additional sites
for the nucleation of the hydration product (e.g., C-S-H gel) [76]. This conclusion is also confirmed by
the result on TGA.
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Figure 4-5. Isothermal calorimetry results of cement pastes with difference mineral fillers additions for
48 hours.

The normalized heat (Figure 4-5b and Figure 4-5d) of the mixtures with GP20 is similar to that with
GrP20, which implies that the GP20 and GrP20 similarly affect cement hydration. By contrast, the effect
is less pronounced for LP. This can be explained by the coarser particle size distribution of LP than

other fillers, which slowed down the hydration process [78].

4.5.2.2. Thermalqravimetric analysis

Figure 4-6 shows thermogravimetric (TG) curves and derivative thermogravimetric (DTG) curves of
cement paste with different mineral additions at 7 and 28 days. The hydrated cement paste showed a
typical weight loss area related to the dehydration of ettringite at 110-130°C, the dehydration of C-S-H
at 150-400°C, the dihydroxylation of CH between 400-500°C, and the decomposition of carbonate over
650°C.
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Figure 4-6. TG and DTG curves of UHPC mixtures at (a-b) 7 days and (c-d) 28 days.

To further determine the effect of mineral fillers on the hydration products of mixtures, Figure 4-7
compares the estimated amount of CH and C-S-H content based on Eq. 4.1 and Eq.4.1. In general, a
filler effect on the cement hydration is clearly observed by the addition of mineral fillers [76] as the

content of CH and C-S-H normalized by mass of binder increased by adding mineral fillers.

If we consider the content of CH and C-S-H normalized by total mass at 7 and 28 days (Figure 4-7),
the content of CH and C-S-H of systems with mineral fillers is lower than those of the reference mixture
at 28 days due to the dilution effect (lower cement content in the mixture). Considering the content of
CH and C-S-H normalized by the total mass of the binder show a continuous increase in samples with
higher fillers at both 7 and 28 days. This is more pronounced in samples with 40% of replacement level.
For example, at 28 days, C-S-H content of the Ref sample is 42%, while GrP40, GP40 and LP40 have
60, 59, and 58%, respectively. This can be explained by two reasons: (i) the nucleation effect of fillers
at an early age and (i) increase w/b ratio in cement pastes with fillers, which can create more space to
form hydrates phases. It means that the mineral fillers enhance the hydration degree of binder in UHPC
systems, similar to the report [178]. This result corresponds to the result of the estimated degree of

hydration in section 4.5.2.3.
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Figure 4-7. CH content and C-S-H content calculated from TG curves at (a-b) 7 days and (c-d) 28
days.

4.5.2.3. Estimated degree of hydration

As for an example, Figure 4-8 compares the measured heat release vs. time curve up to 48 hours
(which is the calorimeter duration time) and the curve estimated by DDM model of for systems Ref,
GrP20 and GrP40. The input parameters for DDM model are summarized in Table 4-4. The DDM
parameters corresponding were identified by best fitting the experimental heat-time curves by DDM
model during the first 48 hours (Figure 4-8a). This simplified model approach was applied by previous
researchers [263] and allowed estimating the heat releases at a later time (e.g., up to 28 days in Figure
4-8d).
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Table 4-4. Parameters of the DDM for developed mixtures.

Parameter  Units Ref GrP20 GrP40 GP20 GP40 LP20 LP40

Hry kJ/m® 215,000 2250,000 195,000 220,000 185,000 240,000 181,000

7, hours 21,00 21,00 24,50 21,00 25,50 21,00 26,85

B, - 4,25 3,75 4,30 3,95 5,12 3,50 5,00

H., kJ/mé 165,000 132,000 80,000 130,000 80,000 78,000 90,000

t hours 39,00 72,00 120,00 70,00 60,00 110,00 65,00

B, - 0,4 0,31 0,85 0,32 0,25 0,20 0,35

H, (t) kd/m3 380,000 357,000 275,000 350,000 265,000 318,000 271,000
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Figure 4-8. Normalized heat of hydration estimated from DDM model.

Another advantage of the simplified DDM model is that we can estimate the hydration degree «ft)
[263]. The theoretical total potential heat of hydration and the estimated heat releases by DDM are
then used to calculate the degree of hydration «ft) at any time for all UHPC mixtures as shown in
Figure 4-9. The estimated «(t) of systems with mineral fillers were higher than that of the reference at
all ages due to higher w/b in the mixture. This phenomenon is more pronounced in the mixtures with

higher mineral filler replacement content. At 28 days (in Figure 4-10a), for example, «(t) value for
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mixture Ref, GrP20 and GrP40 was 0.39, 0.44, and 0.45, respectively. The low water-to-cement ratio
of the considered systems caused a maximum hydration degree that is lower than one, that is, the
unreacted cement is present in the microstructure [277-279]. The estimated hydration degree is slightly
lower than the theoretical values obtainable from Jensen model, which would be 0.44. 0.55, 0.71 [281].
The slight underestimation of the hydration degree can be explained by the choice of the heat release
of cement and silica fume for full hydration are 452.3 kJ/kg [263,265] and 780 kJ/kg [263].

—Dh-GrP20
- -Dh-GrP40
—Dh-GP20
- -Dh-GP40
Dh-LP20
Dh-LP40

Degree of hydration, Dh

100 200 300 400 500 600 700
Age (hours)
Figure 4-9. Degree of hydration of all mixtures up to 28 days.
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Figure 4-10. (a) Estimated maximum hydration degree at 7 days (Dh-7d) and 28 days (Dh-28d), and
(b) Relationship between Dh-28d and C-S-H content normalized by mass of binder.

Figure 4-10a shows the relationship between hydration degree Dh at 28 days and the replacement
level of mineral fillers. This confirms the previous discussion on the important filler effect on the cement
hydration of the mineral fillers [76]. Figure 4-10b shows the relationship between C-S-H content

calculated from TG curves in section 4.5.2.2 and the estimated degree of hydration at 28 days. It can
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be found that the C-S-H content increase as Dh increases. This confirms the TGA methods and

calorimeter are in agreement.

4.5.3 Autogenous shrinkage

Figure 4-11 presents the setting time and autogenous shrinkage of cement pastes with 20% and 40%
of fillers. The shrinkage vs. time shows distinctive threefold kinetics [282]: (i) an important primary
shrinkage which is due to precipitation-dissolution reactions at the very early age of cement hydration;
(i) a negligible swelling phase; (ii) an important secondary shrinkage due to capillary forces.
Considering the shrinkage vs. time curves of Figure 4-11b, it is then possible to distinguish the primary
shrinkage on the first day, which rapidly occurs from setting time to the inflection point, from the
secondary shrinkage, which occurs gradually afterward. The rate of shrinkage in the first hours of the

plastic phase is more important because of the hydration process (as detailed earlier in section 4.5.2.3).

Considering Figure 4-11 (a), the mixtures with GrP, GP and LP display evident setting retardation. The
difference in setting time is likely due to the difference in the amount of superplasticizer [141] and silica
fume [184,283] in the mixtures (see Table 4-2). The autogenous strain is zeroed at the final setting time
for all mixtures. Considering Figure 4-11b, the shrinkage of systems was clearly affected by the type
and amount of mineral filler. In general, the systems GrP20, GrP40 and LP20 exhibited a smaller
autogenous shrinkage than the reference, which was reduced by 8%, 32% and 16%, respectively. This
is due to the lower binder content by filler substitution, resulting in a higher w/b ratio — increasing
internal relative humidity and less shrinkage. This is in agreement with a report by previous researchers
[166,284,285)].

On the other hand, the systems LP40, GP20 and GP40 increased the autogenous shrinkage of
mixtures, which is 833, 821 and 1089 um/m at 7 days, respectively. Notably, the autogenous shrinkage

of UHPC-GP increased with the increase of GP content.

Figure 4-12 compares the effect of mineral fillers on the primary and secondary shrinkage of the
systems. The primary shrinkage increases with the increase of the mineral filler with the only exception
of granite powder, which is likely due to the fact that it is the most inert of the system (e.g., it does not
affect the pore solution alkalinity as LP and GP). The higher autogenous shrinkage of systems GrP20,
GrP40 and LP20 seem to mostly depend on the primary shrinkage. In particular, GP40 and LP40

exhibited a much greater primary shrinkage than that of the reference. On the contrary, the secondary
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shrinkage reduced with the increase of the mineral filler. This hints that the mechanism of secondary

creep is mainly due to the capillary surface tension in the tiny cement paste porosity.
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Figure 4-11. (a) Setting time and (b) Autogenous shrinkage of UHPC mixtures with mineral fillers.
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Figure 4-12. (a) Primary shrinkage and (b) secondary shrinkage of all tested mixtures.

Finally, it is possible to identify the relationship between autogenous shrinkage and the degree of
hydration of the developed blended cement systems with mineral fillers. Figure 4-13 shows the
relationship between autogenous shrinkage and degree of hydration. All the systems exhibit a similar
S-shape relationship between hydration degree and autogenous shrinkage. Such a type of relationship
is also helpful for modeling the risk of early-age cracking in UHPC structures [258]. In general, the
systems GP20, GP40 and LP40 exhibited shrinkage-hydration degree curves with higher mean values.
The systems with mineral fillers differ strongly in the primary shrinkage. This is strongly influenced by
deformations occurring during the plastic phase (i.e., primary shrinkage), which may be related to the
dissolution-precipitation reaction of C-S-H and ettringite. The effect of GP and LP on primary shrinkage
may be explained by the filler effect [76] and by changing the alkalinity of the pore solution [179,286].
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As for the secondary shrinkage, the reference system starts at an earlier hydration degree than all
other systems with mineral fillers. The reason is that the w/c ratio of the reference system is the lowest
value of 0.24, while the systems with mineral fillers have a w/c ratio ranging from 0.27 to 0.39, as

summarized in Table 4-2.
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Figure 4-13. Relationship between autogenous shrinkage and hydration degree for the studied
systems.

4.5.4 Mechanical properties

4.5.4.1. Compressive strength of cement pastes systems

Figure 4-14 presents the mean compressive strength of cement pastes at 7 and 28 days. As expected,

the compressive strength increases over time due to the hydration process, which reduces the porosity.

