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ABSTRACT

ALKALI ACTIVATED MATERIALS: INTERACTIONS BETWEEN INGREDIENTS TO
ACHIEVE SUSTAINABILITY
Mohammad Almakhadmeh
Extensive researches were conducted on alkali-activated materials (AAM) as a green sustainable
alternative for ordinary Portland cement (OPC). Recently, there was a shift to one-part alkali-
activated materials to avoid the use of corrosive activator and also to reduce the carbon footprint.
Most of the researches had focused on these powder activators types and impacts on the final
product properties. However, limited research had investigated the interaction of these activators
and other ingredients. Hence, the novelty of this work stems from studying these interactions and
illustrating their effect on the developed One-Part AAM properties. Mixing water is a critical
parameter in controlling the fresh and hardened properties of construction materials. Hence, the
interaction between mixing water and the anhydrous activator was examined. Also, water effluents
from various industrial recourses were tested. The study highlighted, for the first time, the role of
water temperature in controlling the dissolution rate of solid activators. It emphasizes how this
interaction can significantly change the fresh and hardened properties. On the other hand,
superplasticizer and other chemical admixtures are commonly added to enhance cementitious
materials flowability. However, the high alkalinity of AAM had drastically affected their
effectiveness. Hence, a premixing technique was tested to produce AAM with high flowability.
Various wastes, namely, red Mud, paper mill sludge, and paper mill fly ash, were examined as a
potential precursor for AAM. The study showed the potential for developing a new smart,
sustainable construction material/product incorporating such industrial wastes while maintaining

adequate mechanical and durability performance. It is anticipated that the findings of this study
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will 1) lead to saving energy/reducing fossil fuel consumption to heat water during cold weather
concreting will increase the sustainability level of the construction sector, ii) replace or reduce the
demand for admixtures leading to both economic and environmental benefits, and iii) reduce the
amount of industrial wastes sent to reservoirs through recycling/reusing in various construction
applications leading to social and environmental benefits. Also, the outcomes of this research will
allow the industrial sector to economically and sustainably transforming wastes into a high-value

product.
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CHAPTER ONE

INTRODUCTION

1.2 Background

Manufacturing waste management is the key to any successful and sustainable industry. Three
leading practices are involved in mitigating the environmental impacts of manufacturing by-
products, namely reduce, reuse, and recycle. Hence, the landfill is supposed to be the final
destination in the waste management cycle [1].

Several industrial sectors are facing significant environmental challenges threatening the
sustainability of their business. Therefore, they are searching for other alternatives having fewer
environmental impacts [2,3]. The cement industry is one of these industries. It is considered a
substantial sector that contributes to 8% of carbon dioxide (CO2) emissions, with more than 2.8
Billion tonnes produced in 2015 [4]. Two main reasons are behind the cement industry's vast
amounts of CO> emissions. The first reason is the high energy consumption during the
manufacturing processes. The high burning temperature of 1400 °C is required for the
decomposition of limestone during the Clinkerzation process, consuming massive amounts of
fossil fuel. The second reason is the high demand for concrete as primary building materials,
especially with the rapid civilization growth [5].

Different techniques have been used to mitigate the environmental impacts of the cement industry.

One of the most common methods is the usage of chemical admixtures, such as superplasticizers.
1



These admixtures can disperse water and cement particles helping in reducing cement content in
the mixture while maintaining adequate workability and strength [6]. Another environmentally
friendly technique is to replace the OPC partially by rich aluminosilicate by-products such as Slag,
Fly-Ash, and Silica Fume. This method offers environmental and economic benefits while
enhancing concrete properties [7].

In the last decade, serious steps have taken toward entirely replace the OPC by the rich
aluminosilicate by-products under the term Alkali Activated Materials (AAM). AAMs are known
as the new building materials generation. Its final products have the same binding properties of
cement or even better. Three main components to produce AAM are aluminosilicate precursor,
alkali activator, and water. [8].

The thesis initially focused on the Alkali Activated Slag (AAS) as a concrete binding system,
which has some features that distinguish it from the other precursors. AAS system has high early
strength and does not need heat curing. This is attributed to the high calcium content in the
precursor. Despite these features, AAS has several challenges related mainly to its fresh properties.
These include high slump loss and fast setting time, which vanish its presents in many construction
applications, such as Ready-Mixed concrete as delivery time is essential [8].

Two techniques have been investigated to enhance AAS fresh properties while maintaining
mechanical performance, 1) the effect of mixing water temperature and 2) the effect of remixing.
Moreover. AAS used as a binding system for a novel building material application incorporating
with other by-products, two different industries by-products were examined, alumina

manufacturing industry and wood pulping industry.



1.30bjectives and Scope

This thesis aims to investigate different techniques that could enhance Alkali Activated Slag
properties along with examining local rich aluminosilicate as potential precursors. It is anticipated
that incorporating these domestic manufacturing waste in AAS technology will produce novel
construction building materials. Hence, the goals of this study are to explore:

1) Providing general Knowledge about Alkali Activated Slag (AAS) and the challenges
encounter behind the utilization of AAS.

2) Examining two different green and sustainable techniques could improve AAS's fresh and
mechanical properties, 1) the effect of mixing water temperature on AAS paste and, 2) the
effect of remixing on AAS paste.

3) Investigating the possibility of using the local rich aluminosilicate by-products as AAM
precursors.

4) Examining the possibility of reusing Pulp and Paper Mill sludge and water effluent

incorporating with AAS system in new building materials.

1.4 Structure of the Thesis

This thesis has been prepared according to the guidelines of the Faculty of Graduate Studies at
Concordia University. It consists of seven chapters focusing on Alkali Activated Materials
properties as the primary binding system and evaluating its properties as follow:

contains a critical review of the recent Knowledge about Alkali Activated Materials. The chapter
highlights vital factors controlling the properties of AAM. These factors represent the basis for the
following chapters. Chapter 3 highlights the effects of different mixing water temperatures on AAS

activated by 6%,8%, and 10% anhydrous sodium meta-silicate activator. Four different mixing
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water temperatures were used to simulate cold and hot weather conditions. Chapter 4 was allocated
to investigate the effect of the remixing of AAS paste; three mixing regimes were studied to
evaluate the effect of mixing time on both fresh and mechanical properties. Chapter 5 is assigned
to examine local rich aluminosilicate by-products. Two by-products were included in this
investigation. Red Mud as the by-product of the alumina manufacturing and pulp and paper mill
Fly-Ash. Chapter 6 discussed the reuse of wood pulping industry solid waste, water effluent, and
pulp and paper sludge in AAM to produce greener construction building materials. This chapter
contains a novel building material made by zero virgin row materials. Finally, Chapter 7 provides

a conclusion and summary of the achievements done out of this thesis.

1.5 Original Contributions

The originality of this research stems from the novel, simple ideas used to introduce AAS for a
broader range of applications. Furthermore, utilizing and examine local waste in construction
building materials which will reflect on the Canadian environment and economy. In sum, two
significant contributions are involved in this thesis:

1) Providing a critical review of challenges encountering One-Part AAS and the recent work done
related to this subject.

3) Improving One-Part AAS fresh properties through new sustainable techniques. These
techniques would extend the use of the AAS binding system in various construction applications.
4) Investigating the effect of mixing ingredients temperatures on the One-Part AAS dissolution

rate.



5) Solving serious One-Part AAS challenges related to its fresh properties by eco-friendly
techniques while maintaining the mechanical properties, which will help the market in AAS
concrete delivery.

6) Finding real solutions for two massive Canadian industries wastes, which will positively impact
the environment and the economy.

7) Introducing new sound and thermal insulation board products using zero virgin materials made

out of local manufacturing waste.



CHAPTER TWO

LITERATURE REVIEW

2.1 Industrial Issues

Recently, voices were raised for demanding serious steps toward climate change and global
warming, especially with the rapid civilization progression [9]. Greenhouse gases (GHGs),
including carbon dioxide (CO.), Sulphur hexafluoride, hydrofluorocarbons, perfluorocarbons, and
methane, are taking part in climate change and global warming [ 10]. Among those GHGs, COx is
considered as the primary contributor to climate change. About 70% of CO; emissions are the
result of burning fossil fuel for several civilization sectors such as transportations, manufacturing,
and construction industries [11]. These climate changes and global warming issues had urged
governments to establish new legislation and policies toward maintaining global temperature rise
below 2 °C as discussed in Copenhagen and Paris summits for climate change [12,13].

The concrete industry is a significant CO> emissions producer. Cement industry, the primary
binding material in concrete, contributed with about 8% of total CO> emissions in 2016. Cement
industry required burning large amounts of fossil fuel to heat the first manufacturing reaction
“calcination (decarbonation) of limestone” at 1400 —1450 °C [14]. Several eco-friendly practices
have been developed to limit cement consumption while maintaining quality and economic
benefits such as using chemical admixtures "superplasticizers," well-graded particles distribution,

paste volume optimization, supplementary cementitious materials replacement “slag, fly ash and
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silica fume,” and more other techniques leading to a lower environmental impact [15]. Despite
employing all these practices, Ordinary Portland Cement (OPC) is still highly demanded material.
This motivates researchers to utilize rich aluminosilicates manufacturing by-products such as fly
ash, slag, metakaolin, and silica fume as an alternative to OPC. Activating these aluminosilicates
to produce environmentally friendly materials with a remarkable lower carbon footprint with
similar or even higher mechanical properties to OPC binding system [14].

Alkali-activated materials (AAM) are inorganic materials made by dissolution, precipitation, and
condensation of aluminosilicate precursors under high Alkaline medium [16]. Activating
aluminosilicate using alkaline activators forms (Si-O-Al) and (Si-O-Ca) amorphous or crystalline
networks depends on the activated binder chemistry. The rich calcium binders have a higher
tendency to form (Si-O-Ca) bonds [17]. They will have similar properties to OPC materials or
even better [18].

Several terminologies are used to express the reaction process the hydration products of this
system, such as Alkali Activated Materials and Geoplymers. Both terms have been addressed
under two different reaction mechanisms that do not express the same hydration process. For
example, Slag is a glassy precursor called “melilite”, it consists of gehlinite (Ca-silico aluminate)
and akermanite (Mg-silicate), under the high alkaline medium of alkaline activator, gehlinite
dissolve to form (K, Ca)-ortho-sialate-hydrate and precipitated aluminum hydroxide. On the other
side, the dissolution of akermanite forms C-S-H and precipitated magnesium hydroxide, the
interaction between (K, Ca)-ortho-sialate-hydrate, and C-S-H form a new structure with free K+,
the free Ions leach rapidly at contact with water. In the case of geopolymers, the reaction process
continues using additional precursors able to create a new network, the new network consumes the

free Ions leads to form a sound and durable microstructure [16].
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“Geopolymers is NOT a subset of AAM because they are not a calcium hydrate alternative (no

NASH, no KASH). They belong to two very different and separate chemistry systems” [ 16].

2.2 General Overview of Alkali Activated Materials

Slag is the by-product of the steel industry. Around 1607 (Mt) of steel was produced in 2013,
resulting in a massive amount of slag. This enormous quantity had many environmental issues that
need to be managed. One of the main actions taken by big steelmakers to mitigate slag
environmental impacts is grinding slag and reuse it in construction as partially replacing OPC.
Moreover, it was found that slag and OPC combination has tangible enhancement on strength and
durability compared to OPC concrete only [19].

For more than 125 years, utilizing slag in construction applications is under research and
development. In 1895 combining slag, lime, and caustic soda was the first alkali-activated slag
(AAS) attempt, which opened the horizon for new building materials generation. Later in 1957,
Victor Clukhovsky reported the potential of producing new binding materials from calcium-free
or low calcium precursors “aluminosilicate” under the term (Soil Cement) [20]. Despite
environmental, durability, and mechanical advantages, AAS faced several challenges that limit its
presence in many construction applications such as ready-mixed concrete. The main challenge to
utilize AAS in ready-mixed concrete is its low followability and short setting time. These
properties make delivery and consolidation very hard, along with high safety measures that need

to be considered during handling the alkali activators [21].



2.3 Alkali Activated Materials Precursors

Alkali Activated Materials hydration products are the yield products of the dissolution,
polymerization, and precipitation of aluminosilicate precursors under high alkali mediums. Rich
aluminosilicate by-products have been examined to be AAM precursors, such as Slag, Fly-Ash,
Metakaolin, Red Mud, and more other by-products, several studies attempt to explore the potential
of these precursors to be OPC alternatives. From the literature, each processor has its properties
depends on the chemical composition and the physical properties such as the fineness and particle

shape [22,23].

2.4 Various Precursors:

2.4.1 Slag

Steel manufacturing required melting large amounts of iron ore, limestone, and coke under 1500°C
blast furnace. The melting process generates mainly two materials: iron and rich Ca-
aluminosilicate light by-product float on the surface called Blast Furnace Slag. Slag formed during
the rapid cooling process with granular particles with 5 mm in diameter. This slag is ground to
reduce its particle size producing ground granulated blast furnace slag (GGBFS) [24].

Even though it is steel manufacturing by-product, steel slag chemical composition and properties
differ based on the production method and manufacturing raw materials. In general, steel slag
consists of four main chemical components dominate AAS hydration properties, which are Al,O3
(8-24%), Si02 (28-38%), MgO (1-18%), and CaO (30-50%). For example, CaO affects slag
basicity index [(CaO + MgO)/(SiO2 + AlO3)]. Increasing CaO content increases GGBFS

basicity leading to higher strength and more compacted microstructure [24]. Moreover, the milling



process affects slag hydration properties. It was reported that particle size finer than 20 pm is

relatively higher reactivity comparing to the slag particles coarser than 20 um in diameter [25].

2.4.2 Red Mud

Bauxite is a mixture of minerals. It contains aluminum, iron oxides, sand, clay, and small amounts
of a form of titanium oxide. This raw material is bathed in a solution of sodium hydroxide (i.e. a
strong base) at a high temperature and pressure to dissolve aluminum components. All the
remaining undissolved components form the red mud. This red mud is kept in reservoirs. In order
to avoid leakage and flood, aluminum producers use powerful presses to squeeze the water out of

the mud and evaporators to dry most of the rest [22,26].