The effect of the addition of mineral fillers on the compressive strength is similar for the different mineral
fillers. At 7 days, the addition of 10% of mineral fillers does not reduce the compressive strength of the
reference mix. For higher replacement level, the 7-day compressive strength reduces rather linearly
with the mineral addition. The reduction of 7-day compressive strength is observed in all mixtures with
40% fillers, which is reduced by 19.4%, 14.1%, and 28.8% for the GrP40, GP40 and LP40, respectively.
In general, for GrP and LP systems, the 7-day compressive strength reduces by about 8% for
augmentation of 5% of mineral addition in the range from 10% to 40%. Notably, the 7-day compressive
strength did not reduce for systems with GP up to 30%. This may be explained by a better filler effect
of GP, providing more space for hydrates processing [9, 10], as having a closer the specific surface

areas of GP with cement (as shown in Figure 4-1).
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Interestingly, at 28 days, the systems with mineral fillers show equal or higher compressive strength
than the reference system. It is possible to gain 15-20% of compressive strength by adding mineral
fillers for all cement paste systems with w/f equal to 0.2. Notably, there seems to exist a different optimal
replacement level for each mineral filler; that is, the peak of compressive strength is at 20%, 10% and
30% for GrP, GP and LP, respectively, with an increase by 16%, 19% and 9% compared to the
reference mixture. In all cases, the binder (PC+SF) of the reference cement pastes with w/c=0.24 can
be replaced by the considered mineral fillers up to 40% with out reduction in the compressive strength.
Figure 4-15b, ¢ and d show the SEM images of the microstructure of the systems at 1 year with 20%
mineral fillers with respect to one of the references (Figure 4-15a). The replacement of the unreacted

clinker by mineral fillers is visible.
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Figure 4-14. Compressive strength of cement pastes with different mineral additions at 7 days and 28
days of curing.

4.5.4.2. Micro-mechanical properties of cement paste systems

Figure 4-16a, and 15b show the micro-indentation results in terms of mean curves of load-penetration
depth and mean curves of penetration depth-time for all systems, respectively. A higher penetration
depth means a softer or more creep material. For instance, the LP40 has the highest penetration depth,

resulting in the lowest microindentation properties.
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Figure 4-15. SEM images of the microstructure of the cement paste systems at 1 year: (a) Reference;
(b) GP20; (c) GrP20; (d) LP20.
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Figure 4-16. (a) The means h-t curves and (b) means F-h curves of all systems.

Figure 4-17 compares the mean microindentation properties H, M and C for all systems with an
indication of the standard deviation. For all system, the values of H, M and C reduces with the increased
volume of replacement of cement by the mineral fillers. This may be due to different reasons, such as
(i) the w/c ratio of the cement paste increases with the increase of the filler content, which in turn
increases the C-S-H gel porosity [287]; (ii) the filler particles are stiff, but they introduce a porous
Interface Transition Zone [288,289]. For all those reasons, the mechanical property of the cement paste
reduces with the increase of replacement of cement by a mineral filler system. Interestingly, the
replacement of 20% cement with GrP and LP20 provided a strength closer to the reference. LP systems
showed greater reduction as the coarser particle size may have affected the representation of the
probed material probed by microindentation tests. The highest peak in hardness is the one with 20%
of glass powder (GP) which is likely due to the pozzolanic reaction of glass after 1 year, which
compensates for the lowest w/c of the cement paste [67].
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Figure 4-17. Microindentation properties of cement pastes at 1 year.

Table 4-5. Compressive strength of final UHPC incorporating fillers.

Replacement Compressive strength, fc, (MPa)

level (vol.%) 7 days 28 days

UHPC- UHPC- UHPC- UHPC- UHPC-  UHPC- UHPC- UHPC-
Ref GrP GP LP Ref GrP GP LP

20 90+2.8 79+1.5 85+1.8 83+0.7 110+2.8 104+0.3 106+1.1 104+1.7

40 85+0.4 60+1.8 62+0.8 60+14 103+23 87+1.2 93+25 80%1.0

4.5.4.3. Compressive strength of UHPC systems

The compressive strength (fc) results at 7 days and 28 days of UHPC mixes with sand and fiber addition
(Table 4-3) with substitution of 20% and 40% fillers are presented in Table 4-5. It is worth reminding
that those UHPC systems have a relatively high volume of sand, which increases the ITZ zones and
makes the need for cement paste with good bond property more important. As the main result, the
mineral fillers slightly reduced the compressive strength of UHPCs. From Figure 4-18, the 7-day and
28-day compressive strength seem to linearly reduce with the replacement level of mineral fillers
regardless of the type of mineral filler. As for the 28-day compressive strength, this reduction can be
estimated by 6% and 23% for replacement levels of binder of 20% and 40% by mineral fillers,
respectively. However, GP seems to exhibit a slightly improved compressive strength than GrP and LP
due to the pozzolanic reaction of the glass particles, which increases the bond property [67]. This

improvement in compressive strength of GP mixture is confirmed by other works [172,172]. The effect
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of binder replacement by fillers on compressive strength at 7 days is greater, especially for a high
volume of replacement. The importance of the ITZ zone in the UHPC systems is also confirmed by the

recent work [253].
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Figure 4-18. Relative the compressive strength of UHPC reference versus compressive strength of
UHPC-fillers (a) 7 days and (b) 28 days.

4.5.4.4. Resistivity property of UHPC systems

To evaluate the durability of final UHPC mixtures (Table 4-3), uniaxial resistivity tests are carried out
on the systems with a replacement level of 20%. Figure 4-19 shows the results in terms of the bulk
electrical resistivity (BER) results of the UHPC systems with a 20% binder replacement level (without
fiber) at 7 and 28 days. The threshold is employed to estimate the risk of chloride ion penetration that
was established in AASHTO T 350 standard. The limits in terms of BER (High < 6, Moderate 6 < 10.5,
Low 10.5 <18.75, Very Low 18.75 < 127, and Negligible > 127 Kohm-cm), were calculated through
the procedure proposed by Morris et al. [290]. In Figure 4-19, BER increase over time due to the
continuous hydration process. While the bulk resistivity of UHPC systems on all tested days is lower
than that of the reference mixture, the chloride ion penetration in all designed UHPC mixtures is
negligible. Those results are the first confirmation that the mineral fillers can partially replace binder in
UHPC production without compromising the durability properties. This confirms the conclusions of

Bentz on the effect of mineral fillers on the durability of concretes [291].
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Figure 4-20. Comparison of UHPC mixes in terms of carbon emission and compressive strength.

4.5.5 Evaluation of carbon emission of studied UHPC mixtures
This section aims at provides a first-order estimation of the embodied CO, emission of the studied
UHPC system in this research. The amount of CO, emission from cement and silica fume was assumed
based on values reported in the open literature [292,293], as reported in 1 tone of cement and silica
fume produce 0.83 and 0.0 tone of CO, emission, respectively. Figure 4-20 compares several UHPC
mixtures published in open literature regarding the embodied carbon and 28-day compressive strength
[172,178,180,294-299]. Although the UHPC mixes with higher compressive strength seem to exhibit
more carbon emission, no clear trend between compressive strength and embodied carbon can be
established. Indeed, the high compressive strength is not simply associated with a high binder content,
butitis also related to packing density and quality of materials. For instance, compared to the Canadian
UHPC developed by Habel et al. [299], the 120 MPa-compressive strength provide up to 900 Kg/m3 of



CO2 emission, while the developed UHPC with 20% filler in this research has 111 MPa and 729 kg/m?

of CO2 emission.

4.6

Conclusion

The present results provide a comprehensive study on the feasibility of replacing unreacted cements

in UHPC mixes by comparing mineral fillers which are recycled wastes from local stone industry

(granite powder GrP and limestone powder LP) or post-consumer waste (glass powder GP). In

particular, the effect of replacing the binder up to 40% with the mineral fillers has been carried out at 2

scales: (i) cement pastes at a low water-to-fine (w/) ratio of 0.2; (ii) at the UHPC scale, the previous

cement pastes systems with the addition of sand and steel fibers. Based on the presented results, the

following conclusions can be drawn:

As for the fresh concrete property, the cement pastes systems with low w/f ratio and
replacement levels of binder by mineral filers up to 40% exhibited improved workability and

packing density.

As for the hydration degree estimated by simple modeling of the calorimetry analysis, the
cement pastes systems with mineral fillers increased the hydration degree due to the filler
effect. The hydration degree at 28 days for mixture Ref, GrP20 and GrP40 was estimated to
0.39, 0.44, and 0.45, respectively. The replacement of binder of up to 40% with fillers delays
hydration kinetics by 2-3 hours which may be favorable for casting at hot temperature. Among
the considered mineral filler, GP provides a slightly higher hydration degree due to the

pozzolanic activity.

As for the TGA results, the cement pastes systems with mineral fillers increased the amount
of CH and C-S-H produced by the binder due to a filler effect. Again, GP showed a slightly

greater filler effect on the C-S-H content due to possible additional pozzolanic reaction.

As for the autogenous shrinkage of cement paste systems, there was a strong dependency on
the type of fillers and replacement levels. Notably, it was found that GrP20, GrP40, and LP20
exhibit a smaller autogenous shrinkage than the reference, which can reduce the risk of early
age microcracking, which is particularly important for durability concerns and for architectural

finishing quality.
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e As for the compressive strength, the mineral fillers increased the 7-day and 28-day
compressive strength. The optimal replacement level of each mineral filler was 20%, 10% and
30% for GrP, GP and LP, respectively, which increased by 16%, 19% and 9% compared to
the reference mixture. That is, the mineral fillers increased the cement paste strength, in spite
of the fact that the gel porosity increases as the w/c ratio increases with the replacement level

of mineral fillers.

e As for the UHPC systems, the fine sands were added by 48-60% by solid volume. The
replacement of binder with 40% mineral filler reduced the compressive strength by about 23%.
In contrast, replacing up to 20% of binder with mineral fillers allows producing UHPC with a
compressive strength close to that of the reference. Due to pozzolanic activity, GP showed a

slightly greater compressive strength than other mineral fillers.

o As for the resistivity tests, all UHPCs mixtures with mineral filler exhibited resistivity which is
very low at 7 days and negligible at 28 days. That confirms that the capillary porosity is very

limited for UHPC with replacement of binder by mineral fillers up to 40%.

e Finally, the replacement of binder with available mineral fillers can significantly reduce the
carbon footprint. As reported in previous studies, mineral fillers allow for reducing the embodied

carbon below 500 kg/m?3 while keeping a very high compressive strength.

Further work should further optimize the UHPC mix design by increasing the particle packing density,
e.g., by adding an intermediary powder (e.g., quartz) or by reducing the sand volumes. It could also be
interesting to study finer-particle fillers for producing UHPC. Future studies shall investigate the flexural,

tensile and durability properties which are needed in structural applications.
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Chapter 5. Developing Sustainable Ultra-High-
Performance Concrete with Aluminum Production
Wastes

5.1 Reésumeé

Le béton fibré a ultra-hautes performances (BFUP) est une voie prometteuse pour favoriser les
infrastructures civiles durables et résilientes. Comme ils sont souvent limités par leur colt élevé et la
disponibilité limitée des matiéres premiéres locales, cette étude vise a concevoir une nouvelle
conception de mélange de BFUP a teneur en ciment relativement faible en recyclant les brasques

usées traités provenant de la production d'aluminium primaire, appelés LCLL-ash.

Tout d'abord, les mélanges de BFUP avec différentes teneurs en ciment remplacées par des poudres
de LCLL-ash ont été développés au moyen de la méthode de compaction des particules. Ensuite, une
caractérisation multi technique a été réalisée, telle que : les propriétés a I'état frais, I'analyse chimique
par SEM et XRD, la calorimétrie, le retrait endogéne, la résistance a la compression et la
caractérisation par microindentation. Les résultats montrent que I'ajout de LCLL-ash retarde la
cinétique d'hydratation, tout en réduisant légérement la maniabilité et la résistance en compression.
D'autre part, le remplacement de 12% du ciment par de la LCLL-ash réduit significativement le retrait
endogene a 7 jours. Enfin, 'énergie et le carbone contenus dans le BFUP a base de LCLL-ash ont été
évalués, ce qui confirme que cette méthode est prometteuse pour la production de BFUP durables a

faible retrait.

Mots-clés: Retrait autogéne, brasques usées traités, cinétique d'hydratation, microindentation,

microstructure, fillers minérales, compaction particules, construction durable, BFUP.

5.2 Abstract

Ultra-high performance concretes (UHPC) are a promising avenue to foster sustainable and resilient
civil infrastructures. As often limited by the high cost and limited availability of local raw materials, this
study aims at engineering a novel UHPC mix design by recycling treated spent pot lining from primary
Aluminum production, called LCLL-ash.

First, the UHPC mixtures with different cement content replaced by LCLL-ash powders were developed

by means of the packing particle method. Then, a multi-technique characterization was carried out,
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such as fresh concrete properties, SEM and XRD chemical analysis, calorimetry, autogenous
shrinkage, compressive strength and microindentation characterization. Results show that the addition
of LCLL-ash delays the hydration kinetics while slightly reducing the workability and the compressive
strength. On the other hand, replacing 12% of cement with LCLL-ash significantly reduced the
autogenous shrinkage at 7 days. Finally, the embodied energy and carbon of the developed LCLL-
UHPC was assessed, confirming the promising avenue for producing sustainable UHPC with low

shrinkage.

Keywords: Autogenous shrinkage; Aluminum production waste, Hydration kinetics; Microindentation;
Microstructure; Mineral Fillers; Packing density; Sustainable construction; Ultra-high performance
Concrete (UHPC).

5.3 Introduction

Ultra-High Performance Concrete (UHPC) is a relatively new class of concrete composites that
provides a technological breakthrough for sustainable construction as it allows reducing the volume of
the structural elements while significantly enhancing the durability [300,301]. Thus, UHPC outstanding
mechanical properties allow reducing the use of construction materials. Similarly, UHPC superior
durability enables extending the service life of concrete structures with an important reduction of
maintenance costs, which is key in countries with severe environmental conditions [122,302]. In the
last decades, several UHPC mixtures have been developed with an ultra-high compressive strength
(usually greater than 120 MPa), a remarkable tensile strength (about 7-15 MPa) and toughness (about
1000 J/m2) [302,303]. Typically, UHPC is composed of an optimized combination of mineral powders
with high packing density, a very low water-to-cement (w/c) ratio, and high content of superplasticizers
to ensure workability [31,122,304]. For structural applications, micro steel fibers are added at a volume
content between 2 and 4% to provide tension hardening properties to enhance strain hardening and
multiple cracking in tension, which in turns assures crack opening and durability in service [16,117,305].
As a result of the compacted matrix, UHPC exhibits a very low capillary porosity which confers
impermeability to deteriorating agents, such as chlorides and sulfates [270,305]. Furthermore, UHPC
mixture employs a relatively high volume of cement paste (~50%) with a fine aggregate of maximum
diameter limited to a few millimeters. Thus, several commercial UHPC employ a significantly high

volume of cement content, which comes with a significant embodied carbon level and environmental
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impacts [306,307]. UHPC high cement content not only jeopardizes eco-efficiency, but also drives

substantial autogenous shrinkage, a major handicap for UHPC.

Owing to its low-water content, the microstructure of UHPC is rich in unreacted clinker as the very low
w/c ratio of limits the maximum hydration to about 50% [21-23]. Thus, partially replacing the unreacted
clinker by supplementary cementitious materials (SCMs) or mineral fillers with a size similar to the one
of the cement offers a means to reduce the cost and the carbon imprint of UHPC [87,308,309]. Note
also that the use of a high amount of silica fume, which is usually in between 10 and 30% of cement
mass in UHPC mixtures for enhancing ITZ zones of sand particles [310-312], may reduce the
availability of Portlandite and then limit the pozzolanic reactivity of supplementary cementitious
materials (SCMs). Thus, replacing the percentage of unreacted cement by SCMs or mineral fillers

allows reducing embodied carbon of UHPC mainly due to the cement content.
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Figure 5-1. Ternary diagram of some ecological UHPC.

Following this direction, ecological UHPC mixtures have been recently developed worldwide by
replacing cement with locally available SCMs or mineral fillers, such as limestone [32,178,313], rice
hush [180], fly ash [313], ground granulated blast-furnace slag (GGBFS) [313,314], metakaolin [315],
glass powder [185] and waste granite powder [293]. Table 5-1 compares the composition of fine
powders (herein defined as the powders with a diameter less than 125 um as proposed in [309]) of

recently developed ecological UHPC mixtures within a ternary diagram with the percentage in masse
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of the following raw materials: (i) cement; (i) silica fume and (i) SCMs or mineral fillers. As for a
reference, UHPC is commercially available under the name Ductal® [304]. The average compressive
strength is also indicated. The tendency of ecological UHPC to reduce cement and silica fume is
evident. Several ecological UHPC replace more than 20wt.% of cement by SCM/Fillers while keeping
a minimum amount of silica fume. Bouchard et al. [293] succeeded in replacing nearly 60% of cement
by mineral fillers, such as limestone and granite powder. Moreover, since the initial construction cost
is @ major limiting factor for applications, the development of UHPC mixtures with locally available
sources of SCM and mineral fillers is strongly worthwhile [316,317]. More in general, the successful
implementation of eco-UHPC within a circular economy approach depends on the environmental cost

of transport and possible pre-treatment [318].

The worldwide production of Aluminium is more than 60 million tons per year with China as the world's
largest producer with 37 million tonnes, followed by India, Russia, and Canada [319,319]. The refinery
processes used to produce aluminum generate about 2-2.5 tons of solid waste for every 1 ton of
aluminum produced. This includes a small amount of waste rock, waste ‘red mud” and a small amount
of other scrap and solid wastes. A significant industrial and hazardous waste of the aluminum industry
is the spent pot lining (SPL) [29,320]. SPL is the most significant solid waste from smelting and the
second-largest volume from the aluminum industry after bauxite residue. For instance, the company
Rio Tinto in Canada generates approximately 35 kt of SPL per year, each ton of aluminum generating
about 22 kg of SPL [29]. SPL can be classified into two types; the 1st cut is rich in carbonaceous
materials, and the 2 cut is rich in aluminum and silicon oxides. The former and the latter come from
the cathode and refractory of the electrolytic cells, respectively. Pioneering research investigated the
use of glass frit (GF) obtained by a pyro metallurgic treatment of SPL as alternative cementitious
materials for normal concrete [201,321]. GF was used as a binder in concrete, and the materials were
studied in terms of alkaline activation. The results demonstrated that concrete with cement partially
replaced by GF exhibited enhanced durability against freezing-thawing, reduced chloride ion
permeability, and low alkali-silica reaction related to control concrete [201]. A few decades ago, a
hydrometallurgical process treatment called Low Caustic Leaching & Liming process (LCL&L) was
developed to extract the toxic elements (i.e., cyanide and fluoride) and transform SPL into inert by-
products. The refractory bricks (2n cut), which are treated separately from the carbon part (1st cut), are
herein called LCLL-ash [211]. For instance, about 20 kt of LCLL-ash per year can be produced at the

SPL treatment plant in Jonquiere (Quebec) and can be reused in concrete production [29,322].
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LCLL-ash is a fine powder with a mean granular size of about 20 um, mainly composed of silica and
alumina with a minor fraction of calcium, sodium, and iron. In a recent study, Brial et al. [211] evaluated
the reactivity of LCLL-ash powder by the Rilem R3 test. The results showed that the reactivity of LCLL-
ash has negligible pozzolanic reactivity. However, the reactivity of LCLL-ash was improved by
calcination, showing reactive properties closer to calcined clay [211]. Moreover, as a major drawback,
hydro reactivity of LCLL-ash in the R3 test condition was observed. The phase containing alumina from
LCLL-ash can generate gases causing swelling of the cement paste [211]. To the authors' knowledge,
no work yet has attempted to employ raw LCLL-ash powder as a filler in high or ultra-high-performance

concretes.

One of the UHPC properties that strongly depend on replacing cement by SCMs or mineral fillers is the
autogenous shrinkage. The latter is important in several UHPC applications where deformation
constraints may cause early age microcracks that compromise the sought durability. Indeed, UHPC
exhibits significant autogenous shrinkage at early age driven by the self-desiccation of capillary pores
due to the cement hydration [323-325]. When the shrinkage deformation is restrained, internal tensile
stress can build up with the risk of early-age cracking [258,326-328]. A recent benchmark on different
commercial types of UHPCs showed that autogenous shrinkage strongly depends on several
properties, including cement content, porosity systems, type of SCMs, etc. [302]. Therefore, replacing
cement with mineral fillers, which can stiff UHPC mixtures at early, may be efficient means of reducing
the risk of early-age micro-cracking UHPC [323,329]. Such microcracks may also be unacceptable for

high-quality architectural applications [330].