2.4.3 Pulp and Paper Mill Fly-Ash

PFA is the biomass by-product generated from the combustion process of wood, the chemical and
physical properties of PPFA are vary depending on the combusted wood and the manufacturing
operation, mainly the combustion temperatures which controls PPFA properties. Generally, PPFA
specific gravity ranges between 2.4 - 2.8 with bulk density 150-1300 Kg/m3, where the particle
size distribution ranges between 150 to 250 um and surface area 4200 - 100,600 m2/kg. PPFA pH
rangs between (8-12) [27]. PPFA consists of major six chemical oxides (SiO 6.5-50.7), (A1203 9-
28), (Fe203 2.34-5.4), (MgO 3-6.5) and (Na20 1.7-2.8) [28, 29]. This chemical composition

makes PPFA a high promising precursor in the building materials field.

10



2.5 Effect of Combining Different Precursors

The Slag-fly ash combination is rich calcium precursors. Slag is known to be highly reactive,
unlike low calcium fly ash type (F), which known as low reactive precursors. The low CaO content
in the fly ash precursors required heat curing, which is not available for all applications. Therefore,
tuning between fly ash and slag is required to achieve acceptable fresh and harden properties at
reasonable curing conditions. Several studies reported the effect of increasing the slag portion from
the total binder. Increasing slag portion reduces slump and shortens setting time. Contrary, it
increases strength, especially in the early stage. This is attributed to the high CaO content in the
mixture provided by Slag. Moreover, one-part AAM reported very high slump loss, where less

than 20 minute was enough to lose almost 150 mm flow even with 0% slag substitution [30].

2.6 Alkali Activators

Generally, the OPC hydration process promotes mixture alkalinity, which activates aluminosilicate
materials when added as a partially replaced OPC. However, with the absence of OPC, AAS
required another material to activate aluminosilicate precursors, which called alkali activators [31].
Numerous studies have investigated the potential of utilizing different high alkaline materials. The
most common activators examined are sodium hydroxide (NaOH), sodium silicate (Na»SiO3),
Sodium meta-silicate (Na2SiO3) potassium hydroxide (KOH) and potassium silicate (K2S103),
these activators used in two forms, two-Part which is the most common and One-Part. [18,32-34].
Alkali activator working mechanism can be understood through monitoring AAM hydration
processes. AAM reaction process starts with the dissolution of the activator in water. Hence, the

alkaline medium of activator solution starts desolating aluminosilicate precursors under the high
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alkaline (pH > 12). The higher concentration of OH™ increases aluminosilicates dissolution to Al-
O and Si-O monomers. Moreover, high activator alkalinity accelerates reaction kinetics resulting
in a higher degree of reaction, which in turn maximizes final hydration products. From a durability
point of view, it was reported that the higher activator alkalinity helps in producing more stable

and compacted hydration products [35].

2.6.1 Alkali Activators Forms

Two forms of alkali activators are used to activate aluminosilicate binders: the solution form "two-
part," which is the conventional one, and the solid form "one part." Two parts alkali activators are
prepared by adding water to the solid form of the activator, forming a corrosive solution. Contrary,
the one-part is used in its solid form directly added to the mixture. However, every alkali activator
form has its advantages and disadvantages. For the most common activator form, two-part alkali
activators are distinguished by their high workability, strength, and their tendency to form more
zeolite as final hydration product rather than one-part activators. Despite its positive features, two-
part activators have higher efflorescence. Also, the issue of safety as two-part activators are very
corrosive materials that need strict safety procedures during preparation, handling, and mixing.
[20]

Several studies have investigated the combination of different types of alkali activators, such as
the combination of sodium hydroxide and sodium silicate [12,16,36,37]. Moreover, many other
combinations have investigated targeting better AAM fresh and hardened properties while
maintaining low environmental impacts [38]. For example, combining both sodium carbonate and

sodium hydroxide offers better strength than using each activator separately [39].
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2.6.2 Effect of Combining Different Activators

The use of different activators or combining them is another technique that was implemented to
achieve sufficient workability while maintaining strength. Many types of activators were studied,
such as sodium silicate, sodium hydroxide, sodium carbonate, and sodium meta-silicate, etc. It
was reported that the same alkali activator dosage, same binder, and water to binder ratio (W/B),
sodium hydroxide exhibited very high slump loss followed by potassium hydroxide (KOH) and
sodium silicate. This is attributed to the high heat generated at the contact point of the activator
with water. Moreover, the rapid set does not mean higher strength, where activator chemistry has

its role in the quality of the final hydration products [40].

2.6.3 Influence of Activator Concentration " Alkalinity MOH."

Increasing activator alkalinity offers a richer Na” or K solution, which has a tremendous effect on
the hydration process. The influence of activator alkalinity on setting time and strength is tightly
related to reaction kinetics. In general, two peaks accrue in AAM reactions, the first happens in
the first few minutes, and the second happens later on based on several variables. Setting time and
workability are linked to the first peak; subsequently, higher heat released results shorter setting
time and lower workability. Isothermal calorimeter analysis showed that increasing alkalinity
increase dissolution, and precipitation rates yielding a higher exothermic reaction, which affects
AAM properties significantly [41].

It was reported that increasing activator molarity accelerates the reaction leading to shorter setting
time and low workability. This effect refers to a high rate of dissolution and precipitation process

of the precursor under the high alkaline mediums [42]. On the other hand, the effect of activator
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molarity on strength development had been investigated in several studies. The major effect was
reported on the early strength. The higher the molarity, the higher the early strength. This
observation confirmed by high reaction kinetics during dissolution and polymerization mentioned

earlier.

2.7 Slag Activation Process

Generally, the activation process of rich aluminosilicate precursors passes through a series of
chemical reactions. Three chemical reactions are involved in the formation of the hydration
products: 1) dissolution of aluminosilicate precursor into silica and aluminum monomers under the
alkaline medium, ii) oligomer formation from precursors ions “precipitation” and iii) condensation
“Polycondensation” of monomers to form the geopolymer. Geopolymrization is an exothermic
reaction that releases heat during the reaction process. The heat generated is affected by curing
temperature, which affects both setting and mechanical properties [17,43,44]. As a rich calcium
and aluminosilicates binder, GGBFS presence in the mixture results in forming (Si-O-Ca) gel
similar to calcium silicate hydrate (C-S-H) in OPC binding system and precipitates in the form of
Portlandite Ca(OH),. Based on calcium availability in the system and medium alkalinity, the
higher alkaline medium tends to form more (C-S-H) bonds. Therefore, integrating calcium content
binders such as GGBFS and type C Fly-Ash and high alkaline activators offer higher mechanical

strength, especially at an early age [45].
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2.8 Chemical Admixtures

Admixtures are chemical additives that are added to concrete or grout to promote its properties in
both fresh and harden stages. Various types of admixtures used for different purposes. Commonly,
chemical admixtures added in the wet stage of mixing by dosage ranges between 0.3% up to 5%
of cement content, including supplementary cementitious materials. Generally, the admixture
dosage depends on the amount of the active materials in the designed formula. Several mechanisms
interacting with mixture ingredients mainly to retard or accelerate hydration process depending on
admixture type such as 1) affecting hydration process speed, 2) dissipation binder particles
(plasticizer effect), 3) affecting water surfers tension (air entrain agent), 4) changing mixture
rheology by changing its viscosity, or 5) affecting harden properties using additional chemicals to
enhance durability against corrosion in the case of using corrosion inhibitors as an example. The
most common admixtures which help in getting targeted workability, strength, and durability are
dissipating admixtures. The main three species, with different chemical structures, that fall under
this category are:

a) Lignosulphonate: heavy spherical micro-gel polymer. The dissolution of its
sulphonate group resulting in Na+, SO-3, and negative charge micro-gel, which has the
role of the dispersing action [46].

b) Sulphonated naphthalene formaldehyde (SNF): is the product of Sulphonated and
polymerized naphthalene under high temperatures and high sulphuric acid
concentration. The mixture is then neutralized by calcium Ca and sodium Na salts. The
dispersion mechanism of SNF depends on the dissolution of the polymer chain into

Na+ and SO-3. The negative charge of SO-3 adsorbed on cement particle and did the
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electrostatic dissipation. SNF dissipation time depends on molecular weight. The
higher the molecular weight, the longer the dissipation time, resulting in longer setting
time and lower slump loss [46].

c) Polycarboxylate (PCs): is considered as the most recent dissipation admixture
technologies, especially polyether type. PCs consist of a backbone and a micro
monomer. The backbone produced by the polymerization of acrylic acid. Different
types of micro monomers can be attached to the backbone providing liaison point on
cement particles and does the dissipations by the steric effect. This effect keeps cement
particles away from each other. Moreover, polyether is distinguished by its high
molecular weight. This high molecular weight promotes PCs admixture properties to
give longer slump retention and higher water reduction which has positive impact on

workability and strength [46].

2.8.1 The Effect of Chemical Admixtures on AAS

Several researchers examined the possibility of using the same chemical admixtures to improve
Alkali activated slag (AAS) properties. These included lignosulphonate based water-reducing and
retarder (WRRe), modified naphthalene formaldehyde polymers based superplasticizer (SNF),
modified polycarboxylate polymers based superplasticizer (PC), shrinkage-reducing (SRA)
admixtures [39]. Air-entraining agent (AEA) tested as another technique to increase mixture
workability [48]. The potential of combined chemical admixtures to reach reasonable properties

with optimizing admixtures was also examined [47].
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b)

d)

Lignosulphonate based water-reducing and retarder (WRRe) effect on AAS concrete
activated by sodium silicate and a combination of sodium silicate and sodium hydroxide
was examined. Higher initial slump and low sump loss for mixtures activated by sodium
silicate and sodium hydroxide were reported. These results indicate that activator type is
an essential factor affecting fresh properties [48].

Liquid modified based polymer admixture (SSRe) have been examined to achieve better
workability of AAS while maintaining strength. Generally, SSRe effect on setting time and
workability was powerful with Portland cement paste mixtures; however, no significant
effect of admixture on AAS. This is attributed to the collapsing of the admixture polymer
structure under the high alkali mediums. It was reported that SSRe admixture was more
effective on fresh properties for mixtures with low activator concentration, but a significant
impact on the early and ultimate strength was also reported [47].

Shrinkage reducer admixture (SHR) admixture had shown significant effects on the
workability and setting time at low Ms (SiO2/Na,O). Moreover, inadequate early and
ultimate strength reported due to insufficient amount of sodium in the mixture to produce
the hydration products N-A-S-H gel was also reported [47].

Alkyl Aryl sulphonate based air-entraining agent admixture (AEA) potential to
enhance AAS fresh properties was examined. AEA showed significant AAS workability
improvement and adequate strength compared with the AAS mixture without AEA [48].
Modified polycarboxylate admixtures (PC) considered as a new generation of concrete
admixtures, moreover its became widely used in Portland cement concrete manufacturing,

the effect of (PC) admixtures on different activators types and concentrations were
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investigated, regardless its effect on setting time, no significant effect on workability was

reported [48].

2.8.2 Effects of Chemical Admixtures on One-Part Meta-Silicate AAS

Although it is safer in production and handling than two-part AAM, maintaining sufficient
workability and setting time without effecting strength using one-part alkali activators is a
challenge[33,40]. This is linked to the heat generated instantly after adding water due to activator
dissolution leading to a rapid setting [40]. As discussed earlier, admixtures' effects on AAS is
subjected to several variables related to activator type, activator concentration, Ms, admixture type,
and GGBFS chemical composition. Many studies had examined the effect of different admixtures
on two-parts AAM. However, very limited researches studied the effect of admixtures on one-part
AAM.

The effect of different admixtures on AAS mixtures prepared by anhydrous "powder" sodium
silicate and sodium met-silicate activators have been investigated [41]. For sodium metasilicate, a
significant slump increased initially under the effect of both PC and SNF admixtures. However,
setting time was very short compared to sodium silicate mixtures. This is attributed to the high pH
of sodium meta-silicate solution, which accelerates the dissolution of aluminosilicate particles and
the rapid formation of hydration products [41].

Another study investigated lignosulphonate, polycarboxylate, sodium gluconate based admixtures
and sodium tetraborate decahydrate-Borax (B)-(Na:BsO7-10H,0) admixtures on slag/fly ash
(85%:15%) mixtures. mixtures were activated by 8% solid sodium metasilicate with Ms

(Na2O/Si03) = 1. The study showed that sodium gluconate and Borax had a positive effect on
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workability. Moreover, calcium Lignosulphonate increased slump loss even more than the mixture
without chemical additives. Borax significantly increases slump and reduce slump loss. The impact
on compressive strength was tangible, especially when Borax content goes beyond 4% by binder
mass [40].

It was confirmed that the effect of using some of the chemical admixtures with one-part AAM
could enhance fresh properties for very limited periods. Considering the side effects on
compressive strength in both early and later stages, it is an acoustical issue that needs to be solved

with other techniques [14].
2.9 Effect of Curing

Curing temperature is a crucial factor that affects AAM properties. Different curing regimes have
been tested to investigate their effects on geopolymrization and final product properties. By
isothermal calorimeter, geopolymrization reaction kinetics was characterized under different

curing temperatures providing a clear understanding of its properties [49].

2.9.1 Effect of Curing Temperature

A Previous work on AAM studied three different curing temperatures kinetics (20 °C, 35°C, and
50°C) [44]. Two peaks were recorded at two different reaction stages. The first one happens in the
early stage within the first few minutes and the second one during the first 5 hours. It can be
observed that the higher curing temperature offered higher peaks in both stages, while shorter
elapsed time till the second peak. The overall heat generated was higher for the moderate curing
temperatures (20 and 35 °C), which is confirmed by higher strength results obtained. This is

attributed to the rapid dissolution and polymerization process of high curing temperature at the
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moment of contact between the precursor and the alkali activator solution. This consumes a high
amount of Si and Al during the first stage forming gel products quickly, which cover the particles

and preventing the reaction progress later [49].

As shown in Fig.2.1, the effects of different curing temperatures (7-30 °C) on setting time,
strength development, shrinkage, and the microstructure for both AAS and OPC mortars were
investigated. Generally, setting time reduced with increasing curing temperatures for both types

of cement. Shorter setting time was recorded for AAS mixtures in the normal curing temperature
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Figure 2-1 Effect of curing temperature on Setting time [50]

In terms of strength development, Fig.2.2 shows a tangible impact of curing temperature on the
AAS strength gaining rate rather than OPC samples, especially during an early age. The three days'
strength results show high strength difference, about three times strength gaining for the high
curing temperature compared to that of low curing. In comparison, 28 days' strength results showed

high strength for the higher curing temperatures in both binding systems. Moreover, the study
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shows that higher strength value for AAS than the OPC can be an advantage in favor of AAS in

cold weather concreting [50].
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Figure 2-2 Effect of curing temperature on Compressive strength [50]

2.10 Effect of Calcium Content with Different Curing Temperatures

Calcium content has a tremendous effect on both binding systems AAM and OPC properties.
Generally, calcium-rich precursors had faster setting time, higher early, and later strength; this is
attributed to its ability to develop more C-S-H gel in the OPC system and C-A-S-H gel in AAM
systems, this is attributed to the high presence of Ca ions in the precursor. These features can
potentially expand AAM applications, especially in low curing temperatures conditions.

A comparison study between Alkali activated fly ash and OPC paste with additional calcium
hydroxide (CH) in different percentages to both binding systems showed that increasing CH
percentage by binder decreases setting time and increases strength development in both stages.
[51].
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2.11 The Effect of Mixing Time

Mixing time is a crucial factor that controls the quality of the final product, especially in Ready-
Mix concrete applications, several studies have covered this topic in the OPC concrete base system
[52-54]. In contrast, limited research has done studding the effect of mixing regimes on the AAM.
AAS fresh and harden properties were investigated under three different continuous mixing times,
it was evident that increasing mixing time leads to longer setting time and higher slump retention
time this was attributed to the continuous breaking of the early formation gel structure. The effect
on strength was noticeable as well; the longer the mixing time, the higher strength reported; these
results were attributed to denser microstructure formed, which was confirmed by SEM and

porosity tests [55,56].

2.12 Conclusion

Alkali Activated Materials (AAM) are promising materials that can be an alternative to the OPC
binding system in the future. Moreover, AAM can be a massive landfill for many waste by-
products such as Slag, Red Mud, and Pulp and Paper Mill Fly-Ash. However, several challenges
encounter the presence of AAM in many construction applications; this limited presence is due to
the fast setting, curing temperature, and safety precautions, these challenges make AAM delivery
and consolidation a hard job, many techniques have been investigated toward enhancing AAM
fresh properties while maintaining consistent mechanical performance. At the same time, most of

these practices harmed the other features.
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CHAPTER THREE

EFFECTS OF MIXING WATER
TEMPERATURES ON PROPERTIES OF ONE-
PART ALKALI-ACTIVATED SLAG PASTE

During hot and cold weather, mixing water temperature is a critical parameter in controlling the
fresh and hardened properties of cement-based materials. With the advent of Alkali Activated
Materials (AAMs), the effectiveness of such a technique becomes questionable as the hydration
mechanism differs from that of the ordinary Portland cement (OPC). Therefore, this study focuses
on evaluating the effects of mixing water temperature on the performance of the One-Part Alkali
Activated Slag (AAS) paste. Various AAS paste mixtures prepared by different mixing water
temperatures (i.e., 0°C, 10°C, 20°C, and 30°C) were tested. Fresh and hardened properties,
including mini-slump, slump loss rate, setting time, the heat of hydration, compressive strength,
and shrinkage, were investigated. Results reveal that the mixing water temperature plays a
dominant role in controlling solubility and dissolution rates for different ingredients (i.e., solid
activator and Slag). This, in turn, had affected the hydration process and, consequently, the
development of various properties. Slump life and setting time were found to extend as mixing
water temperature reduced while the strength was not harmed. Saving energy consumed for

warming water during cold weather concreting will also increase concrete sustainability. It is
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anticipated that these findings will pave the way for a broader implementation of such green

sustainable materials in the construction sector.

3.1Introduction

Cement manufacturing is one of the primary sources of CO; emissions [57]. This severe
environmental impact had urged researchers to find alternative eco-friendly materials to cement
[58]. Alkali activated materials (AAMs) are a promising alternative that is known under the term
polymer as "the third generation of cement" [59]. AAMs are formed by dissolving alumino-
silicates under high alkalinity conditions to free [SiO4]" and [AlO4] tetrahedral units. These
tetrahedral units are alternatively linked, forming polymeric [-Si—O—Al-O-] bonds [60]. Fly ash,
metakaolin, blast furnace slag, and other industrial by-products are being used as sources for
alumino-silicate precursors [61-63]. A high alkalinity solution of sodium hydroxide, sodium
silicate, or sodium meta-silicate, is used as a chemical activator for these precursors [51,64].
Among various types of AAMs, alkali-activated Slag (AAS) is the most promising as it has a fast
setting, high early strength development, low permeability, and does not need heat curing [57,66].
These features make AAS a promising material that can fit many constructional applications [67].
On the other hand, in the concrete industry, fresh concrete properties are critical from different
aspects, including how easy to cast, compact, and finish [68]. Hence, having mixtures with long
slump-life while maintaining adequate strength is a desire. In hot regions, cold water or ice is used
to lower concrete mixture temperatures. Consequently, the hydration rate is reduced, and the
slump-life is extended [69]. On the contrary, heating concrete ingredients is recommended in cold

weather concreting [70]. Conversely, in cold weather, mixing with hot water was found to enhance
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the hydration process resulting in a reasonable setting time [71]. Hence, the mixing water
temperature has a dominant role in achieving targeted properties for concrete.

The hydration mechanism of AAS and formed products differ from that of the OPC. The activation
for slag results in the formation of hydrated calcium aluminates and alumino-silicates (C-A-H and
C-A-S-H phases) [72]. The formation and growth rates for these products vary from that of calcium
silicate hydrated (CSH) and calcium hydroxide (CH) and other products formed during OPC
hydration [73]. Consequently, the response of AAS will be governed by a set of factors that differ
from that controlling OPC. For instance, the AAS hydration rate is affected by the activator type
and dosage, which does not apply to OPC. Even for the same factor, the response of AAS is
anticipated to differ from OPC response (i.e., admixture dosages) [74]. Most of the researches
conducted on fresh and hardened properties of AAS had focused on exploring the effects of
varying slag composition, combining Slag with other precursors, using different activators,
varying activator dosages, adding various admixtures, and applying different curing regimes [75-
77]. Moreover, enormous researches were conducted on AAS activated by very corrosive solutions
(known as two-part AAS) [78-80]. Limited attention was given to AAS activated with powder
activators (known as one-part AAS) due to its lower performance compared to two-part AAS [81-
83]. However, recent development in powder activator had made it a promising safe, easy to handle
activator for AAS.

Therefore, this paper will explore the effects of mixing water temperatures on the fresh and
hardened properties of one-part AAS. Selected mixing water temperatures included 0°C and 10°C
to simulate sub-freeze and cold conditions, 20 °C represents normal condition (tap water), and 30
°C was used to simulate hot weather conditions. This temperature range will emphasize the

economic and energy save side of avoiding cooling or heating mixing water for AAS concrete at
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various conditions. The reported results of this study will contribute to understanding the

interrelationships between AAS ingredients' temperatures and achieved properties.

3.2 Research Significance

The effects of types and contents of precursor materials, activators, and additives on AAM
properties were extensively studied in the literature. To the best of the authors' Knowledge, very
limited research had investigated the effects of mixing water temperature on AAM properties. A
parameter that had proven to have significant effects on OPC-based materials properties. The study
provides first-time data on how water temperature controls the dissolution rate of different
ingredients and, consequently, various properties developments. Hence, this study bridges the

knowledge gap on the interactions between water temperature and other one-part AAS ingredients.

3.3 Experimental Program

3.3.1 Materials

For all mixtures, granulated blast furnace slag (hereafter referred to as Slag) with specific gravity
2920 kg/m?, and Blaine fineness 515 m*/kg and dso value around 14.5 pm and basicity coefficient
1.06 was used as the precursor material. The chemical compositions of used Slag are summarized
in Table 3.1. Anhydrous sodium meta-silicate was used as a powder activator. The chemical and
physical properties of used activators are shown in Table 3.2. Three different activator dosages of
6%, 8%, and 10% by weight of Slag were used, all mixtures ingredient had the room temperature
of (i.e., temperature (T) =23 + 2°C). Four groups of mixtures with different mixing water
temperatures, namely, 0°C, 10°C, 20°C, and 30 °C were cast mixed and tested. For all mixtures, a

constant liquid-to-solid ratio (I/s) = 0.40 was used.
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3.3.2 Mixtures Preparation and Testing Procedure

All paste mixtures were prepared and tested under the laboratory ambient condition (i.e.,
temperature (T) =23 £ 2°C and relative humidity (RH) = 45 £ 5%). Initially, slag and powder
anhydrous sodium meta-silicate activator were dry mixed for 2 minutes. Then, mixing water was
gradually added while mixing continued for about 2 min. For the setting time, samples were
prepared and tested using a Vicat needle according to ASTM C191-19 "Standard test method for
time of setting of hydraulic cement by Vicat needle." Flowability was evaluated using the mini-
slump cone test. After removing the filled mini-cone, the final spread diameter (Dy) of the fresh

paste sample was taken as an average of two measurements made in two perpendicular directions.

Table 3-1Chemical compositions of used Slag

Items SiO; ALO3; CaO Fe:O3 SO3 MgO KO Na,O TiO: M,0;
(%) 36.5 102 376 0.5 3.1 11.8 0.4 0.3 1.0 0.4

Table 3-2 Chemical and physical properties of Anhydrous sodium meta-silicate [84]

W% W% W% Density Particle Melting  The heat of

Property . 3 . Point solution
Na;,O SiO. HO0 (g/em’) Size ©0) (kJ/mol)
Typical 93% in 20
Data 50.5 46.2 <3 1.09 to 65 mesh 1088 -31.7

Moreover, following ASTM C143 (Standard Test Method for Slump of Hydraulic-Cement
Concrete), the slump was measured every 2.5 minutes for the first 10 minutes, then at 5 minutes

intervals until 100 mm slump value (i.e., equivalent to the mini-slump cone diameter) was
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achieved. Cubic specimens 50 mm were used to evaluate the compressive strengths at ages 1, 3,
7, and 28 days following the ASTM C 109-20 "Standard Test Method for Compressive Strength
of Hydraulic Cement Mortars (Using 2-in. Or [50-mm] Cube Specimens". After 24 hrs, specimens
were demolded and stored inside a plastic bag at laboratory ambient temperature until the time of
testing. For drying shrinkage measurements, prismatic specimens, 25 x 25 x 285 mm, were made
according to ASTM C 157/C127-17 "Standard Test Method for Length Change of Hardened
Hydraulic-Cement Mortar and Concrete." After demolding, specimens of each mixture were
exposed to dry at the ambient laboratory conditions to evaluate the total shrinkage. The
unrestrained one-dimensional deformations were measured using a comparator provided with a
dial gauge with an accuracy of 10 pm/m.

The heat flow at the wetting point (i.e., once the water comes in contact with solid materials) and
dissolution of solid particles was captured by mixing solid ingredients (i.e., anhydrous sodium
meta-silicate and Slag) with water inside an isothermal calorimeter. Initially, only anhydrous
sodium meta-silicate was mixed with water to avoid interference due to slag particle dissolution.
The heat flow for Slag, activator, and water was evaluated in the second phase. For each test, the
powder sample was inserted inside a single-use glass ampoule and sealed. After that, the ampoule
was installed inside the insulated chamber, and water was injected using an especial syringe while
mixing using a manual stirring.

Moreover, semi-adiabatic calorimetry studies were conducted on specimens during the first 48 hrs
of hydration using a custom-built experimental setup. Specimens were prepared and cast into a
cylinder mold with a diameter of 75 and a height of 150 mm. The mold was immediately placed
in a micro-porous insulation box. Three Type-T thermocouples were inserted into the center of the

concrete volume along its height to monitor its temperature. Temperature readings were recorded
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continuously using a data acquisition system. Replicate specimens indicated a standard deviation
of 1.8°C for the maximum specimen temperature. Moreover, another set of the same cylinder
specimens was stored under ambient conditions and monitored to capture the heat profile.

The formation of different hydration products was evaluated through conducting Differential
Scanning Calorimetry (DSC) using a TA instrument. The hydration product formation was
evaluated at ages 1and 28 days. At the selected testing age, hydration of paste samples was stopped
using the freeze-drying technique. Then, chunks taken from the center of the specimens were
ground to powder and sieved on No. 200 sieve. Samples weighing approximately 40 mg were
heated from 23°C to 670°C at a heating rate of 10 °C/min. Collected data and curves were analyzed

using a TA Instruments thermal analysis software.

3.4 Results and Discussion

3.4.1 Effect of Mixing Water Temperatures on Fresh Properties of AAS Paste

3.4.1.1 Mini-Slump Results

Figure 3.1 illustrates the measured slump-loss over time for mixtures mixed with various mixing
water temperatures and activator dosages. Generally, the higher the mixing water temperature, the
faster the slump loss rate. For instance, at an activator dosage of 6%, spread diameter for mixtures
mixed with 30°C water decreased from 190 mm to 100 mm in only 10 min, while for mixtures
mixed with 10°C water, it took around 55 min. This confirms that mixing water temperature will
have a significant effect on the slump-life for AAS mixtures. Increasing the water temperature will
increase the mixture temperature; hence, more thermal energy is available for water evaporation

leading to a higher water loss [85]. Losing water will reduce the water content in the mixture,
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which will increase its stiffness [86]. Moreover, potentially the pH will rise after the reduction of
the water content as alkalis concentration will increase [87]. This is anticipated to accelerate the
formation of hydration products and losing flowability due to the formation of new physical and
chemical bonds between new products [86]. Moreover, water will be consumed in the hydrolysis
of silicate and aluminate from the activator and the Slag into the solution. Hence, less water is
available to disperse solid aggregates by forming water layers between particles [88]. This
reduction in slump retention correlates with the short induction period, as will be discussed in heat
flow measurements.