This work aims at developing UHPC mixtures with LCLL-ash powder by taking advantage of their filler
effect to enhance the competitiveness of UHPC in terms of cost and carbon imprint. Firstly, the CIPM
model is applied to optimize the packing density of the mixture. Afterward, the effect of partially
replacing the cement in UHPC mixtures with LCLL-ash was studied in terms of fresh properties,
hydration kinetic, autogenous shrinkage, mechanical properties, and microstructure morphology.
Moreover, microindentation investigation was employed to finely study the effect of the LCLL-Ash on
the mechanical properties of the cement paste of the developed UHPC in which LCLL particles are
embedded. Finally, the estimated embodied energy and carbon dioxide as well as the cost of the

developed LCLL-UHPC confirmed the promising research direction.
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Table 5-1.Chemical compositions and physical properties of granular materials used (n.a.=not

available).
Materials Cement Silica LCLL-ash Limestone Quartz
fume powder  powder
Chemical composition (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)
Ca0,% 61.52 0.74 3.04 98.20 0.30
Si02,% 19.17 96.35 37.28 0.62 98.90
Al203,% 4.60 0.09 36.29 0.08 0.20
Fe203,% 3.61 0.41 7.36 0.32 0.30
MgO,% 240 0.57 0.38 0.49 0.02
S03,% 3.98 0.82 0.06 0.26
K20,% 1.06 - 0.77
Na20eq, % 0.25 - 8.23
LOL,% 2.63 3.50 5.72 424
Physical properties
Specific gravity (g/cm?3) 3.09 2.26 2.72 2.65 2.65
Blaine surface area (m2/kg) 365 n.a. n.a. n.a. n.a.
BET (m2/kg) n.a. 2.62x104 4.60 n.a. n.a.
Particle diameter, d1o (um) 2.9 0.07 1.65 0.5 14.7
Mean particle diameter, dso (um) 13 0.16 22 1.7 105
Particle diameter, dgo (Um) 32 0.5 110 4.6 330

5.4 Materials and methods

5.4.1 Raw material properties

In this work, the following raw materials were employed: (i) a high early (HE) strength cement Type Il
(according to ASTM C150) with dso of 13 um; (i) undensified silica fume with particle size of 0.1-1 um
provided by Silicon Quebec; (iii) quartz powder from industrial waste from crushing quartz into the sand
in Quebec quarry, (iv) limestone filler under commercial name UF from Omnya, (v) and river sand with
dso= 485 um as fine aggregate. LCLL-ash was provided by Rio Tinto Quebec and used as a cement
substitution without any further treatment. Table 5-1 shows the chemical composition and physical
properties of cement, silica fume, and LCLL-ash. The particle size distribution of the UHPC components

is given in Figure 5-2. LCLL-ash has a dark-grey color, and the digital images and scanning electron
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microscopic (SEM) images of LCLL-ash are presented in Figure 5-3. The X-ray diffraction analysis
results of LCLL-ash is illustrated in Figure 5-4.
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Figure 5-2. (a) Grading of the used materials and (b) cumulative particle size distribution.

Figure 5-3. (a) Digital image and (b) SEM image of LCLL-ash.
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Figure 5-4. XRD pattern of LCLL-ash.

5.4.2 Mixture design

Key concepts for designing cementitious material are packing density and workability. In recent years,
numerous models have been developed for concrete mixture proportioning by using the particle
packing model. Among them, De Larrard [160] introduced the Compressible Packing Model (CPM) to
optimize the packing density of cementitious material. Later, Fennis [31] developed the compaction-
interaction packing model (CIPM), which includes interaction due to the surface forces like van der
Waals forces for very fine particles (< 125 pm), which are necessary for UHPC. For instance,
Hajiesmaeili et al. [100] applied the CIPM model to design Ultra High-Performance Fiber Reinforced

Concrete with 50% clinker replacement by two limestone grades.

In this study, we employed the CIPM method. Firstly, the packing density of each employed powder
with @ maximum particle size smaller than 125 ym is determined in wet conditions by the mixing energy
method [164]. To consider the interaction with cement particles and superplasticizer, the wet packing
density of the powder mixed at different percentages of cement and superplasticizer is measured
[31,331]. The wet packing density of the powder is then estimated from the asymptotic values for
cement content tending to zero. The measurement of the wet packing density is divided into different
steps (as shown in Figure 5-5), as followings: (i) A volume of 500 ml of dry powder is mixed for 60 s at
low speed using a planetary mixer Hobart N-50 equipped with a flat beater; (ii) After 60 s, about 60-
80% amount of premixed liquid (water and superplasticizer) is added to the mixerin 12-15 s, and mixing

is continued up to 120 s; (iii) After 120 s, the mixer is stopped to hand-mixing with a soft silicone spatula
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in order to prevent any agglomeration and to ensure homogeneity; (iv) The mixer is restarted at 180 s
for 2 min; (v) The premixed solution is added gradually at a rate of 5 ml every 15 s using a self-dosing
pipette. The liquid is added until the mixture loses all consistency, and the electrical consumption drops.
It should be noted that a preliminary test was necessary to estimate the dosage of superplasticizer
required in the liquid solution. The dosage was selected as the content of superplasticizer added during
the test accounts for 3% by mass of cement when the maximum electrical consumption is reached, at
the end of stage V. In practice, when the contents of superplasticizer at maximum peak consumption
were recalculated at the end of the test, the values usually lied between 2.9 and 3.1%. The packing
density ot of each material can then be calculated as follows: c: =Vp/ (Ve+V,) where Vp is the volume
of powder, V_ is the total added liquid solution until reaching the maximum power consumption. As for
the granular materials with a larger size than 125 ym (e.g., fine aggregates), the granular packing
density is simply determined by the dry method (compact method). The test procedure as follows: filling
a weight of materials w (known density) into a rigid steel container of known volume Vc. The packing

density aexp can calculate as follows: aexp =Visoiia / Ve.
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Figure 5-5. The power consumption during the addition of the solution.

116



Table 5-2. Packing density of individual material by experimental test and by CIPM.

Materials iy, Qe Compaction index K
Cement type HE 0.613 0.612 10
Silica fume 0.480 0.478 6.7
Limestone powders 0.611 0.611 10
Quartz powders 0.568 0.63 10
LCLL-ash 0.573 0.547 10
River sand 0.599 0.614 4.1

(Wa=Wy=1, La = Ca=1.5, Lp = C» = 0.2, suggested by Fennis [31])

In order to consider the particle size distribution of the powders, the CIPM requires a virtual packing
density /3 for each size class i for a certain compaction index K; as model inputs. Therefore, a given
material is divided into several size classes according to the known particle size distribution. It is
suggested to divide materials into size classes with size ratios ranging from 0.5 to 0.9. Then, the virtual
packing density /3 is calculated from the ey for a certain compaction index K. It is assumed that S
of each material is constant for each sub-division size class. Afterward £ is used as one input on the
CIPM to optimize the packing density @ of UHPC mixtures. For more detail, the authors recommended
referring to the report of Fennis [31]. Table 5-2 shows the results of measured packing density and
reversely calculated packing density from CIPM corresponding to compaction index K for each material

used in this study.

5.4.3 Mixture proportioning and casting

The optimized proportion of UHPC mixtures is detailed in Table 5-3. The w/b ratio (binder defined as
cement + silica fume) was fixed at 0.23. The substitution of cement by LCLL-ash was 6% and 12% by
weight. Superplasticizer with a specific gravity of 1.08 and solid content of 29% was used in all mixtures.
In addition, the micro-steel fibers (length of 13 mm and diameter of 0.2 mm) were added by 2% by total

volume of mixture.
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Table 5-3. Recipes of UHPC mixture designs and main characteristics.

Mixture composition (kg/m?3) UHPC mixture

LO L6 L12
Cement type HE 626 588 550
Silica fume 178 176 175
Limestone powder 85 84 84
LCLL-ash 0 43 85
Quartz powder 208 207 205
River sand 1081 1072 1064
Water 184 178 170
Superplasticizer 34 34 34
Water-to-cement ratio (w/c) 0.29 0.31 0.30
Water-to-binder ratio (w/b) 0.23 0.23 0.23
Water-to-fines ratio (w/f) 0.17 0.17 0.17
UltraFine-to-cement ratio (uf/c) 0.28 0.30 0.32
Cement paste volume 0.60 0.60 0.61
Superplasticizer-to-fine ratio (sp/f) 0.03 0.03 0.03
Measured packing 0.745 0.752 0.759
CIPM packing <> 0.797 0.793 0.789

As for the mixing procedure, the dried cementitious materials (i.e., cement, silica fume, LCLL-ash,
limestone powder, quartz powder, and fine aggregates) were mixed for 3 min at a slow speed using a
planetary mixer. Then, about 80% of pre-prepared suspension (water mixing with superplasticizer) was
added to the ingredients for 5 min, followed by the 20% remaining for 3 min at low speed. Subsequently,
the steel fibers were added during 3 min of final mixing at high speed. The mixing was performed at

room temperature (23°C).
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5.4.4 Tests and methods

5.4.4.1 Fresh UHPC characterization

The flow characteristic of all mixtures was measured using a flow table test based on ASTM C1437.
The dynamic flow of fresh UHPC was obtained after dropping the flow table 25 times in around 25 s.

Two perpendicular spread diameters were determined for each mix.

The density of fresh concrete was measured as follows ASTM C138M. A cylindrical measurement tool
(with @ known volume) is necessary for this test. The fresh mixture was poured into the cylindrical tool
in three layers. Each layer was compacted by vibration using the vibration table. The wet density of
concrete was calculated by the weight of the concrete to the volume of the cylindrical measure. Then,

the air content was measured based on ASTM C231.

5.4.4.2 Compressive strenqth of hardened concrete

UHPC mixtures were poured into 50 mm cube molds for the compressive strength test according to
ASTM C39/C39 M 2010. After casting, the specimens were covered with a plastic sheet and demolded
after 24h of casting. The two different curing regimes were employed in this study such as (i) a standard
treatment (21 + 2°C, Relative Humidity (RH) > 95%); (i) a hot-water treatment (60°C, RH > 95%) for
48 hours applied at 1 day of age. The compressive strength of UHPC mixtures was determined as the
average of three measurements at 7, 28, and 90 days. The test was carried out at a rate of 0.6 MPal/s.
It is worth noticing that the means compressive strength converting factor between cube and cylinder
specimen of UHPC with 1-2% fiber is about 0.95-0.99 as reported by [268,269]. Moreover, the fiber
orientation may be affected by the wall effect as the fiber length (12 mm) is only about 4 times smaller

than the cube size.

5.4.4.3 Crystalline phase analysis by X-ray diffraction (XRD)

X-ray Diffraction (XRD) was employed to identify crystalline phases of the cement paste, excluding
aggregates and fibers. At 7 and 28 days of normal curing, samples were crushed and ground using a
mortar and a pestle. Then, the sample was immersed in 100 mL of isopropanol immediately after
crushing for 15 min. Next, the crushed powders were dried for 10 min in a ventilated oven at 40 + 5°C.
XRD measurements of the dried powders were done at room temperature using a Philips X'pert APD
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diffractometer at a tube voltage of 40 kV, a tube current of 40 mA, and a Cu K« radiation. The analyses

were performed within an angle range of 5-70° 2 thetas and a step width of 0.02.

54.4.4 Microstructure observations by scanning electron microscope (SEM)

The scanning electron microscope (SEM) technique was performed to study the microstructure of
UHPC mixtures. Specimen were cut into 3 mm thick discs, which were surface polished as described
in detail in [332]. The fraction sections and polished sections were examined using the Tescan Vega3
device at an accelerating voltage of 15 kV and a working distance of 15 mm. The UHPC specimens

were examined at 28 days of curing.