In agreement with the literature, increasing activator dosage had shortened the slump retention
time [89]. For example, mixtures mixed with 0°C water, spread diameter decreased from 190 mm
to 100 mm in 70 min and 25 min at activator dosages 6% and 10% (i.e., about 64% reduction in
slump-life), respectively. A previous study showed that increasing sodium meta-silicate activator
dosage promoted flocculation for suspended particles in AAS due to decreasing the zeta potential
[86]. Zeta potential reflects the electrostatic repulsive forces between homogeneously charged
particles due to the formation of a double layer of counter ions [90]. Hence, decreasing zeta
potential will increase the net inter-particle forces leading to a lower flowability.

Moreover, it was noticed that the reduction in slump retention due to increasing activator dosage
varied as mixing water temperature changed. For instance, mixtures mixed with 30°C water
exhibited around 75% reduction in the slump-life as activator dosage increased from 6% to 10%,
which is higher than that for mixtures with 0°C water (i.e., 64%). This reduction in the slump-life
also can be attributed to the thermal effect of varying mixing water temperatures. However, the

heat generated from activator dissolution is anticipated to have a role as will be explained later.
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Figure 3-1 Flow results for AAS prepared by different mixing water temperatures and
activator dosages of a) 6%, b) 8%, and ¢)10%.

3.4.1.2 Setting Time

Figure 3.2 illustrates the effect of mixing water temperatures on the initial and final setting times.
Generally, regardless of activator dosages, increasing the mixing water temperature shortened the
setting time and vice versa. For instance, for mixtures activated by 6%, the final setting time for
mixtures mixed by 30°C water was around 42% shorter than that for mixtures mixed by 0°C water.
This confirms the extended slump-life for mixtures prepared by cold mixing water (i.e., <20 °C)

(Fig. 3.1). The setting is defined as the process of the gradual development of rigidity due to

hydration progress, which is a chemical reaction. Chemical reactions are directly affected by
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exposed temperatures (i.e., high temperatures accelerate chemical reactions and vice versa) [91].
The dissolution of the solid activator and Slag are exothermic reaction processes, adding more heat
to the system. Hence, the resultant for the thermal effects, induced by both varying water
temperatures and heat of hydration, will control the duration of the setting. Low mixing water
temperature partially compensates the dissolution heat effect, slowing the chemical reactions and
extending the setting time. Conversely, warm mixing water adds up and accelerates the hydration
leading to shorter setting time.

Interestingly, the elapsed time between the initial and final setting times did not change
significantly as the mixing water temperature changed. For instance, for mixtures activated by 8%,
the difference in the initial setting between mixtures prepared by 0°C to 10°C was around 28%,
while both mixtures the same time to achieve final setting (i.e., less than 1%). This indicates that
the thermal effects (i.e., induced by mixing water temperature and early liberated heat) will be
limited to the early stages of hydration reactions (i.e., initiation). Later, this thermal effects
diminished due to exchanging heat between mixtures and the surrounding environment resulting
in the same temperatures profile for all mixtures. Hence, the setting process will be mainly
controlled by the reactant materials characterizations. This is complying with the heat flow results
during the dormant period, as discussed later.

On the other hand, the higher the activator dosage, the shorter the setting time. For instance,
mixtures mixed with 10°C water, the setting time was shortened by 55% as the activator dosage
increased from 8% to 10%. It should be mentioned that, for the same activator dosage, the elapsed
time between the initial and final setting time was almost the same regardless of mixing water
temperatures. This also confirms that the hydration progress after the initial setting will be mainly

relying on the reaction of mixture ingredients rather than the initial mixing water temperature.
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Figure 3-2 Setting time results for AAS prepared by different mixing water temperatures and
activator dosages of a) 6%, b) 8%, and ¢)10%.

3.4.1.3 Heat Flow Profile

Monitoring the heat flow changes during alkali-activation reactions is a useful way to distinguish
differences induced by varying mixing water temperature. Both the magnitude and duration of heat
release will indicate the hydration progress and formation of reaction products that will directly be
related to different properties development. In the following section, the heat profiles for three
testing conditions were evaluated: a) Pre-wetting for solids ingredients, b) semi-adiabatic

condition, and c¢) ambient condition.
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a) Pre-wetting for solids ingredients and dissolution heat
In cement-based materials, a very high exothermic peak took place once the cement surface gets
in contact with water, and anhydrous phases start to dissolute [92]. For conventional Two-Part
alkali-activated materials, the precursor starts to dissolute once getting in contact with the activator
solution (i.e., high pH) due to the availability of soluble silica and alkali ions [93]. This is expected
to differ in the case of one-part alkali-activated materials as the precursor, and solid activators get
simultaneously in contact with water. The solid activator starts to dissolute first, releasing alkali
and silicon ions in the system. Once enough alkali ions are in the system, the precursor starts to
dissolve [94]. The higher the alkalinity, the higher the dissolution rate of the precursor. The

dissolution rate (D;) can be expressed using the Noyes-Whitney equation (Eq.3.1):
D
D, = Aa (Cs—Cp) Eq. 3.1

Where; A is the surface area of the solute particles, D is the diffusion coefficient, d is the thickness
of the concentration gradient, Cs saturation concentration of solute in solvent, C, is the
concentration in the bulk solvent. For the same solute, at the same concentration, the dissolution
rate will be directly proportioned to the diffusion coefficient (D), which depends on the solvent

temperature according to the Stokes-Einstein equation (Eq. 3.2):

D kT
~ 6mr

Eq. 3.2

Where k is Boltzmann constant, T is the absolute temperature, 1) is the viscosity of the solvent and
r radius of the solute molecule. Hence, as the solvent temperature increases, the diffusion
coefficient increases, and consequently, the dissolution rate will increase. Therefore, the initial
attempt of this study had focused on understanding the effect of mixing water temperatures on the

dissolution of the solid activator.
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Figure 3.3 shows the heat generated once activator mixed with water with various temperatures
(i.e., 0°C, 10°C, 20°C, and 30°C). Generally, the temperatures for mixtures prepared by cold water
decreased then increased until reaching a plateau, for instance, as the activator (i.e., which had a
temperature around 20°C) mixed with 0°C water, the temperature of the mixture (i.e., solution)
dropped to 3°C, then it started to increase after that. This indicates that at the initial wetting point,
the low temperature of the mixing water had dominated the temperature changes of the system.
However, as the activator dissolution started, which is an exothermic reaction (i.e., generates heat),
it dominated the temperature profile taking it up to around 20°C. The colder the mixing water, the
lower the measured temperature.

Conversely, the temperature for mixtures mixed with warmer water immediately increased until
reaching a plateau, as the exothermic heat is added up. The mixture temperature remained constant
at various levels based on the initial mixing water temperatures after that. For instance, the initial
temperatures were reached 22°C and 43°C for mixtures prepared with 0°C and 30°C water, then
remained almost constant until the end of the investigated period. These changes in the temperature
profile are attributed to the dissolution of the solid activator and the effects of mixing water
temperatures.

For the used anhydrous meta-silicate, the dissolution enthalpy will be the sum of three energy
components: 1) energy needed to break the lattice structure of the solid activator (i.e., solute) which
is an endothermic process, ii) energy required to break the water (i.e., solvent) lattice structure,
which is also an endothermic process, and iii) energy due to the anhydrous meta-silicate attraction
water molecules forming solvent-solute bonds [39]. Generally, the sum of the three components

can be done following the Gibbs free energy equation (Eq. 3.3). Changes in Gibb's free energy
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(AG) will depend on the changes in the enthalpy (AH) and entropy(AS) for each step of the
dissolution process. Also, the temperature (T) will have a significant rule in controlling the AG
value, as shown in Eq. 3.3.
AG = AH —TAS Eq. 3.3

Generally, negative AG is required; hence, the dissolution process will be “thermodynamically
favorable.” This will be controlled by the nature of the process, which can be either exothermic or
endothermic. For exothermic reactions, heat energy is released as a result of solute dissolving in
the solvent, which increases the system temperature. According to Le Chatelier’s Principle, the
system will balance this increase in temperature by inhibiting the dissolution reaction to reduce
heat energy contribution. Hence, the solubility of the solid activator will decrease. Conversely, in
endothermic reactions, the system will promote more dissolution, to absorb the heat energy
partially, leading to higher solubility [95].

Anhydrous meta-silicate has an enthalpy of solution around (-31.17 KJ/mol) [96]. Hence, the
dissolution of anhydrous meta-silicate is an exothermal reaction (i.e., energy released from making
bonds (iii) is higher than that used in breaking bonds ((i)+(ii)). Simultaneously, water needs around
4,186 Joule/kg to change its temperature by one degree [97]. Hence, once meta-silicate comes in
contact with cold water, there will be a tendency towards thermal equilibrium. The heat liberated
due to activator dissolution is consumed to raise the system temperature. Conversely, in the case
of warm water, the liberated heat is added-up to the system resulting in a higher temperature. As
shown in (Fig. 3.3), the final system temperature was directly proportional to the initial mixing
water temperature. Each 10°C difference in initial mixing water temperature-induced about 7°C

difference in the final solution temperature.
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On the other hand, at the same activator dosage, changing the mixing water temperature had the
same effect when slag was added to mixtures, as shown in (Fig. 3.3b). Generally, in the first stage,
the heat is mainly released due to activator dissolution in water producing alkali ions. In the second
stage, slag starts to dissolute, producing Si, Al, and Ca ions under the high alkaline medium, which
is also considered as an exothermic reaction [98]. However, there were no significant differences
between the curves for the system of water and meta-silicate with and without slag. This indicates
that the reaction progress was still in the first stage, and the alkalinity for the pore solution did not
increase enough to initiate slag dissolution [99]. This agreed with the recent study by [100],
indicating a high energy barrier for hydration reaction for slag and water. During the first hrs, the
dissolution of the sodium meta-silicate activator was dominating the chemical composition. Also,
the temperatures for all mixtures remained constant at various temperature levels, similar to those
for water and activator solutions. This indicates that the mixing water temperatures and dissolution
of the solid activator were the dominating factors during that very early-stage. Generally, slag
particles start to dissolute partially upon contact with an alkaline solution. The minimum pH for
the solution to effectively activate slag is not yet defined. However, at least a pH of 11.7 (i.e.,
equivalent to the pH of slag-water suspension reacting very slowly) is required [86]. Hence, the
pH values were measured for solutions of the activator and water with different temperatures. At
the end of the early-stage, the pH values ranged between 12.13+ 0.2 to 12.56 + 0.2. This slight pH
increase above 11.7 indicated the very low reactivity of slag, which confirms its low contribution
to the heat flow at this stage.

Figure 3.4 illustrates the effect of the activator dosage on the system temperature. For the same
activator dosage, the mixture temperature is linearly proportionated with the mixing water

temperature for the first 60 seconds from the time of the ingredients contact with water. The higher
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the activator dosage, the higher the mixture temperature. This is expected as at higher activator

dosages; more sodium meta-silicate will be available to dissolute generating more heat.
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Figure 3-3 Wetting point heat generation, a) the contact between sodium meta-silicate and water,
b) the contact between slag, sodium meta-silicate, and water.
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b) The heat of hydration under the semi-adiabatic condition

Figure 3.5 illustrates the temperature profiles for various specimens under a semi-adiabatic
condition. This test is dedicated to capturing the effect of mixing water temperatures on the heat
evolution in the second stage, during which slag starts to dissolve. Generally, after the initial

temperature peak, which was not captured in this test, the temperature goes through a dormant
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period followed by a temperature peak [101]. As shown in the curves (Fig. 3.5), the initial
temperature differed from one mixture to another based on the mixing water temperature and used
activator dosage. The higher the mixing water temperature and activator dosage, the higher the
initial mixture temperatures. For example, for mixtures prepared by 0°C and 30°C water, the initial
temperatures were 12.4°C and 20.2°C for 6% activator, and 33.2°C and 43.3°C for 10% activator,
respectively. This is mainly ascribed to the combined effect of the mixing water temperature and
the increase in activator dosage (i.e., the heat liberated), as explained earlier.

Moreover, the lower the mixing water temperature, the longer the dormant period. For instance,
for 6% activator, the dormant period for mixtures mixed with 0°C water was extended up to 23.6
hrs, while for mixtures mixed with 30°C water, it ended around 9.7 hrs. All tested mixtures with
different activator dosages exhibited similar trends. This also complies with the flowability and
setting time results.

For the same mixing water temperature, the higher the activator dosage, the shorter the dormant
period, and the higher the temperature peak. For example, for mixture prepared by 0°C water, the
dormant periods were 23.6 and 3.03 hrs for mixtures mixed with 6% and 10% activator,
respectively. The influence of activator dosage on the temperature peak can be illustrated for
mixtures mixed with 10°C water as temperature peak value increased from 50.18°C to 75.06°C as
activator dosage increased from 6% to 10%. These observations can be attributed to the effects of
water temperature and activator dosage on the rate of slag dissolution. Generally, the hydration of
sodium silicate-activated slag is relatively slow. However, increasing temperature will advance

and accelerate the hydration process of slag by improving solubility and diffusivity [99].

39



Moreover, increasing activator dosage resulted in the rapid dissolution of the slag precursor and
the formation of various reaction products [102].

One more interesting finding is related to the increase in the mixture temperature after the
induction period and up to the second peak. All mixture with the same activator dosage exhibited
almost the same changes in the temperature profile regardless of the mixing water temperature.
Moreover, the higher the activator dosage, the higher the difference in temperature. For instance,
mixtures with a 6% activator exhibited around 25°C difference in temperature (Fig. 3.6), while
mixtures with 8% and 10% activators exhibited around 33°C and 39°C, respectively. By referring
all heat profiles to 0 °C as a datum, the effect of mixing water temperature would mainly affect the
heat profile by shifting the maximum peak location. In conclusion, the mixing water temperature
role will be mainly as a regulator for the speed of hydration. Increasing the mixing water
temperature will accelerate the hydration process while reducing water temperature will retard the
hydration process [91]. This can be due to the effect of water temperature on the dissolution rates
of activator and slag, as explained earlier. These findings were confirmed with compressive
strength, as will be discussed in the next section.

¢) Heat liberation under ambient condition.

Figure 3.7 shows the temperature profiles for the first 48 hrs for fresh specimens stored at the
laboratory temperature after casting. All mixtures exhibited a similar heat profile, starting with an
initial sudden change in the temperature followed by a dormant period and a strong peak. Mixing
water temperatures controlled the initial temperatures for all mixtures. The colder the mixing water
temperature, the lower the mixture's initial temperature, and vice versa. For instance, mixtures

activated by 6%, using 0°C and 10°C mixing water temperatures reduced the initial mixture
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temperatures to about 75% and 40% of that for mixture prepared with 20°C water, respectively.

Conversely, in the case of mixing with warm water, the enthalpy of activator dissolution had

Time (h) Time (h)

0 6 12 18 24 30 36 42 48
Time (h)

Figure 3-5 AAS heat of hydration for various mixing water temperatures and different
activator dosages of a) 6 %, b) 8 %, and c) 10%.
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Figure 3-6 Differences in temperature for the hydration second peak for various mixtures

added on to the system temperature, leading to a higher initial peak. These initial peaks also
increased as the activator dosages increased. For instance, mixing by 30°C water, the initial peak
for 10% activator mixtures was about 28% higher than that of 6% activator mixtures. This can be
attributed to the increase in alkalinity, resulting in a higher slag dissolution and hydration progress
forming new products [103]. This can also explain the reduction in the dormant period as the
activator dosages increased. Mixtures mixed with 10°C water temperature showed a shortening in
the dormant period from 17 hrs to 6 hrs as the activator dosage increased from 6% to 10%.

Similar to the heat profile under semi-adiabatic condition, all mixtures with the same activator
dosage showed the same increase in temperature regardless of the mixing water temperature. For
instance, for mixtures with an 8% activator, the increase in the temperature at the second peak was
around 6 +0.5 °C regardless of the initial mixing water temperature. This is complying with the
previous findings (Fig. 3.6). Also, the location for the second peak did not follow a trend. However,
it seems that the peak for mixtures mixed by cold water took place slightly earlier than those

mixtures by warmer water. For instance, at 10% activator, the second peaks for mixtures mixed
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with 0°C and 10°C water took place after 13.1 hrs, while for mixtures mixed with 30 °C it took
place after around 15.8 hrs. The hypotheses for this behavior can be related to the thermodynamic
of the dissolution for the used activator.

At the very early, the temperature will be changing over a short period. There will be heat exchange
between the specimens and the surrounding lab conditions, as illustrated by (Fig 3.7), where
mixtures temperature was evaluated from the time of ingredients contact with water. Mixtures with
temperatures lower than ambient temperature will absorb heat to achieve thermal equilibrium,
while mixtures with temperatures higher than the ambient temperature will lose heat. This will
affect the dissolution rate (Eq. 3.2). For instance, at 6% activator, the temperature of mixtures
prepared with 0°C water increased by 10°C (i.e. AT= +10°C), while the temperature of mixtures
prepared with 30°C decreased by 11°C (i.e. AT=-11°C). The increase in temperature for mixtures
prepared with cold water will increase the dissolution rate and consequently accelerate hydration

(Eq. 3.2).

0 4 8 12 16 20 24 28 32 36 40 44 48 0 4 8 12 16 20 24 28 32 36 40 44 48
Time (h) Time (h)
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Figure 3-7 AAS activated by sodium meta-silicate heat evolution with different mixing water
temperatures and activator dosages of a) 6 %, b) 8 %, and c¢) 10 %.

Conversely, the reduction in the temperature for mixtures prepared with warm water will decrease
the dissolution rate and consequently slow the hydration. This can partially explain the early
polymerization peak for mixtures with cold water. These results agreed with the DSC conducted
on specimens from mixtures with a 10% activator at age one day, as shown in (Fig. 3.8). Up to
200 °C, the weight loss is corresponding to the dehydration of calcium silicate hydrated phases C-
(A)-S-H gel [104], along with the removal of physisorbed free evaporable water in the pore
structure [105]. As shown, the peak at point (1) refers to the intensity of the C-S-H endothermic
peak grows as the mixing water temperature decreased. This implies that more C-S-H is formed.
The weak shoulder at around 220 °C and the broad endothermic peak between 300 and 400 °C is
due to the decomposition of hydrotalcite-like phases [106]. The slight increase in the intensity of
the hydrotalcite endothermic peak for mixtures with cold water indicates a higher formation of
such a phase due to the advance of the hydration reactions [107]. Previous studies showed that
early exposing slag to high-temperature results in rapid hydration and formation of a hard reaction
shell completely surrounded particles surface [108]. This will delay further hydration. On the other

hand, at the same pH, early exposing slag to cold temperature, a large number of intricately
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connected network products accumulated on the surface of its particles. This will facilitate the
penetration and diffusion of ions into the slag particles allowing further hydration [ 107]. This also

was confirmed with the compressive strength results reported later.
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Figure 3-8 DSC for mixtures with 10% activators and different mixing water temperatures at age
one day.

3.4.2 Effect of Mixing Water Temperatures on Hardened Properties of AAS

Paste
3.4.2.1 Compressive Strength

Figure 3.9 shows strength development for AAS mixtures with various activator dosages and
mixing water temperatures. Generally, the compressive strength increased with time for all
mixtures. It seems that the mixing water temperature had a higher effect on early-age strength. For
example, at activator 10%, the increase in one day strength for mixtures prepared by 0°C water
was higher than that prepared by 30°C water. The same trend was found for all other activator
dosages. This confirmed the results for the heat of hydration as the temperature peak values were

the same as mixing water temperatures changed. Also, it agreed with the DSC results at one day
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shown in (Fig. 3.8). However, the strengths at later ages were almost the same regardless of mixing
water temperature. For instance, for mixtures with 8% activator, the variation in the 28 days’
compressive strength for mixtures mixed with various water temperatures was only + 2.2 MPa.
This indicates the marginal effect of mixing water temperature on the later strength. This also was
confirmed by X-ray results, as shown in (Fig. 3.10). At 8% activator, there was no significant
difference in the X-ray for mixtures mixed with various water temperatures.

Moreover, the influence of activator dosages on early-age strength (i.e., one and three days) was
higher than that at later ages (7 and 28 days), for instance, for mixtures mixed with 0°C water,
increasing the activator dosage from 8% to 10% resulted in about 200% increase in the 1-day
strength compared to only 2.6% increase in the 28 days strength. This agreed with the shorter
induction period in the heat of hydration analysis. The high heat flow induced by increasing the
activator dosage improved the slag reactivity, thereby, higher one-day compressive strength than
lower activator dosages was achieved [64].

Moreover, for the 1-day strength, the increase in strength as activator dosage increased was higher
for mixtures with cold water (i.e., <10°C) than those mixtures with warm water. For example,
mixtures mixed with 30°C water, the change in strength as activator dosages increased from 8%
to 10% was 112% compared with 200% for 0°C water. This can be ascribed to the exothermic
nature of the activator and higher solubility, which accelerates the initial polymerization as

discussed earlier and in agreement with previous findings and recommendations [64]. Moreover,
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Slag activated by sodium silicate activator is known to hydrate slowly forming denser products
with higher later strength. However, increasing the early temperature was reported to accelerated
product formation leading to more pores, less density, and lower quality hydration products leading
to a lower strength [108].

One interesting point, there were white spots on the broken surfaces for tested specimens, as shown
in (Fig. 3.11). These white spots were found to be anhydrous meta-silicate. This could partially
explain the similarity in the compressive strength results at later ages (7 and 28 days). At high
activator dosage, there are many particles of the activator ready to dissolve. The speed for
hydration process for all mixtures will be controlled by two factors: the solubility, which reflects
how much solute will ultimately dissolve in the solvent, and the dissolution rate, which is a kinetic
process for how quick the solute will reach the solubility. The resultant of these two
thermodynamically processes will be dominating the hydration kinetic. At the initial contact with
cold water, many activator particles start to dissolute to balance the system, based on Le Chatelier’s
principle, as explained earlier. As the generated heat from the exothermal dissolution process
increased the system temperature to the ambient temperature, the dissolution rate increase
gradually. However, due to the availability of many particles to dissolve, it is expected that not all
particles will not be fully dissolved. On the other hand, at the initial contact with warm water,
fewer activator particles will start to dissolute as the system temperature starts dropping to the
ambient temperature, the dissolution rate decrease gradually. Hence, it is also expected that some
particles will not be fully dissolved. This confirms the heat of hydration results. Also, the higher
the activator dosage, the higher the number of white spots. This is expected as more activator

materials are available at high dosages than those at low dosages.
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Figure 3-11White meta-silicate spots in 10% AAS samples

3.4.2.2 Early Shrinkage

Early shrinkage has been monitored immediately half an hour after the final setting time for all
mixtures. Generally, shrinkage has increased for all mixtures over the investigated period (Fig.
3.12a). Mixtures prepared with cold mixing water showed a lower shrinkage compared to that
mixed with warm water. The small cross-section of specimens allows fast heat dissipation and
reaching equilibrium with the surrounding environment [70]. However, demolding at that early
age, specimens’ temperatures varied significantly. The temperature for the specimens of mixtures
prepared with normal/warm water was obviously high. Hence, the temperature at the medial of a
dummy specimen from each mixture was monitored. After about 30 min of demolding, all
specimens’ temperatures were around the ambient temperature. Considering this moment as a new
initial point, the shrinkage deformations are shown in (Fig. 3.12b). It seems that the changes in
shrinkage were almost the same for all mixtures regardless of the mixing water temperatures. This
highlights the significant role of mixing water temperatures on the early thermal deformation.

Coldwater was capable of reducing the differences between specimens’ temperatures and their
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surroundings. This is anticipated to have a significant effect on the development of early shrinkage
restraining stresses and carks formation, which will need further study. A similar trend was found
for mixtures with different dosages of activator. However, the lower the activator dosage, the lower
was the shrinkage and thermal effect. This reduction in deformation can be attributed to lower

reactivity and heat liberation, as shown earlier.
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Figure 3-12 Early drying shrinkage for 10% sodium meta-silicate activator

3.5 Conclusion

This study investigated the effect of mixing water temperature on the fresh and hardened properties
of one-part alkali-activated slag. Varying mixing water temperature induces thermal effects that
affect the solubility and dissolution rate for the solid activator. Hence, the mixing of water
temperature can be used to control the speed of the hydration process. The flowability and setting
time of AAS were significantly affected by mixing water temperature. Similar to cement-based
materials, using cold water can offset thermal deformation during early age. This paves the way
for broader implementations of AAS in hot weather concreting. On the other hand, using cold
water has been proved to be a useful technique to extend the slump-life while maintained strength
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development, based on the high early strength results obtained and maintaining the fresh properties
using this technique, AAS would be potentially a sustainable solution for Ready-Mixed concrete

and precast concrete applications.
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CHAPTER FOUR

EFFECT OF MIXING TIME ON AAS PASTE
PROPERTIES

Agitating concrete mixtures is an essential practice for several concrete applications. Ready-Mixed
concrete is the leading application required agitation, especially during concrete delivery. ASTM
C94 “Standard Specification for Ready-Mixed Concrete” was allocated for equipment's testing to
ensure the uniformity of concrete during the agitating process. This chapter investigates the effect
of mixing time AAS mixtures. Three different mixing regimes have assigned: 1) initial mixing for
a short period, 2) discontinues mixing, 3) continuous mixing. The study shows a positive impact

of mixture agitating on fresh and mechanical properties.

4.1 Introduction

One-part alkali-activated Slag is produced by mixing granulated blast-furnace slag, powder
activator, and water. However, the use of mortar and concrete made with this AAS is limited by
two issues. Initially, the shrinkage which reaches six times that of the respective cement system.
Also, the poor rheology for AAS and very fast setting result in on-site casting problems. Many
studies showed that using stable fibers under the alkali environment and using shrinkage reducing
admixtures can pointedly solve the shrinkage issue. The possibility of using chemical admixtures
to extend setting times and maintain adequate flowability for AAS has also been investigated.

However, other researchers had shown that varying the mixing time for two-parts AAS could
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effectively extend the setting time. The longer the mixing time, the longer the setting time. This
was ascribed to the breakage of calcium-silicate hydrated flocs. To date, however, nothing is
known about the effect of this increase in mixing time on One-part alkali-activated slag.
Consequently, the aim of this chapter was to explore the effect of increasing mixing time on the
mechanical properties and drying shrinkage of one-part AAS as well as on the hydration kinetics

[55,56].

4.2 Experimental Program

4.2.1 Materials

For all mixtures, granulated blast furnace slag (hereafter referred to as slag) with specific gravity
2920 kg/m’, and Blaine fineness 515 m*/kg and dso value around 14.5 pm and basicity coefficient
1.06 was used as the precursor material. The chemical compositions of the used OPC and slag are
summarized in Table 4.1. Anhydrous sodium meta-silicate was used as a powder activator. The
chemical and physical properties of used activators are shown in Table 4.2. Three different
activator dosages of 6%, 8%, and 10% by weight of slag were used. For all mixtures, a constant

liquid-to-solid ratio (I/s) = 0.40 was used.
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Table 4-1 Chemical and physical properties of cement

OPC  GBFS
Si02 (%) 19.80  36.50
ALOs (%) 490 10.20
CaO (%) 6230  37.60
Fex05 (%) 230  0.50
SO (%) 370  3.10
Na:O (%) 0.34 030
MgO (%) 2.80 11.80

Table 4-2 Chemical and physical properties of Anhydrous sodium meta-silicate [84]

Melting The heat of
W:% W% W% Density Particle
Property Point solution
Na,O SiO: H;0 (g/emd) Size
°O) (kJ/mol)
Typical 93% in 20
50.5 46.2 <3 1.09 1088 -31.7
Data to 65 mesh

4.2.2 Mixtures Preparation and Testing Procedure

All mixtures were prepared and tested under the laboratory ambient condition (i.e., temperature
(T) =23 £ 2°C and relative humidity (RH) = 45 + 5%) using an electrically driven mixer under-
speed 139 RPM complying. Initially, slag and powder anhydrous sodium meta-silicate activator
were dry mixed for 1 minute. Then, mixing water was gradually added while mixing continued

for about 2 min. Three mixing regimes, as shown in (Fig 4.1), were applied: 1) Mixing initially
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for 3 minutes and rest for the whole testing period R1, 2) Dis-continues mixing for 8 minutes

during the testing period R2, 3) Continues mixing for 8 minutes R3.