5.4.4.5 Hydration reaction analysis by the isothermal calorimeter

Isothermal calorimetry

An isothermal calorimeter I-Cal 2000 HPC was employed to study the effect of LCLL-ash on the
hydration in the UHPC matrix. Directly after mixing, about 140g of fresh pastes (without fiber) were
poured into a sealed glass, which was then placed into the isothermal calorimeter. The instrument is
set to a temperature of 23°C, based on ASTM C1702-17. After 72 hours, the measurement was

stopped, and then the obtained results were normalized to the weight of the cement.
Double Danish Model

While the isothermal calorimetry accurately predicts the heat evolution for up to a few days (72 hours
in this study), the technique is less sensitive to measuring the heat release at later curing ages [262].
To get more insight into the long-term hydration, a simplified hydration model introduced by Hansen
and Pedersen [264] that considers the heat of hydration of cement was considered [263]. In particular,
we employed a version called Double Danish Model (DDM) extended by Hafiz et al. [263] to predict the
heat release from the hydration of cement and the pozzolanic reaction of silica fume. As a first-order
approach, this simplified extended DDM allows estimating the maximum hydration degree of studied
UHPC mixtures at a greater time than the duration of the calorimeter test. Based on DDM [263], the
development of cumulative heat of hydration can be estimated from cement (subscript 1) and silica

fume (subscript 2) as follows:
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where Hr(t) is the development of cumulative heat of hydration in kd/m3, Hrs and Hr, are the heat
hydration of cement and silica fume at time 7 and z2in hours, respectively, £ and £ are the hydration
slope parameters of the cement and silica fume, and Hr- = Hrs + Hrz is the asymptotic value of the

cumulative heat of hydration of the mixtures.

54.4.6 Autogenous shrinkage test

The autogenous shrinkage of cement pastes without steel fiber was measured based on ASTM C1698-
19 standards. The length and diameter of the corrugated tube were approximately 430 mm and 29 mm,
respectively. Directly after mixing, the fresh cement pastes were poured into a corrugated tube within
about 2 min while applying vibration to avoid the air bubbles inside the tube. The mold was sealed to
prevent moisture loss, and the samples were placed in an environmental chamber at a constant RH
and temperature (23°C; 55% RH). Then the sample was placed on a rigid frame equipped with a
TRANS-TEK 350-000 displacement transducer. The length changes were recorded every 15 min, and

the measurements lasted up to 7 days from water addition at room temperature.

54.4.7 Microindentation test

Microindentation has become a powerful tool for investigating the viscoelastic property of cement
pastes [149,227,333]. Before testing, 50 points from the surface of the specimen were selected
manually only on the paste under optical microscopy of the CSM Instruments Indentation Tester. The
maximum load Pmax = 20 N corresponds to the maximum depth of about 30-35 ym was applied.
Considering that the probed depth is about 10-20 times the penetration depth [334], this corresponds
to an average probed volume of about 1 mm3. To reduce the effect of sand heterogeneity on
microindentation results, the indentation was carried out in the cement paste zone far from sand
particles which were clearly visible by digital microscopic as the stage allows to precisely position the

indentation spot with an accuracy of 1 um [335].

The load was increased linearly from zero for 5 s, a holding time of 60 s, and unloading for 5 s. An
indentation test consisted of establishing contact between a specimen and a tip of known geometry
and then continuously measuring the change in indentation depth h as a function of increasing
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indentation load P. The analysis of the P(h) curve proceeds by applying the continuum scale model
[154] to assess the indentation properties (indentation hardness H and indentation modulus M), as

defined by the following relations:

def 5.2
- pZX (5.2)
mpE s ©3)

AT

where Prax is the maximum load applied, the coefficient 5 accounts for the non-symmetrical shape of
the indenter, the projected area A of the indenter-sample contact depends on the contact depth hc. As
done on several works, the contact area Ac is estimated from hmax by the Oliver and Pharr method
[155]. The contact stiffness S=dP/dh is the slope measured during the initial stage of the unloading

curve. More detail of analysis results can find in [267,336].

One of the major advantage of microindentation is the ability of rapidly measuring the logarithmic basic
creep of a cement paste [149,151,156]. For modeling indentation creep of cementitious materials,

Vandamme et al. [151] proposed the logarithmic contact creep compliance equation as:

L(t) =L=i+iln(1+3j

where, C is the contact creep modulus C and zis the characteristic time. The contact creep modulus
(C) is further defined as follows [150,157]:

P

C2x A I 55)

where x1 can be estimated by fitting the increase of indentation depth Ah(t) under constant loading by

C

Ah(t)=x4In(x2t+1).The contact creep modulus C allows assessing the logarithmic creep rate of a cement
paste and can be reasonably used to predict long-term creep [157,227]. It is then possible to estimate
the creep of the UHPC with sand from the value measured at the cement paste level by homogenization
techniques [156]. If it is assumed that the cement paste makes a tight bond with the sand and that the
sand does not creep, the creep modulus of the UHPC can be estimated from one of the cement pastes
without sand as follows [157]:
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where fs is the sand fraction, in this case, with fs=40%, we can estimate that the overall creep modulus

for UHPC is about 2.3 times the measured value C of the cement paste.

5.5 Results and discussion

5.5.1 Fresh concrete properties

Table 5-4 shows the fresh concrete properties of all UHPC mixtures in terms of spread diameter, wet
density, and air content. The results indicate that LCLL-ash particles slightly reduced the flowability,
particularly at LCLL-ash content of 12% in cement replacement. In addition, it was found in previous
works that the high alkali content can significantly decrease mixture workability [337,338]. While LCLL-
ash has low reactivity, it still can chemically bind with water to produce aluminate phases, such as
sodium aluminum hydrates (A), as shown in the XRD analysis in section 5.5.2. The increase of air
content on LCLL-UHPC is likely due to their lower packing density than the reference mixture. As for
the wet density, it is observed to be slightly lower in mixtures with LCLL-ash consistency with the

increased air content discussed above.

Table 5-4. Fresh concrete properties of all designed mixtures.

Mixtures Spread (cm) Wet density Air content (%)
(kg/m?)
LO 20 2274 5.1
L6 19 2267 6.1
L12 17 2254 6.9

5.5.2 XRD patterns

Figure 5-6 shows the results of XRD analysis of designed UHPC mixtures cured at 7 and 28 days. The
main crystalline phases in UHPC samples can be found, such as ettringite, ferrite, clinkers, and
portlandite. Nevertheless, the ettringite peak intensity of L6 and L12 is significantly higher than that of
LO at 28 days. This is due to the reactive alumina and carbonate in LCLL-ash and its favorite to form
more ettringite. Moreover, the quartz peak and sodium aluminum hydration peak presented in samples
incorporating LCLL-ash particles especially increased their intensity with increased LCLL-ash content,
similar to the report [245]. Interestingly, we could not observe the peak of carboaluminate phases (Mc,
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Hc) which were found with the same LCLL-ash in normal concrete mixture at 26 angles of 10.8 and

11.3 for hemicarboaluminate hydrate Hc and monocarbonaluminate hydrate Mc respectively [245].
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Figure 5-6. XRD pattern of cement paste at 7 days and 28 days: A=Sodium aluminum hydration, E =
ettringite, C3S = alite, P = portlandite, Q = quartz, F=ferrite.

5.5.3 Hydration kinetic

5.5.3.1. Isothermal calorimetry

Figure 5-7a and Figure 5-7b show the isothermal calorimetry results in terms of the heat release and
the cumulative heat releases for the first 72 hours, respectively. The heat flow and the cumulative heat
release were normalized per gram of cement. Figure 5-7a indicates 3 exothermic peaks. The 1st peak
appears after a few minutes, resulting from the quick dissolution of free lime, gypsum, and the initial
formation of ettringite [235]. However, this 1st peak did not completely capture the phenomenon
because the mixing process was carried out outside the calorimetry. The 2nd peak was mainly
associated with the hydration of alite (C3S) [235,339]. As can be seen, LCLL-ash retarded the hydration

of the mixture, and the mixture with LCLL-ash had a lower maximum of the prominent heat peak

corresponding to hydration of C3S. In other words, the time to reach the maximum hydration peak AT
has been postponed by adding LCLL-ash particles. It appeared at 14h, 15h, and 18h for LO, L6, and
L12, respectively. Several reasons can explain this: (i) the lower w/c ratio in the UHPC mixtures with
LCLL-ash due to water taken by LCLL-ash to produce aluminate phases (see XRD analysis), resulting
in the restriction of diffusion of Ca2* and OH- and delaying the hydration of the system [313,340,341],
(i) higher superplasticizer-to-cement ratio in the UHPC mixtures with LCLL-ash, which can lead

retardation effect [141]. Moreover, the delay effect continuously increases with increased replacement
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with LCLL-ash. The 31 peak was related to the hydration of aluminate. This peak is more pronounced
in the sample with 12% LCLL-ash, observed at 17.5 h. This could be due to the reaction of sulfate in
cement with alumina in LCLL-ash to form ettringite [39]. This result corresponded to the XRD in the

previous section 5.5.2.

The total heat released normalized to the mass of cement of L6 and L12 was lower than that of the
system LO (as shown in Figure 5-7b) due to the low activity of LCLL-ash and possibly the cement

dilution effect as found in previous work [342].
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Figure 5-7. Isothermal calorimetry results: (a) normalized heat flow and (b) normalized cumulative
heat for 72 hours.