— £ =Rl fpeeR2 —p—R

Dry Mixing Mixing Rest
I iy dy
LDW Mixing& Mixing A Rest A Mixing A Rest
Dry Mixing Mixing Rest Rest Rest
A————p————— A e ———
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Time (min)

Figure 4-1 The three mixing regimes

For the setting time, samples were prepared and tested using a Vicat needle according to ASTM
C191-19 “Standard test method for time of setting of hydraulic cement by Vicat needle” at the end
of the final mixing of each regime. Flowability was evaluated in accordance with ASTM C143
(Standard Test Method for Slump of Hydraulic-Cement Concrete) at the assigned testing times
(Fig 4.1). After removing the filled mini-cone, the final spread diameter (Dy) of the fresh paste
sample was taken as an average of two measurements made in two perpendicular directions. Cubic
specimens 50 mm were prepared at the end of each remixing regime to evaluate the compressive
strengths at ages 1, 3, and 7days following the ASTM C 109-20 “Standard Test Method for
Compressive Strength of Hydraulic Cement Mortars (Using 2-in. Or [50-mm] Cube Specimens”.
After 24 hrs., specimens were demolded and stored inside a plastic bag at laboratory ambient

temperature until the time of testing.
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For the heat of hydration, semi-adiabatic calorimetry studies were conducted on specimens during
the first 48 hrs of hydration using a custom-built experimental setup. Specimens were prepared
and cast into cylinder molds with a diameter of 75 and a height of 150 mm directly at the last
mixing time of each mixing regime. The mold was immediately placed in a micro-porous
insulation box. Three Type-T thermocouples were inserted into the center of the concrete volume
along its height to monitor its temperature. Temperature readings were recorded continuously
using a data acquisition system. Replicate specimens indicated a standard deviation of 1.8°C for
the maximum specimen temperature. Moreover, another set of the same cylinder specimens was

stored under ambient conditions and monitored to capture the heat profile.

4.3 Results and Discussion

4.3.1 Effect of Mixing Time on Fresh Properties of AAS Paste

4.3.1.1 Mini-Slump Results

Figure 4.2 illustrates the measured slump-loss over time for mixtures mixed by different mixing
regimes with OPC, and AAS activated by three different dosages, 6%, 8%, and 10%. Generally,
the mixing regime has a significant effect on slump loss regardless of cement type or activator
dosages, continuous mixing (R3) exhibits the least slump loss followed by the discontinuous
regime (R2), this is the consequence of the continuous break of the early formed C-S-H in the OPC
and C-A-S-H networks [55,56]. The effect of the mixing regime was more significant with AAS.
For an instant, at activator dosage, 10%, slump decreased from 170 mm to 100 mm for the
continuous mixing regime while slump was maintained 170 mm for the OPC. Moreover, the effect

of activator dosage was tangible, the higher the activator dosage, the more slump loss regardless
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to mixing regime, for example, 40% was the slump loss for the mixture activated by 10% dosage

comparing to the mixture activated by 6% mixed continually (R3), this is attributed to the higher

reaction kinetics, which speeds up the formation of hydration gel [110,111].
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Figure 4-2 Flow results for OPC and AAS prepared by different mixing regimes and activator
dosages of a) OPC, b) 6%, and c) 8%, d) 10%

4.3.1.2 Setting Time

Figure 4.3 illustrates the effect of different mixing regimes on the initial and final setting times.
Regardless of activator dosage, discontinuous and continuous mixing regimes had significantly
extended the setting time, respectively. For an instant, 380 minutes was the increase of setting time

between mixing regime one and two for the AAS activated by 8%. Despite increasing activator
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dosage reduces the setting time, discontinuous mixing and continuous mixing exhibited a tangible
increase of setting time at each activator dosage, this is attributed to the same reason mentioned
earlier, prolonged mixing breaks up the hydration products formation [55,56]. It was observed that
the effect of the mixing procedure was more noticeable in the initial setting time for the higher

activator dosage. For the OPC mixtures, the effect of the three mixing regimes was almost

negligible.
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Figure 4-3 Setting time results for OPC and AAS prepared by different mixing regimes and
activator dosages, a) OPC, b) 6%, and c) 8%, d) 10%
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4.3.1.3 Heat Flow Profile

Monitoring the heat flow changes during alkali-activation reactions is a useful way to distinguish
differences between the three mixing regimes. Both the magnitude and duration of heat release
will indicate the hydration progress and formation of reaction products that will directly be related
to different properties development. In the following section, the heat profiles for two testing

conditions were evaluated: a) semi-adiabatic condition, and b) ambient condition.

d) The heat of hydration under the semi-adiabatic condition

Figure 4.4 illustrates the temperature profiles for various specimens under a semi-adiabatic
condition; this test is dedicated to capturing the effect of mixing different mixing regimes on heat
evolution. In general, OPC generated the highest heat of hydration, for the AAS, the higher the
activator dosage, the shorter the dormant period, and the higher the temperature peak. Moreover,
increasing activator dosage resulted in the rapid dissolution of the slag precursor and the formation
of various reaction products [112]. Regardless of cement type or activator dosages, all mixing
regimes exhibited the same hydration peak. For example, the OPC mixtures (Fig 4.4a) show that
short time mixing, discontinuous mixing, and continuous mixing recorded almost 95 °C for the
three mixing regimes at the same time, which indicates the same amount of hydration product
formation, this could be attributed to the used speed which was fixed for all mixing regimes [113].

The same pattern was observed for AAS at each activator dosage.
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Figure 4-4 OPC and AAS heat of hydration for different mixing regimes and different activator
dosages, a) OPC, b) 6%, and c) 8%, d) 10%

a) Heat liberation under ambient condition.
Figure 4.5 shows the temperature profiles for the first 48 hrs. for fresh specimens stored at the
laboratory temperature after casting. Generally, the OPC mixtures recorded the highest heat
generated, followed by the AAS mixtures activated by 10%, 8%, and 6%, respectively. Similar to
the heat of hydration results, the higher the activator dosage, the shorter the dormant period, and

the higher the temperature peak.
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Figure 4-5 OPC and AAS heat evolution for different mixing regimes and different activator
dosages, a) OPC, b) 6%, and c) 8%, d) 10%

4.3.2 Effect of Different Mixing Regimes on Hardened Properties

4.3.2.1 Compressive strength

Figure 4.6 shows strength development for OPC and AAS mixtures with the three different mixing
regimes. Generally, the compressive strength increased with time for all mixtures. It seems that
the effect of mixing on the early strength increases with the increase of activator dosages. For an
instant, continuous mixing recorded 10 MPa strength increase on one day more than mixing regime

one, while negligible increment was recorded for the 8% and 6% dosages. The same pattern was
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reported at seven days’ strength; the higher activator dosage, the more effect of continuous mixing
on AAS mixtures. Referring to a study discussed the continuous mixing of AAS, the prolonged
mixing time offers a denser microstructure; this observation was supported by microstructure
analysis and porosity test, where the more extended the mixing time resulting in lower porosity
value [55]. For the OPC, the results were almost negligible; this unexpected behavior could be

attributed to the low speed used in all mixing regimes [113].
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Figure 4-6 Compressive Strength results for OPC and AAS activated by 6,8 and 10% activator
dosages different mixing regimes at ages a) 1 day, b) 3 days and c) 7 days
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4.4 Conclusion

This chapter investigated the effect of different mixing regimes on AAS comparing to the OPC.
Three mixing regimes were studied, mixing for a short period (3 minutes, discontinuous mixing
for (8 minutes) and continuous mixing for (8 minutes), it is clear that mixing time effected both
fresh and hardened properties. Longer mixing time enhances both fresh and hardened properties
of one-part AAS; this could be considered as a technique toward introducing this system for more

applications in the future.
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CHAPTER FIVE

POTENTIAL UTILIZATION OF LOCAL
AVAILABLE WASTE AS A PRECURSORS

This chapter highlights the conducted activities and accomplishments of the potential of using Red
Mud and Paper Mill Fly-Ash as precursors for alkali-activated materials. The experimental work
was designed to fully characterize the received Red Mud and Paper Fly-Ash from the precursor
point of view. This was followed by evaluating the effect of the proposed precursors on alkali-

activated materials properties.

5.1 Introduction

Aluminum and wood pulp industries are considered major Canadian economy tributaries
[114,115]. From Canada's national resources statistics “NRCAN” In 2018, Canada ranked the 4"
Aluminum producers in the world with total revenue of 7.2 B$. Moreover, the Pulp industry made
8.5 B$ of total revenue in 2017. The massive production of Aluminum and wood pulp products
generates a vast amount of waste by-products. In the case of aluminum production, NRCAN
mentioned that every 2 tons of Aluminum need 4-5 tons of Bauxite Ore, which generates a large
amount of Red Mud as a by-product of Bauxite manufacturing operations. On the other hand, wood
pulp production produces several by-products, water effluent, sludge, and pulp mill Fly-Ash [116].
This chapter is assigned to examine different practices to reuse and recycle these by-products in

construction applications fulfilling the concepts of green building materials and sustainability.
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5.2 Benefits to The Industry Business

Understanding the behavior of the different applications that involve the red mud and PPFA under
different realistic environmental and mechanical loading conditions, can be pervasive gains to

Canada’s Aluminum and Pulping industries, including:

1) Reusing the Red Mud and PPFA will reduce the amount of wastes sent to the waste disposal
facilities, which will result in reducing the pollution and environmental disturbance

resulting from the disposal operations.

2) Recycling and reusing of Red Mud PPFA in the construction industry will reduce the costs
associated with waste management and alleviate its environmental effect while developing
sustainable practices and socially responsible industrial production.

3) Conserving non-renewable natural resources and reducing the energy and environmental

disturbance, by replacing the Red Mud and PPFA with these valuable resources.

5.3 Study Program and Methodology

This section describes the research program that will be implemented to achieve the stated
objectives. The research is divided into three major phases:

1) Characterize of the Red Mud and Paper PPFA.

2) Examine Red Mud and Paper PPFA potentials as construction materials.

3) Potential applications supported with primary results.
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5.3.1 Phase 1: Materials Characterization

Various tests were conducted in order to fully characterize the received red mud and PPFA,
including their chemical and physical properties, and their interactions with binding materials.
Random samples were collected, divided into small quantities, and used in different
characterization tests according to recommendations of different construction materials standards.
The following tests were conducted:

1) Visual Inspection

Red mud and Paper Mill Fly-Ash samples will be inspected using either or all of raw human
senses such as vision, touch and smell, and/or any non-specialized inspection equipment. This
test is to give a general idea about the basic features of the red mud and Paper PPFA. Also, it
allows identifying the nature of the waste (i.e., pure or combined by other wastes)

2) Physical properties

The behavior of particulate materials is often dominated by the physical properties of the
constituent particles. These can influence a wide range of material properties, including, for an
instant, how easily ingredients flow, mix, or compressibility. Some of the most important
physical properties that will be measured are:

a) Particle Size Distribution

By far, the most important physical property of particulate samples is particle size. Particle size
has a direct influence on material properties such as flowability, viscosity, porosity, and
packing density. For fine powder residuals, sieve analysis will be conducted according to

ASTM C136 (Test Method for Sieve Analysis of Fine and Coarse Aggregates) (Fig. 5.1).
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Figure 5-1 Sieve analysis test for red mud and PPFA

b) Specific Gravity

Knowledge of specific gravity is necessary for the proper incorporation of Red Mud and PPFA
in construction materials mixtures. It represents the ratio between the mass of the particle
material and the volume occupied by the individual particles. This volume includes the pores
within the particle but does not include voids between the particles. The test will be conducted
using pycnometer method according to ASTM C128 “Standard Test Method for Relative

Density (Specific Gravity) and Absorption of Fine Aggregate.”

¢) Bulk density

Bulk density is defined as the ratio of the mass of a given quantity of material and the total
volume occupied by it. This volume includes the voids between, as well as the pores within the
particles. Bulk density is a function of particle shape, density, size, grading, and moisture
content, as well as the method of packing the material (loose or compacted). Bulk density for

red mud will be evaluated in a loose and compact form.

d) Water Content
Evaluate the water content according to ASTM D4959-07 “Standard Test Method for

Determination of Water (Moisture) Content of Soil By Direct Heating.” Water content is
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measured by heating the materials in a furnace at 105 °C until it reaches constant weight. The

water content is the weight of dry soil over the weight of water loss.

e) Microstructure Analysis

Scanning Electron Microscope (SEM) was conducted on red mud samples to get information
about the red mud surface topography along with localized chemical information using the
Energy-dispersive X-ray spectroscopy (EDX). SEM uses a focused beam of electrons to
produce the image. The particles interact with the surface giving information about the

topography of the surface.

3) Chemical properties

Precursor chemical composition plays the primary role in the hydration process and the
formation of the hydration product [117]. The richer calcium and aluminosilicate precursors
have a higher tendency to create strong bonds and dancer microstructures [118]. pH value is
another important factor, especially in the alkali-activated systems, which helps higher

dissolution to form the new bonds [119].

a) X-ray fluorescence (XRF)
Major element oxides and some trace elements concentrations in different agro-wastes were
determined using X-ray fluorescence (XRF) spectrometry and quantitative XRD with X-ray

line profile analysis.

b) Surface pH
In order to determine the surface pH for Red Mud and Paper PPFA, samples were sent to the
chemical labs. The Red Mud and PPFA samples were diluted in deionized water and put over

a shaker for 30 min. The pH was measured for the water thereafter.
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5.3.2 Phase 2: Examine Red Mud and PPFA Potentials

The success of implementing red mud and PPFA in construction applications will mainly depend
on how efficiently the properties of these by-products were utilized to achieve adequate
performance. These include fresh and mechanical performances. Hence, in this phase, the behavior
of different cementitious mixtures (i.e., cement-based and alkali-activated) incorporating Red Mud

and PPFA were investigated.