The final setting time was estimated by the first derivative of the heat evolution curve as proposed by
Hu at al. [343]. Figure 5-8 shows a typical plot of the first derivation d(q)/d(t) of the heat released rate
curve from the original isothermal calorimetry test data. The time at which the first derivative dropped
to zero was defined as the final setting time. The hydration rate reached the highest point at 13.8h,
15.4h, and 18.3h for LO, L6, and L12, respectively (as shown in Figure 5-8b). Based on such a
definition, the final setting time of all investigated UHPC mixtures was significantly longer due to the
use of a superplasticizer that might delay the cement hydration [141,344]. Moreover, the final setting
time is increased by increasing the LCLL-ash content. This may be explained by two reasons: (i) the
presence of high carbonaceous materials in LCLL-ash [345], and (i) the high alkali content of LCLL-

ash can delay the time of final setting [337].
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Figure 5-8. (a) Heat evolution rate curves d(q)/d(t) and (b) estimated final setting.
5.5.3.1 Double Danish Model

The aforementioned DDM model was employed to estimate the evolution of the degree of hydration
from calorimeter results. Figure 5-9 presents the implementation of DDM for estimating the heat
releases beyond the measurement period for the isothermal calorimetry. For that purpose, the heat
releases of each UHPC mixture during the first 72 hours were normalized by the volume of cementitious
materials (Figure 5-9a) —using the respective masse and unit weight of calorimetry test samples
(section 5.5.3.1). As isothermal calorimetry is limited to 72 hours [262], the DDM [263] was used to
predict the heat release beyond such a limited period. To do so, DDM parameters were identified by
best fitting the experimental heat evolution during the first 72 hours (Figure 5-9b). The best-fitting
parameters are summarised in Table 5-5. Figure 5-9c shows the satisfactory fit between the
experimental heat release and the one simulated by DDM for all UHPCs. Using these DDM parameters,
the heat release at 28 days was estimated and used to determine the degree of hydration at the age

of other tests, presented in the next section 5.5.3.3.
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Figure 5-9. Comparison of the cumulative heat measured and simulated by DDM of the mixture LO
(a) at 72 hours (b) and up to 700 h. (c) Comparison of the cumulative heat measured and simulated
by DDM up to 28 days of all developed mixtures.
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Table 5-5. Parameters of the DDM for developed mixtures

Parameter Units LO L6 L12

H:, kd/m3 125,000 100,000 90,000
T, hours 16,00 17,25 18,00
B - 25 3,25 2,75
H., kd/m3 65,000 50,000 48,000
2 hours 26,00 21,00 23,00
B, - 0,45 0,75 0,85

H. (t) kd/m3 185,000 150,000 138,000

5532 The degree of hydration

Using the heat releases estimated by the DDM detailed in section 5.5.3.2, the degree of hydration at
any time t, a(t), can be defined as follows:
def H
T100% (57)

with Hr1o0% is the theoretical total potential heat of hydration release for full hydration of cement and
silica fume. It is noted that the heat contributed by other components (e.g., SCMs) are negligible. The
heat release of cement and silica fume for full hydration are 452.3 (kJ/kg) [263,265] and 780 (kJ/kg)
[263]. The value of Hr1o0% for the different UHPC mixtures are presented in Table 5-6. Using these
Hr100% values and the DDM-based heat releases, the degree of hydration «(t), for the different UHPC

mixtures was estimated and presented in Figure 5-10.

The results of Figure 5-10 show that the estimated «(t) of LCLL-ash UHPCs were lower than that of
the reference UHPC (LO) at all ages, as expected-given, the reduced cement content in LCLL-UHPC
mixtures. At 28 days, for instance, a(t) the value for mixture LO was 0.40 compared to 0.36 and 0.35

for L6 and L12, respectively. The observed lower value of «(t) in all UHPC mixtures (compared to «t)
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ranges of 0.60-0.75 in conventional concrete [88,89]) is a direct implication of a very low w/c ratio. In
the first few hours o(t) shows district differences between the reference and LCLL-ash mixtures. As
elaborated in section 5.5.4, autogenous shrinkage in UHPC is strongly controlled by the deformations
occurring during the plastic phase, also referred to as the primary shrinkage, where the rate of

deformations is the highest due to the intensity of the hydration reactions.
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Figure 5-10. Degree of hydration of developed UHPC mixture from the cumulative heat of hydration
curves from calorimetry tests at 72h and the one estimated by Double Danish Model up to 700h.

Table 5-6. Total potential heat release of the different UHPCs at full hydration, Hr100%.

Mixtures Total cement  Heatrelease  Total Silica Heat release  Total potential

(Kg/md) of cement for  fume (Kg/m3)  of silica fume heat at full
full hydration for full hydration,
(kJ/kg) hydration, Hro0% (kJ/m3)
[263,265] (kJ/kg) [263]
LO 626 452 178 870 421,980
L6 588 452 176 780 403,232
L12 550 452 175 780 385,265

5.5.4 Early-age autogenous shrinkage

Concretes with a low w/b ratio may exhibit significant autogenous shrinkage with a risk of early-age
cracking regardless of the curing conditions. Figure 5-11 shows the mean curves of the autogenous
shrinkages of all the designed UHPC with different LCLL-ash dosages for 7 days. The test repeatability

was satisfactory. Note that the time-zero (the final setting time) was conventionally chosen from the
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inflection point of the (i.e., first derivative equal to zero) of the heat evolution as suggested by [343]
(Figure 5-8.). In this work, we focus on autogenous shrinkage at an early age as the risk of cracking
for UHPC structures occurs mainly during the first week when the UHPC strength is still growing [258].
Moreover, considering the results of autogenous shrinkage over 90 days for UHPC, the variation in the

rate of shrinkage is practically constant after 3 days [346].

It may be interesting to quantify the main mechanisms separately at stake during the autogenous
shrinkage at an early age. According to Baron [282], the early-age volumetric changes of cement
comprises 4 phases, as shown in Figure 5-11, such as (i) The 1st phase (A-B), or the dormant period,
occurs very shortly after placing the sample into the mold. The surface water layer is forming, and the
duration of this period varies from 1-6 hours depending on the w/c ratio; (ii) The 21 phase (B-C), or the
primary shrinkage, is when the sample starts to shrink upon the evaporating of the surface water layer.
This phase also coincides with the structuration of the hydrated system, thereby controlling the setting
time. The maximum deformation at this phase depends mainly on the w/c ratio and the cement
chemistry; (iii) The 3 phase (C-D), or the swelling phase, often extents for several hours after primary
shrinkage and its duration depends mainly on the gypsum content and the consequent precipitation of
ettringite phase; (iv) The 4t phase (D-E), or secondary shrinkage, begins after the end of setting and
ends when cement hydration stops. It should be noted that for concrete with a low w/c ratio, the rate of

primary shrinkage is often much greater than that of the secondary shrinkage.

-dL/L

A B C D E time

Figure 5-11. Shrinkage deformation of cement paste. It can divide into 4 phases: (A-B: dormant
phase, B-C: primary phase, C-D: swelling phase, D-E: secondary phase).

As can be seen in Figure 5-12, the reference UHPC mixture exhibited relatively high autogenous
shrinkage with comparable deformation ranges reported for UHPCs [34,342,347]. This trend can be
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explained by the low w/b ratio and the high content of cement and silica fume, leading to self-
desiccation—the driving force of autogenous shrinkage. Interestingly, results indicate that cement
replacement with LCLL-ash decreased the autogenous shrinkage at an early age. There are two
possible reasons: (i) the lower reactivity of LCLL-ash impedes the initial hydration process (as
confirmed by the hydration kinetics in section 5.5.3.3); and (ii) the relatively higher water content in
LCLL-UHPC allows for more water supply (or internal relative humidity) in the capillary pores and
consequently reduces autogenous shrinkage [346]. Considering the phases of autogenous shrinkage
discussed earlier (Figure 5-11), we can observe that the primary shrinkage showed a considerably
higher rate (Figure 5-12a) and magnitude (Figure 5-12b) than the secondary shrinkage for all mixtures.

Notably, both primary and secondary shrinkage was reduced by replacing cement by LCLL-ash.
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Figure 5-12. (a) Early-age autogenous shrinkage, and (b) primary and secondary shrinkage of the
designed UHPC mixtures.

To capture the effect of hydration reaction on the autogenous deformations, the relationship between
autogenous shrinkage esh and the degree of hydration Dy was plotted in Figure 5-13 for the mean
curves. For all UHPC mixtures, the trend shows 3 clear phases: (i) a rapid shrinkage growth with an
exponential shape for a low degree of hydration between 0.05 and 0.15. This shrinkage is governed by
chemical dissolution-precipitation reactions of cement and silica fume within the pore solution; (i) a
short dormant period with no effect of hydration degree on shrinkage for hydration between 0.15 and
0.25; (iii) a logarithmically increasing shrinkage for a very low increase of hydration degree from about
0.25-0.30 to 0.35-0.4 which were reached after about 7 days of the shrinkage test. Considering the
triangular shape of the isotherm of UHPC for which a very small reduction of water can cause 50%
variation of relative humidity [348], this shrinkage is due to the capillary suction induced in the capillary
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porosity by a relatively small reaction. In general, for the same degree of hydration, the autogenous
shrinkage is always smaller for UHPC systems with LCLL-ash particles. The autogenous shrinkage

grows rapidly at an early age up to 7 days, and then increases logarithmically in time for a later age.
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Figure 5-13. Relationship between autogenous shrinkage and degree of hydration at 7 days.

5.5.5 SEM microstructure observation

The possible effect of residual LCLL particles on the property of the cement paste matrix was verified
by microindentation. Figure 5-14 shows the SEM image of all UHPC mixtures at 28-day of curing. A
dense matrix can be observed in all designed UHPC mixtures. This is attributed to the high packing
density granular of cementitious materials, which had a direct effect on the hydration reaction process
and the microstructure formation [349]. Figure 5-15 shows the interfacial transition zone (ITZ) between
matrix and aggregate of L12. The ITZ was very small and tiny as a direct consequence of the high
granular packing density of the mixture. However, the residual LCLL-ash particles were still found in
LCLL-UHPC samples. Figure 5-16 depicts a typical Backscatter image (BSE) of sample L12 (12%
weight replacement cement by LCLL-ash). The microstructure of LCLL-ash particles can identify and
distinguish by the EDS spot. For example, EDS spot 2 indicated the quartz particle while EDS spot 1
indicated LCLL-ash particles, nepheline, which contains sodium, aluminum, and silicon. Moreover, the
grey value of unreacted LCLL-ash particles and quartz particles were very similar. Therefore, it can be

a tackle for other analyses of BSE images. e.g., image analysis to estimate the degree of hydration.
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Figure 5-14. SEM images at 28 days of designed UHPC mixtures. A dense microstructure of
designed UHPC mixtures is observed.
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Figure 5-15. Backscatter image of 12% LCLL-ash replacement. This indicated that LCLL and
unhydrated clinker are visible and the interfacial transition zone (ITZ) between sand and paste of
designed UHPC is very tiny.
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Figure 5-16. (a) Backscatter image with (b) the plot of grey value of the yellow line stretch from
aggregate to fiber and (c,d) EDS spot analysis result. The grey values show that LCLL particles is
closely to quartz powder while the EDS spots analysis enable to distinguish two particles.
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5.5.6 Compressive strength

Figure 5-17 presents the compressive strength of the UHPC mixtures containing LCLL-ash by two
curing regimes (hot curing and normal curing) at 7, 28, and 90 days. With normal curing (Figure 5-17a),
the results show that LCLL-ash has no adverse effect on the strength of UHPC mixtures at 7 and 28
days. The compressive strength of L0, L6 and L12 at 28-day curing was 125 MPa, 123 MPa, and
121 MPa, respectively. However, the strength of UHPC incorporating LCLL-ash was slightly lower than
that of reference at 90 days. This may be caused by the water taken in LCLL-ash, which simultaneously

reduces the w/c ratio in the mixture with LCLL-ash.

For the hot water curing (Figure 5-17b), as expected, the compressive strength at 7 days of UHPC
mixtures was significantly higher than that of samples cured under normal curing. This is in agreement
with the growing tendency of compressive strength in UHPC in previous studies [350-352]. The
application of thermal treatment enhances pozzolanic reaction. This results in more formation of
hydration products, such as calcium silicate hydrate (C-S-H), filling the small pore and leading to denser
microstructure and, consequently, to higher strength. It is noted that the strength at 7 days with hot
water curing is closed to that of the 90 days of normal curing of the same mixture, which indicates that
pre-treatment could bring some benefits to a structure that needs to reach a strength at a short time,

such as pre-cast bridge session, jointing session, etc.
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Figure 5-17.Compressive strength of designed UHPC mixtures (a) normal curing and (b) thermal
curing.

134



5.5.7 Microindentation

Figure 5-18 summarizes the microindentation properties of designed UHPC mixtures at 28 days. The
replacement of cement by LCLL-ash slightly reduced the elastic modulus of cement paste; that is, the
elastic modulus E of systems L0, L6, and L12 were 46 GPa, 45 GPa, and 44 GPa, respectively. The
hardness H of systems L0, L6, and L12 was 929 MPa, 908 MPa, and 901 MPa, respectively. In spite
of the fact that the w/c ratio slightly increases for L6 and L12 systems with respect to the L0, the E-
modulus and hardness H remain similar. This hints that the stiffening effect of the rigid filler particles
has partially compensated for the increase of capillary porosity due to the w/c increase. In addition, this
confirms that the ITZ bond between the cement paste and LCLL particles is not problematic. The dense
interface around the sand and LCLL particles is visible in Figure 5-14. This result is consistent with the
compressive strength measured at the same time of the indentation tests, i.e., 28 days, as shown in
Figure 5-17

Moreover, sample L12 shows a slightly higher creep modulus C than the reference. Due to the fact that
the creep mechanisms occur at a small scale, the creep deformation may be reduced by the stiffening
effect of the tiny LCLL-ash particles. Compared to other works on micro-indentation tests on cement
paste with a similar w/c ratio [266], the E and H values look greater than those measured on cement
paste with a similar w/c ratio. This is probably attributed to the presence of quartz powder and fine

limestone stiffening and strengthening the cement paste of the three systems (L0, L6, and L12).
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Figure 5-18. (a) Indentation Hardness H, (b) Indentation Elastic Modulus E and (c) Indentation Creep
Modulus C of the designed UHPC mixtures at 28 days.

Due to the dispersion of results, an analysis of variance (ANOVA) was carried out to verify the elastic
modulus and creep modulus of UHPC mixtures with LCLL-ash. Table 5-7 shows two analyses — P-
value with the normal distribution and the F-test with Fisher-Snedecor distribution. From the results in
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Table 5-7, P-value is much lower than the threshold a = 0.05, and F is smaller than Ft. This confirms

that the null hypothesis is acceptable, and the comparison of mean values of H, E and C is statistically

meaningful.

Table 5-7. ANOVA on Indentation hardness H, Indentation Elastic Modulus E and Indentation Creep

Modulus C with significance level o= 0.05.

Testing ANOVA Indentation Indentation Elastic ~ Creep Modulus ~ Fit
conditions parameters Hardness H Modulus E C
P F P P F
28 daysof 0%, 6%, 12% of 0.34  1.21 0.17 1.81 038 096 3.05

curing replacement

5.5.8 Eco-Efficiency assessment

As for the hypothesis, Table 5-8 summarizes the cost, embodied energy (EE), and embodied carbon

(Eco2) of the raw materials based on reference values available in the open literature. Although such

data may be limited to certain geographical zones, those values are herein employed for a preliminary

comparison. It is worthy to note that the cost, EE, and the Eco2 of LCLL-ash and quartz powder were

assumed as zero in this study since they were considered as waste materials.

Table 5-8. Cost, embodied energy and embodied carbon of the raw materials.

ltems Cost Embodied Embodied CO2 References
[$/ton] Energy (EE) (Eco2)
[MJ/kg] [kgCO2 /kg]
Cement 220 4.73 0.83 [300,353-356]
Silica fume 450 0 0 [353-359]
Limestone 160 0 0 42
Quartz powder* 560 212 0.023 [353,357,358]
Natural sand 14 0.06 0.0026 [300,301,358]
LCLL-ash* 0 0 0
Steel fibers 10,000 20.56 1.45 [301,354,355]
Superplasticizer 3,800 18.30 0.72 [301,354,355,359]
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In the previous studies, different efficiency index has been proposed to compare UHPC mixtures in
terms of different properties such as slump, strength, etc. In the context of this work, we developed an
efficiency index (EI) which is conventionally defined as considering 3 aspects: cost, embedded energy

(EE), and embodied carbon (Ecoz). The efficiency index was defined as the following equation:

ref

Cost,

Cost
Wl

-Cost EE
+W.

] ref-EE+W ECOZref 'Ecoz

El = 1
EEref ECOZref

(18)

As the first approach, the efficiency index can be estimated assuming the equal importance weight of
the three parameters (cost, EE and Ecop): such as wi= wo=w3= 33.33%. Table 5-9 compares the cost,
EE, Ecoz, and El of the developed UHPC mixtures. Compared to the reference UHPC, cement
replacement with 6% and 12% LCLL-ash contributed to reducing cost, EE and Eco.. Relative to the
reference L0, L12 allowed reducing the EE and Eco2 by 6% and 10%, respectively. This resulted in an
improvement in overall El of 9%. Furthermore, we can compare the cost, EE, and Eco of the developed
LCLL-UHPC with a reference UHPC which is commercially available under the commercial name of
Ductal®. Based on the mix design prescribed in the FHWA report [304] and the data of the raw materials
presented in Table 5-8. The El, cost, EE, and Ecoz are calculated in Table 5-9. As compared to Ductal®,
L12 formulation without fiber consists of a reduction from 620 KgCO2/m? to 485 KgCO2/m3, which is

about 22%, with a difference in El index of about 32%.

Table 5-9. Cost, EE, Ecoz, and El of all designed mixtures.

LO L6 L12 Commercial

UHPC [304]
Cost [$/m?] 1931 1922 1913 2067
EE [MJ/m?] 6896 6716 6536 7628
With Ecoz [kg/m?] 774 742 711 846
fibers El (%) ; 2% +5% 9%
Cost [§/m] 371 362 353 507
Without ~ EE [MJ/md] 3689 3509 3329 4420
flbers ¢ o, kaim?] 548 516 485 620
El (%) i +4% +9% 23%
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For the sake of comparison, Figure 5-19 compares the developed LCLL-UHPC with other UHPC
formulations which are available in the open literature [34,178,184,296,297,329,360-365]. Figure
5-19a presents the Eco2 versus compressive strength, while Figure 5-19b illustrates the cost versus
EE. The Cost, EE, and Eco2 are normalized per cement for producing 1 m3 of UHPC mix. The LCLL-
UHPC formulations satisfy the 120 MPa target while offering lower cost, EE, and Ecoy, thereby fostering
the EI. These results confirm the promising direction in using LCLL-ash for ecological UHPCs recycling

locally available mineral fillers.
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Figure 5-19. Ecological evaluation of the designed UHPC compared to other UHPC mixtures in
literature. (a) plot compressive strength vs. Ecoz emission, (b) plot cost vs. EE.
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To further generalize, Figure 5-20shows the effect of choosing different weights for the selection criteria
(ws=0-100% for cost, w2=0-100% for embodied energy and ws3=1-w2-ws for embodied carbon). For
instance, if the choice is only based on cost (ws=100%, w2=0, w3=0), the El is about 4% for the L6 and
L12 systems with a small difference of 0.4%. If the choice is based only on embodied carbon (ws=0,
w2=0, w3=100%), the EI difference between the 2 systems is more important, i.e., L12 implies an
increase of El from 4.1% to 8.2%. All intermediary cases will depend on the importance of the chosen

criteria.

5.6 Conclusion

This work aims at developing an ultra-high-performance concrete (UHPC) that recycles the waste of
Aluminium production, which is a chemically treated SPL in the form of LCLL-ash. Based on a wide

experimental campaign, the following specific conclusions can be drawn:

e Optimized LCLL-UHPC mixtures with mineral fillers (quartz, limestone, LCLL-ash) and SCM
(silica fume) were obtained at a packing density by the Compaction-Interaction Packing Model
(CIPM).

e The replacement of cement by LCLL-ash reduced the spread flow, which is likely due to the
high alkali content of LCLL-ash. Furthermore, the LCLL-ash acted as a retarder, delaying the
cement hydration by 2-3 hours. Consequently, the setting time was also longer. Therefore, it

may be limited to applications where the strength gains in a short time.

e |twas possible to estimate the hydration degree at a longer time by a simplified Double Danish
model (DDM), which fits the time-evolution of the heat of hydration as measured by an
isothermal calorimeter test. The estimated degree of hydration of LCLL-UHPC was lower than
that of the reference mixture. This is due to the limited pozzolanic reaction of LCLL-ash and a

possible dilution effect.

e The replacement of cement with LCLL-ash by 6% and 12% reduced the early autogenous
shrinkage of UHPC, which reduces the risk of cracking. By coupling DDM estimation of
hydration degree and the autogenous shrinkage with the same time zero, it was possible to
estimate the distinctive relationship between autogenous shrinkage and hydration degree for
the UHPC-LCLL systems. Notably, the shrinkage of LCLL-UHPC exhibited a non-linear
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dependency on the degree of hydration with two clear phases, such as a primary phase
governed by chemical dissolution-precipitation reaction, followed by a secondary shrinkage

governed by capillary suction.

e The compressive strength at 28 days of LCLL-UHPC was greater than 120 MPa. The
replacement of cement by LCLL very slightly reduced the compressive strength. As for the
effect of heat treatment for prefabrication purposes, the compressive strength of the designed
UHPC at 7 days of heat curing is comparable to that at 91 days of conventional curing.
Although the w/c and the air content were slightly increased for the LCLL-UHPC systems,
microindentation tests confirmed that the cement paste matrix is not weakened by LCLL-ash

particles. This confirms a satisfactory bond between LCLL particles and cement paste.

e The addition of LCLL-ash in UHPC reduced the embodied energy by up to 8% in UHPCs with
2% of steel fibers and by up to 12% for the UHPC without steel fibers. Compared with
commercially available UHPC, the developed LCLL-UHPC mixtures exhibit low embodied

carbon with a difference of 11% and 20% with and without considering fibers, respectively.