5.3.2.1 Materials

General use (GU) hydraulic cement, according to the CSA-3001-03, was used as the binding
material for reference mixtures. Granulated blast furnace slag (GBFS, hereafter referred to as slag)
with specific gravity 2920 kg/m?, and Blaine fineness 515 m?/kg and an average particle size value
around 14.5 um was used as the precursor material for all alkali-activated mixtures. The basicity
coefficient [Kb = (CaO + MgO)/ (SiO»+ Al,O3)] for the used slag was 1.06. Table 5.1 shows the
chemical composition for the used cement and GBFS. The used fine aggregate was natural
riverside sand with a fineness modulus of 2.70, according to ASTM C136 (2014), specific gravity
and water absorption of 2.51 and 2.73% determined by ASTM C 128 (2015), respectively. The
coarse aggregate was siliceous/calcareous aggregates with a maximum size of 20 mm (3/4 inch),
the specific gravity of 2.697 kg/m* and water absorption of 0.6%. Sieve analyses for both fine and
coarse aggregates meet ASTM C33 (2018), as illustrated in Fig. 5.2. All mortar mixtures were

prepared using a binder to a fine aggregate ratio of 1: 2.75.
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Table 5-1 Chemical and physical properties of cement

OPC GBFS
Si0, (%) 19.80 36.50
ALO; (%) 4.90 10.20
CaO (%) 62.30 37.60
Fe»03 (%) 2.30 0.50
S0; (%) 3.70 3.10
Na;0O (%) 0.34 0.30
MeO (%) 2.80 11.80
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Figure 5-2 Sieve analysis of Fine aggregate.

5.3.2.2 Mixtures Proportions

Mixtures differentiated based on the type of binder and portion of red Mud and PPFA. For Red
Mud and OPC mixtures, OPC replaced partially by 0%,10%,20%, and 30% of Red Mad. For Red
Mud and GBFS alkali-activated based mixtures, GBFS replaced partially by 0%,25%,50%, of Red
Mud. The water/cement ratio of 0.40 was used for all mixtures. Moreover, the alkali-activated
based blends had been divided into two subgroups 1) activated by meta-silicate, at which red Mud

is considered as filler, ii) activated by red Mud only to examine its potential as an activator.
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The same procedure was used to evaluate PPFA performance with both systems, For the OPC
mixtures, OPC was partially replaced by 0%,10%,20%, and 30% of PPFA, and by 0% and 25%

by GBFS in the AAM system.

5.3.2.3 Specimens Preparation

Compressive strength was evaluated on 50 mm cubes at the ages of three and seven days.
Immediately after casting, cubes inside molds were stored in double-sealed plastic bags until
demolding at 23 + 1°C. After demolding, specimens were kept in a humid environment

(Temperature (T) = 23 + 1°C and relative humidity (RH) = 85 £ 3%) until the testing age.

5.3.2.4 Testing Procedure

1) Fresh Properties
a) Flowability
Flowability was evaluated for all tested mixtures using the flow table, as shown in Fig. 5.3.
According to ASTM C230 (Standard Specification for Flow Table for Use in Tests of
Hydraulic Cement). The fresh mortar sample was placed in the flow mold on a drop table and
stroked for 25 times. Then the diameter of the collapsed mortar was measured at four different
locations using the caliper. The flow reading represented the average of the four different

readings.
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Figure 5-3 Flow table test for flowability evaluation

b) Setting time

Setting time will be measured using the Vicat needle, according to ASTM (C 191-13). In this
method, the paste is mixed to normal consistency ten placed in a moist cabinet to set. The
penetration test is performed periodically using the 1 mm Vicat needle. The initial setting time
is the time between the initial contact between cement and water and the time when the needle
penetrates the paste for 25 mm. The final setting time is the time elapsed between the initial
contact between the cement and water and the time when the needle does not leave a complete

circular impression in the paste surface.
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Figure 5-4 Vicat needle apparatus for setting time evaluation

2) Mechanical Properties

a) Strength Activity Index Testing

The strength activity index of red mud will be evaluated following the procedure of ASTM
C311, “Standard Test Methods for Sampling and Testing Fly Ash or Natural Pozzolans for Use
in Portland-Cement Concrete.” In this test, the 7 and 28 days’ compressive strengths of mortar
cubes with a 20 % mass replacement of cement by red mud and Paper Mill Fly-Ash are

compared to those of a control mix without OSTT, at constant flow conditions.

b) Compressive strength

Compressive strength will be determined on 50 mm cube specimens corresponding to ASTM
(C109/C109M-13). Three specimens will be used for each mixture at each testing date for each
curing condition. The mortar used consists of one-part cement and 2.75 parts of sand

proportioned by mass. The mortar mixed at a constant water/cement ratio that obtains a flow
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of 110 = 5 in 25 drops of the flow table. The cubes are cured for one day in the mold then

removed from the molds and immersed in lime water until the test.

5.4 Results and Discussion

5.4.1 Phase 1: Materials Characterization

5.4.1.1 Red Mud

1) Visual Inspection

Figure 5.5 shows the Red Mud as received. It had a dark red color with a wet texture and soil
odor. After drying the red mud sample was dried inside an oven at temperature 105 C for 24
hrs, the color turned to a lighter red. This indicates that the received sample had relatively high
moisture content. Some weight stones were found in the received sample. In addition, wood
residuals and organic materials were identified. The received sample had different sizes of
particles that were easy to crush them to smaller sizes by hand. The agglomerated particles’

sizes ranged from fine powders and up to 11 cm.

Figure 5-5 Different visual aspects for the received Red Mud sample
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2) Physical properties

a) Particle Size Distribution

The particle size distribution based on the sieve analysis is shown in Table 5.2. It confirms that
most around 55% of the received sample had particles less than 4.75 mm, which agrees with
size requirements for fine aggregate. In order to overcome agglomeration, a sample was milled
with ceramic cylpebs (Fig. 5.6). After milling for about 1 hour, more than 92% of the particles

had a size of less than 1.00 mm (Fig. 5.7).

Table 5-2 Sieve analysis for received Red Mud
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Figure 5-7Red mud sample after milling inside the Rotary Milling Machine.

Specific Gravity
The specific gravity for the milled red mud samples was evaluated on both oven dry and
saturated surface dry conditions following the gravimetric procedure. The specific gravity

based on oven-dry was 1.78, while based on saturated surface-dry was around 2.20.
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b) Bulk density

The bulk density for the milled red mud samples was evaluated for loose and compacted
conditions. The bulk density for the loose sample was around 1.1 g/cm3 and 1.24 g/cm3 for
the compacted one.

c¢) Water Content

The moisture content for as received red mud sample was 20.8%.

d) Microstructure Analysis

Figure 5.8 shows the shape of red mud particles at the micro-level. The particles had an
irregular shape with a rough surface. The particle seems to be porous and has a high amount of
voids. This explains the high absorption rate (i.e., around 23%). Some spots were also
examined by EDX, as shown in Fig. 5.9. Results indicate that the tested sample is rich in iron,
alumina, Titanium, and calcium, as mentioned in several studies about Red Mud chemical and

physical properties [120].

o

10.0um

Figure 5-8 SEM for a Red Mud sample.
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Figure 5-9 EDX for a selected spot in the red mud sample.
3) Chemical properties

a) X-ray fluorescence (XRF)

Fig 5.10 shows the XRD pattern for the red mud sample. The main components are aluminum

hydroxide (Al(OH)3), calcium carbonate (CaCQO3), and iron oxide (Fe.O3), along with some

silica (Si0O2). This confirms the EDX results.
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Figure 5-10 XRD pattern for a red mud sample
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b) Surface pH

Red Mud is known as high alkaline material with high pH ranges between (10.5-12.5) [121].
Two samples of the red mud, before milling and after milling, were tested to find the surface
pH for the solid Fig. 5.11. The pH values for samples before and after milling were 9.37 and
9.80, respectively. These values are less than the expected values. Hence, a more advanced test

will be conducted in the chemistry department to verify the results.

Figure 5-11 Measuring the surface pH value for solid Red Mud sample
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5.4.1.2 PPFA
1) Visual Inspection:

As shown in Fig. 5.12, the fly ash was wet-black material with big weak lumps.

L0

Figure 5-12 PPFA Sample

2) Physical Properties:
a) Particle size distribution:

A milling machine was needed to breakdown big lumps into small particles. Fig. 5.13.The
milling process had been applied for 6 hours to reduce particle size from coarse lumps
retained on sieve 4.75 mm to fine materials that pass through sieve #50 (i.e., 0.297 mm).

As shown in Fig. 5.14, particle sizes average after milling was between (0.15 mm-0.6 mm).
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Figure 5-13 PPFA after milling.
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Figure 5-14 PPFA particle size distribution after milling.

b) Water content: 34%

¢) Dry bulk density: 1340 kg/m?

3) Reactivity Index:
PPFA is a high calcium precursor [124]. ASTM C311 “Standard Test Methods for Sampling
and Testing Fly Ash or Natural Pozzolans for Use in Portland-Cement Concrete” procedure

was followed to check whether this fly ash can be used with other binding systems.
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28 days’ reactivity index (%) compared to control OPC mixture = 82%.

4) Microstructure Analysis:

Scanning Electron Microscope (SEM) was conducted on fly ash samples to get information

about its topography. Pulp and Paper Mill Fly-Ash was not spherical like regular Fly-Ash

produced for the Coal industry [123] (Fig. 5.15).

Figure 5-15 SEM for Fly ash sample after milling.

5.4.2 Phase 2: Examine Potential to Implemented in Construction

Applications.
5.4.2.1 Red Mud

1) Fresh Properties

a) Flowability

Three mortar mixtures were prepared and tested to evaluate the changes in flowability as the
Red Mud content increased. Figure 5.16 shows the flow results for the three mixtures. The
first mixture (i.e., Cement and Red Mud), increasing the Red Mud content resulted in a
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reduction in the flowability. For instance, at 30% red mud as a replacement of cement, the
flowability value decreased from 150 mm to 116 mm, this can be attributed to the high
absorption of the Red Mud [124]. For the second mixture, slag, and Red Mud, there was no
significant change in the flowability. It seems that two compensating effects are affecting the
flowability. Adding Red Mud as a replacement of slag reduced the surface area of the binder
(i.e., Slag is finer than Red Mud), leading to more free water. Simultaneously, Red Med will
absorb a higher amount of water, leading to a lower amount of available water. Hence, each
factor offset the effect of the other, leading to a slight reduction in the flowability. The mixture
of slag, red mud, and metasilicate was examined. The higher the Red Mud, the lower the
flowability. This can be attributed to the increase in the alumina content (as explained earlier),

which accelerates the formation of gel lead to more viscous mixtures [ 125].
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Figure 5-16 Flowability for different mixtures a) cement + Red Mud; b) (1) Slag + Red mud +
meta-silicate, (2) Slag + Red Mud
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2) Mechanical Properties

a) Strength Activity Index Testing

The reactivity index for milled red mud was 74%. It is anticipated that using finer Red Mud
will result in a higher reactivity. Also, at later ages, Red Mud will act as a filler leading to a
denser microstructure, which may also contribute to strength.

b) Compressive strength

Figure 5.17 shows the compressive strength development for different mixtures. As expected,
adding Red Mud resulted in a reduction in the compressive strength. Three and seven days’
strength results show that the higher the red mud content, the lower the achieved strength; this
is attributed to the low hydraulic properties of Red Mud [117]. However, all mixtures are
exhibiting the same strength indicating that there is another factor offsetting the dilution effect.
This factor can be the packing effect induced by such fine Red Mud. Mixtures of slag activated
by Red Mud only had exhibited seven days’ strength higher than mixtures with Slag alone.
Hence, the activation for Slag by the alkali medium developed by Red Mud was more efficient
in developing strength than the hydraulic behavior of slag. However, increasing the Red Mud
higher than 25% had significantly reduced the achieved strength, this can be attributed to the
high absorption of Red Mud; hence, a lower amount of alkali pore solution is available to
dissolve the slag [127]. Compressive strength for mixtures of slag and Red Mud and activated
by meta-silicate are shown in (Fig 17¢). Adding Red Mud did not significantly affect the three
days’ strength. However, higher reductions were found at a later age (i.e., seven days); this can
be attributed to the contribution of alumina to the early strength [120]. At a later age, reduction

in silicate (due to replacing slag with Red Mud) seems to dominate the strength development.
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Figure 5-17 Compressive strength for different mixtures a) OPC and Red mud; b) Slag and
Red Mud; and c) Slag, Red Mud, and meta-silicate.

5.4.2.2 PPFA

Pulp and Paper Mill Fly-Ash is a high calcium material that can replace cement, or it can be

part of Alkali Activated Materials (AAM) binding systems. This replacement will initiate a

partnership with cement and concrete manufactures based on the produced quantities of

PPFA and its properties. This will convert such kind of waste into a valuable product.
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As binding material pressure, PPFA showed high potential as a precursor for AAM systems.
As shown in (Fig. 5.18), acceptable strength results were recorded at ages 7 and 28 days.

Samples' failure shape indicates shear failure (i.e., the sample is strong).
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Figure 5-18 Compressive strength for AAM with paper mill fly ash at ages 7 and 28 days

Figure 5-19 Cube failure shape after testing under compression load.
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5.4.3 Phase 3: Potential Applications:

5.4.3.1 Using Red Mud as Filling Material in Concrete Low Strength Materials

54.3.1.1 CLSM
Based on the primary findings of the previous phases, Red Mud has a high potential to be used in

the construction sector. The following section examined the potential of using CLSM. In the
literature, many researchers had highlighted the possibility of using red mud as a filling material
and for phosphorus and nitrate removal, that are mainly generated from fertilizers, and livestock
farming activities [128]. Hence, the potential of using the Red Mud in non-structural filling
construction materials was examined. The red mud was used to produce a control low strength
filling materials [129]. Results will be compared with data generated from a previous research
project conducted using only conventional materials. The concept and primary results are
discussed in the following section.