The presented results demonstrate the feasibility of producing LCLL-UHPC with significantly reduced
autogenous shrinkage at an early age and a lower carbon footprint. LCLL-UHPC may contribute to the
cost-saving toward the sustainability of the concrete industry while reducing landfill disposal in countries
dealing with waste from Aluminium production. Future studies shall investigate the effect of grinding
LCLL powders to further increase the cement replacement amount by LCLL. Also, the effect of LCLL-
ash on other mechanical properties, such as flexural and tensile strength, as well as the durability

properties shall be investigated.
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Conclusion and future work

Concluding remarks

This thesis presented the feasibility of recycling the treated by-product from primary aluminum smelters
—LCLL-ash— into concrete mixtures. Based on the literature review, there were few works on the use
of treated SPL in developing green concrete [321], while the use of LCLL-ash was completed
unexplored. In this thesis, | first investigated the effect of LCLL-ash on concrete properties and its
microstructure. In some mixtures, a small amount of synthetic anhydrite (another by-product related to
the aluminum industry) was added. After that, the effect of calcined LCLL-ash (LCLL-C) at 800°C and
1000°C on the hydration of the LCLL-C-cement paste system was carried out. Before replacement
cement by LCLL-ash and LCLL-C, they were grinded as the fineness of cement. Fostering to develop
of low carbon concrete, the study aimed to better understand the effect of mineral fillers on the cement
paste systems and the upscale to UHPC mixtures. These mineral fillers are locally industrial by-
products (granite and limestone powder) and post-consumer glass (glass powder) in Quebec, which
act as mineral fillers. The development of Ecological-UHPC incorporating LCLL-ash was carried out.
The particle packing of LCLL-UHPC mixtures was optimized by the compaction-interaction packing
model (CIPM). It was possible to replace cement with LCLL-ash by 6% and 12% in mass percentage.
The effect on the fresh concrete properties, hydration kinetics, microstructure, and compression
strength were implemented. The cost, embedded energy and embodied CO; of developed LCLL-UHPC

were also assessed. Hence, the main concluding remarks are summarized as follows:

o We discovered that LCLL-ash modified the hydrates products of LCLL-cement system.
Particularly, AFm-CO3 phase, e.g., hermicarboaluminate Hc that was formed at 7 days
and transformed into monocarbonaluminate Mc at 28 days and stability at a long time. The
system containing anhydrite observed broader ettringite peaks than those of control and
cement with LCLL-ash systems. The presence of such new aluminate-rich phases was

also confirmed by TGA result;

e Unreacted LCLL-ash particles were still found in the paste systems as observed by XRD
and SEM. However, the content of C-S-H by mass of cement, calculated by TG curves,
increased by adding LCLL-ash, which is likely due to a nucleation effect or the formation

of aluminate-rich phases among C-S-H hydrates;
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Based on WDS analysis and statistical clustering analysis, the phase with predominant
C-S-H did not increase its aluminate content confirming any aluminum uptake, and a slight
shift of the Ca/Si ratio was observed. This was explained by an intermix of tiny LCLL-ash

particles with C-S-H or a change of the silicate chain length;

The indentation properties showed that it was possible to replace 10% of cement mass by
LCLL-ash without affecting the mechanical property of the cement paste at the different
ages (28, 56 and 112days). Interestingly, the systems with LCLL-ash and anhydrite exhibit
a clear enhancement of hardness H and creep compliance C at 28 days which is likely due
to the presence of ettringite. The addition of anhydrite led to an increase of the volume of

hydrates (most likely ettringite), which caused a remarkable gain in strength;

The calcined LCL-ash changed the hydrate products, similar to non-calcined LCLL-ash.
The delayed hydration rate was observed in both systems with LCLL-ash and LCLL-C due
to high alkalis content. The hydrate content estimated from TG curves in LCLL-C-cement
system was lower than LCLL-cement and the reference. It means that calcination did not

improve the pozzolanic reaction of LCLL-ash in this study;

As for cement paste systems at very low w/f = 0.2, all the considered mineral fillers (GrP,
GP, LP) obtained from industrial stone waste and post-consumer waste of Quebec
improved the workability of the cement pastes systems. This trend is more pronounced

with filler levels up to 40% of binder replacement;

The use of mineral fillers in replacing 40% of the binder delays hydration kinetics by 2-3
hours. The cement pastes systems with mineral fillers improved the hydration degree due
to the filler impact, as measured by a simple model called Double Danish model (DDM)
[263] for the calorimetry analysis. Remarkably, GP exhibited a slightly higher hydration

degree than the other systems with other mineral fillers due to its pozzolanic reaction;

The type of mineral fillers and binder replacement levels had a considerable influence on
the autogenous shrinkage of cement paste systems. The presented results showed that
GrP20, GrP40, and LP20 had lower autogenous shrinkage than the reference, of which
was reduced by 8%, 32% and 16%, respectively. This can help to reduce the risk of early
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age microcracking. It was also possible to identify the relationship between shrinkage and
degree of hydration, which allows easily distinguish primary and secondary shrinkage of

all study systems and be employed in structural modeling of UHPC risk of cracking [258];

The enhancement of compressive strength of cement pastes depended on the type and
replacing levels of mineral fillers. In particular, for GrP, GP, and LP, the optimal mineral
filler replacement levels were 20%, 10%, and 30%, respectively, which increased by 16%,

19%, and 9% when compared to the reference;

For UHPC mixtures, by substituting mineral fillers for up to 20% of the binder, the
compressive strength of UHPC was comparably related to the reference. However,
replacing the binder with 40% mineral filler reduced the compressive strength by around
23% due to the relatively high volume of fine aggregates. In addition, compared to the
previous studies, substituting cement by mineral fillers allow for a reduction in embodied

carbon below 500 kg/m? while maintaining a high compressive strength;

Preliminary mixes of ecological-UHPC incorporating LCLL-ash as a mineral filler were
developed. LCLL-ash did not do any treatment before adding concrete to optimize the cost
and energy consumption for concrete production. LCLL-UHPC mixtures were designed

using the CIPM model with the cement substitution up to 12% by mass;

LCLL-ash reduced the spread flow and delayed the cement hydration of LCLL-UHPC
mixtures. Consequently, the setting time was also longer. Therefore, it may be limited to

applications where the strength gains in a short time.

Double Danish Model was applied to estimate the degree of hydration Dh of UHPC with
LCLL-ash based on the heat of hydration from calorimetry up to 48 hours. The result
showed that Dh of LCLL-UHPC has lower than Dh of reference. This is related to the

limited pozzolanic reaction of LCLL-ash and the lower cement content in LCLL-UHPCs.

The replacement of cement with LCLL-ash reduced by 25% the autogenous shrinkage of
UHPC mixture at 7 days. This will likely reduce the risk of the early-age cracking of UHPC

structural, or architectural elements subjected to constrained deformations;
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e The compressive strength of LCLL-UHPCs was slightly lower than the reference mixture.
However, it still gained 120 MPa after 28 days of curing. The effect of heat treatment was
also investigated for prefabrication purposes. The compressive strength of the designed

UHPC at 7 days of heat curing is comparable to that at 91 days of conventional curing.

e Compared with commercially available UHPC, the developed LCLL-UHPC mixtures
exhibited low embodied carbon with a difference of 11% and 20% with and without

considering fibers, respectively.
The main important results of this thesis can be summarized as follows:

1. The feasibility of concrete with about 10% of mass of cement replaced by LCLL-ash was verified. In
particular, the microstructure of 10LCLL sample was enhanced by adding 1.25% synthetic

anhydrite—another by-product from aluminum sector.

2. Different sources of mineral fillers recycled by industrial stone waste and post-consumer waste, such
as granite powders, limestone powders and glass powders, can be efficiently used for replacing the
unreacted part of the binders in cement paste at a very low water-to-fine ratio. All the considered
mineral fillers, which were employed to replace cement up to 40%, increased the workability, while GP

showed a slightly higher degree of hydration and GrP the lowest autogenous shrinkage.

3. LCLL-ash allows replacing the unreacted part of the cement in UHPC mixtures by acting as mineral
fillers. Based on the particle packing model was applied to optimize and design LCLL-UHPC. The
results indicate that the UHPC with cement replaced by fillers recycled by aluminum smelters of
Quebec was successfully developed, which has the 120 MPa compressive strength and reduced

autogenous shrinkage.

Future work

Further work is needed to link the microstructure properties with the macroscopic properties of systems
with LCLL-ash, which will be a key for further engineering of such composite systems. Upscale to the
concrete level and study the bond between the aggregate and the cement paste can employ. The effect
on the durability shall also be investigated, especially for alkali-silica reaction (ASR) due to the high
content of alkalis in LCLL-ash [233,234].
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Future works are needed to further study the effect of calcination of LCLL by considering further
temperature and process variables. For calcined LCLL-ash, the cement paste systems with different
substitution levels of cement with LCLL-C can study (e.g., 5%, 10%, 15%...) in terms of hydration
kinetics, microstructure, and mechanical properties. Afterward, it could be interesting to upscale these
cement pastes to concrete. Life cycle assessment shall be assessed since the lower calcination
temperature of LCLL-ash than clinker, but the pre-treatment of LCLL-ash (dried and ground) can affect

the efficiency of this calcination solution.

Future works shall further optimize UHPC-LCLL mixtures. For instance, the use of calcinated LCLL or
grinded particle size of LCLL-ash may be explored in UHPC formulations. The particle size closer to
cement can increase the replacement level, improve the workability, and enhance the strength of
UHPC. The flexural and tensile properties of LCLL-UHPC mixtures are needed to investigate. In
addition, the durability properties of this newly developed UHPC were also examined, including freeze-
thaw, salt scaling and chloride permeability. Moreover, the cement and silica fume content of these
LCLL-UHPC can also reduce, for example, by changing the type of cement (e.g., high-strength cement,
low-alkali cement) and silica fume (e.g., nano-silica). Also, LCLL-UHPC could be installed and tested
on deteriorated existing bridges as an overlay to analyze its efficiency in construction. Furthermore,

this UHPC should be tested in aggressive environments as in cold-snowy weather.

Future works at a smaller scale should investigate the properties of the complex chemical phases
composing concrete with LCLL and UHPC-LCLL mixtures. For instance, even though it was not
completed, we have started to work on the coupling of Nanoindentation and Quantitative Energy
Dispersion Spectroscopy (NI-QEDS) method to study the chemo-mechanical properties of each
hydrates phases of cement paste with LCLL-ash (calcined and non-calcined). We are developing this
method as shown in . The smallest nano indenter named Alemnis. We installed Alemnis inside the
SEM chamber. The controlling systems of Alemnis, which are connected to the software, is located
outside of SEM chamber. The sample holder is able to rotate 360° by the orientation stage. It means
that after indenting, the sample can rotate under the X-ray beam to perform the chemistry analysis in
the same indenter’s location. The advantage of this nanoindenter is that the position accuracy between
2 indents is very small, approximately 0.01 um, as shown in and , which allows mechanical testing

points which have been previously selected by Sem and chemically analyzed by EDX. This new method
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will enable to finely disclose the chemo-mechanical properties of the microstructure phases composing,

such as carbo-aluminates phase, herein Mc and Hc, and possible C-A-S-H.
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