5.4.3.1.2 Concept

The agricultural waste material was used as a replacement for sand, and Red Mud was added as a
replacement of cement in order to produce a special type of concrete known as “control low
strength materials” [129]. Based on ACI 229R definition, controlled low-strength material
(CLSM) is a self-consolidating, cementing material used primarily as backfill as an alternative to
compacted fill, according to ACI 229R. CLSM is characterized by its low targeted compressive
strength, which is about 8.3 MPa or less. This increases the potential for incorporating a large
amount of waste materials in CLSM without concern about reductions in its mechanical
performance. In addition, binding materials for CLSM are composed mainly of fly ash with a very

low amount of cement. Therefore, this part focused on evaluating the properties of CLSM
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incorporating agriculture waste material as a replacement for sand and Red Mud as a replacement

of cement along with activating the fly ash.

5.4.3.1.3 Materials and Experimental Work
General used (GU) hydraulic cement according to the CSA-3001-03, and Class F fly ash (FA)

according to ASTM C618 was used as binding materials for all tested CLSM mixtures. The
chemical composition and the physical properties of the cement and fly ash are shown in Table
5.3. Red mud was added as a replacement of cement at rates 50% and 100%. Control mixtures
were prepared based on proportion guidelines reported by ACI committee 229. Natural river bed
sand with a specific gravity of 2.65 was used as fine aggregate. The same mixture was modified
to incorporate agro-waste as a 10% partial replacement of sand by volume. The water was adjusted
to achieve the same workability of 150-200 mm, which is the specified range by ACI committee

229. Table 5.4 shows the composition for all tested mixtures.

Table 5-3 Chemical and physical properties of cement and fly ash.

GU FA
Si02 (%) 19.80 43.39
AL Os (%) 4.90 22.08
CaO (%) 62.30 15.63
Fe203 (%) 230 7.74
SOs3 (%) 3.70 1.72
Na,O (%) 034 1.01
MgO (%) 2.80 -
Na;Oeq (%) 087 -

o

Losjs‘ on (%) 1.90 0.58
1gnition
Specific - 315 250
gravity
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Table 5-4 Mixture compositions for CLSM mixtures

Cement Flyash Sand Agro-waste Red mud

(%0)
G0%RM 90 148 1570 10 0
G50%RM 45 148 1490 10 45
G100%RM 0 148 1325 10 90

5.4.3.1.4 Results and Discussion

1) Fresh Properties
Table 5.5 summarizes the fresh properties for different CLSM mixtures. For CLSM, the water
content must be adjusted to achieve am adequate flowability within the range of 150-200 mm.
The flow values were in the range from 170 to 200 mm, which falls within the normal
flowability category according to the ACI committee 229R report. Hence, all mixtures were
still within the acceptable range. Moreover, it is clear that all mixtures were stable and did not
exceed the bleeding limit (maximum of 5% for stable CLSM). As expected, increasing the
cement content had reduced the bleeding. This is ascribed to the high consumption of water in
hydration; hence, less free water is available for bleeding. Replacing cement with red mud had
slightly increased the bleeding. This can be attributed to the surface area of the grinded Red

Mud sample, which replaced the OPC.
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Table 5-5 Results for tested CLSM mixtures

Flowability Bleeding Compressive strength (MPa)
(mm) (%)
3 Days 7days 14 Days 28 Days
G0%RM 170 1.5 0.60 0.90 1.50 2.00
G50%RM 200 2.0 0.56 1.12 1.90 2.85
G100%RM 220 2.0 0.00 0.45 0.75 Hoeee

2) Compressive Strength

Table 5.5 summarizes the compressive strength results for tested CLSM at ages 3,7, 14, and 28
days. Mixtures cement and Red Mud exhibited higher strength compared to mixtures with
cement only. This indicated that both cement hydration and activation of the Fly-Ash had
contributed to the strength development. The increase in alkalinity of the pore solution was able
to partially activated the Fly-Ash leading to a higher strength. This is confirmed by strength
results for mixtures incorporating Fly-Ash and Red Mud only. The strength development for
Fly-Ash and Red Mud is slower than other mixtures; however, this a good indication and
mixtures can be optimized to achieve higher strength. In addition, for some CLSM applications,
it may be essential to maintain a low strength to facilitate future excavation. The ACI committee
229 recommends a compressive strength lower than 2.1 (MPa) if future excavation is
anticipated. Hence, there is still the potential to add more agricultural waste or increase Red

Mud content for GSOW10R50 to achieve adequate strength.
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5.4.3.2 Using PPFA as Filling Material in Concrete Low Strength Materials CLSM:

Based on ACI (American concrete institute), CLSM is known as self-consolidating backfill
Controlled low strength materials (CLSM). It is known as an alternative to compacted fills.
This material required low strength (under 8.2 MPa and usually around 2.0 MPa) with excellent
flowability that makes it an excellent material for unreachable places, especially around pipes
and underground structures. The low strength of these materials makes it easier to be excavated

without damaging the instruments.

5.4.3.2.1 Materials and Experimental Work
General used (GU) hydraulic cement according to the CSA-3001-03 with Blaine fineness of

360 m?/kg and a specific gravity of 3.15, and Class F fly ash (FA) according to ASTM C618 were
used as binding materials for all tested CLSM mixtures. Table 5.6 shows the chemical and physical
properties for cement and fly ash. Natural river sand with a specific gravity of 2.65 and particle size
distribution complies with that of fine aggregate for concrete according to ASTM C33 was used.
Fly Ash samples have been examined as a replacement for sand used in CLSM. In this study, the
control mixture composition was selected based on the proportion guidelines reported by ACI
committee 229. The control mixture was modified by the incorporation of paper mill fly ash as
partial replacement of sand by volume at rates of 0%, 5%, 10%, and 20%. Mixture proportions are

shown in Table 5.7.
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Table 5-6 Chemical and physical properties of cement and fly ash.

GU FA
SiO; (%) 19.80 43.39
AL Os (%) 4.90 22.08
CaO (%) 62.30 15.63
Fex0O3 (%) 2.30 7.74
SO3 (%) 3.70 1.72
K20 0.83 --
Na;O (%) 0.34 1.01
MgO (%) 280 -
P>0s (%) 0.11 -
Nax0eq (%) 0.87 -
Loss on ignition (%) 1.90 0.58
Specific gravity -- 3.15 2.50
Surface are (m?/kg) 360 280

Table 5-7 Mixture compositions for CLSM mixtures with PPFA

Cement Flyash PPFA
Kg)  (Kg) (o)

G0%PPFA 90 148 0
G5%PPFA 90 148 5
G10%PPFA 90 148 10

G20%PPFA 90 148 20

1) Mixing procedure

Initially, dry mixture components (i.e., cement, fly ash, and paper fly ash) were mixed without
water addition for 1 min to ensure a homogeneous distribution. Mixing water was then divided
into two halves. The first half of the mixing water was added gradually to the mixture while

continue mixing for one more minute. The second half was then added and mixed for another 1
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minute. The mixture was allowed to rest for 1 min after adding the whole amount of mixing
water. Then, the mixture was mixed for an additional 2 min before sampling. For all tested
mixtures, the flowability was continuously measured with various mixing water addition
targeting the desired normal flowability in the range of 150 mm to 200 mm.

2) Testing procedure

Effects of paper mill fly ash addition on CLSM fresh properties, including bleeding and
flowability, were evaluated following ASTM standards D6103-04 (Flow Consistency of
Controlled Low Strength Material), ASTM D6023-07 (Density, Yield, Cement Content, and Air
Content (Gravimetric) of CLSM) and ASTM test method C232 (Standard Test Method for
Bleeding of Concrete), respectively. Cubic specimens 50 x50 x50 mm was used to evaluate the
compressive strength for CLSM mixtures incorporating different percentages of agro-waste
according to the ASTM test method D4832-10 (Standard Test Method for Preparation and
Testing of CLSM Test Cylinders). The compressive test was conducted using a strain-controlled
unconfined compressive strength machine at age 28 days. Specimens were kept inside the mold
uncovered inside a curing room (temperature 22 + 2°C and relative humidity 95% + 3%) until

the testing age due to the insufficient early-age strength of CLSM mixtures.

5.4.3.2.2 Results and Discussion
1) Bleeding

A maximum of 5% of bleeding is allowed for stable CLSM. Fig. 5.20 illustrates and compares
the bleeding of the CLSM, incorporating Pulp and Paper Mill Fly-Ash with controlled samples.

The bleeding amount is in the allowed range.
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Figure 5-20 Bleeding for CLSM with different percentage of PPFA

2) Flowability
Regarding ACI 299 standard, flowability for all mixtures was within the range of 150-200 mm,

which is acceptable for this construction application (Fig. 5.21).
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Figure 5-21 Flowability of CLSM with different percentage of PPFA
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3) Compressive Strength

For a material to be considered as a CLSM, it must have a compressive strength of less than

8.2 MPa at 28 days. As shown in (Fig. 5.22), all samples exhibited strength below the limit.
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Figure 5-22 Compressive strength for CLSM with different percentage of PPFA

5.5 Conclusion

Red Mud and Pulp and Paper Mill Fly-Ash are the by-products of huge industries in Canada;
dealing with a massive amount of these by-products is a challenge facing the sustainability of these
businesses. This chapter offers several construction applications that can consume large volumes
of these wastes. Both by-products showed reasonable fresh, and mechanical performance makes

them fit for many applications such as cement replacement and CLSM.
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CHAPTER SIX

EFFECT OF UTILIZING LOCAL PAPER
MANUFACTURING INDUSTRY WASTE IN
CONSTRUCTION MATERIALS

This chapter focuses on examining the potential of reducing paper industry environmental impacts
through new reusing/recycling various wastes in the construction sector. This is anticipated to
convert these wastes into valuable products. The chapter started by examining various wastes and
identifying their chemical and physical characteristics. Then, multiple mixtures were tailored to
incorporate high percentages of these wastes while meeting the performance criteria for selected

construction applications.

6.1. Introduction

Pulp and paper manufacturing is an old Canadian industry that started in the 1800s. Three central
regions, namely, Quebec, Ontario, and Novascotia, were the first business incubators. Paper
manufacturing relies on “pulping”; this terminology is known as converting wood fibers into
cellulose components mechanically and chemically [130]. Kraft pulping with sequence processes
produce large volumes of wastes that vary in its physical and chemical properties. Globally, the
paper industry produces over 403 Mt of paper and over 179 Mt of pulp production in 2013. Massive
amounts of wastes are associated with such large production, which needs to be disposed of safely.

Paper manufacturing has six main operations, including pulping, washing, evaporation,
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combustion, clarification, and causticizing. Sodium hydroxide (NaOH) and (Na2S) Sodium Sulfide
are involved in the pulping process. Moreover, high organic substances contribute to the increase
of biological oxygen demand levels in water bodies [131,132]. The special precautions needed for
disposing of pulp and paper manufacturing wastes had urged legislators to control the industry
through lows and regulations such as Pulp and Paper Effluent Regulations (SOR/92-269).

From the waste management point of view, reducing waste volumes is an urgent goal. Reusing
and recycling such wastes will reduce the amounts sent to the landfills. However, several factors
affect the reusing and recycling of these wastes. For example, recycling sludge has to comply with
specific quality criteria like breaking length, elongation, and stiffness to be recycled as new
papermaking components [133]. Recently, construction marked became the biggest waste landfill
for many types of industrial by-products and wastes. For instance, slag and fly ash were considered
hazardous wastes that need special precautions to dispose of safely. Today, these by-products
represent essential components in the construction industry to enhance construction materials
properties [ 134]. By using the same concept, pulp and paper production could be tributary with new

techniques fulfilling sustainability and environmental concepts while gaining economic benefits.

6.2. Study Methodology

Initially, all received materials were characterized and classified to understand their properties and
allocate them for suitable construction applications. The outcome of this stage was used as a
benchmark for the next phases. Suitability of each type of waste for proposed applications was
examined. Realistic manufacturing procedures for each application were set to simulate the actual

future implementation. Validation procedures complying with the international standards and
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market needs were applied to each final product to validate its potential to compete with existed

products in the market.

6.3. Experimental Program

The experimental program is divided into two phases. Initially, all received materials were
characterized and classified to understand their properties and allocate them for suitable
construction applications. The outcome of this stage was used to select the right application for
each type of waste. Different properties for produced construction materials incorporating wastes

were examined.

6.3.1. Materials Characterization

Various tests were conducted to characterize chemical and physical properties for the wastes. Also,
the interactions between each waste and binding materials were investigated. Random samples had
been collected and divided into small quantities for characterization tests. The following tests were
conducted:

1) Visual Inspection: Sludge samples had been inspected by raw human senses such as vision,
touch and smell, and/or any non-specialized inspection equipment. This test gave a general idea
about the basic features of the received samples. Also, it allowed identification for the nature of
the wastes (i.e., pure or contaminated by other wastes).

2) Physical Properties: The behavior of particulate materials is often dominated by the physical
properties of the constituent particles. These can influence a wide range of material behaviors,
including, for instance, how easily ingredients can flow, mix, or compress. Some of the most
important physical properties that were measured are:
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a) Bulk Density: Bulk density is defined as the ratio of the mass of a given quantity of material
and the total volume occupied. This volume includes the voids between, as well as the
pores within the particles. Bulk density is a function of particle shape, density, size,
grading, and moisture content, as well as the method of packing the material.

b) Water Content: The water content was evaluated according to ASTM D4959-07 “Standard
Test Method for Determination of Water (Moisture) Content of Soil By Direct Heating.”
Samples were heated in a furnace at 110 °C until they reached a constant weight. The water
content was evaluated as the weight of dry material over the weight of water-loss.

3) Chemical Properties: Chemical properties were investigated for water effluent based on the
potential application assigned, Chemical composition such as Chloride as Cl-, Sulfate as SO4, and
Alkalis as (Na20 + 0.658 K20) for water effluent samples, those tests had been chosen based on

the potential application “concrete mixing water” according to ASTM C 1602.

6.3.2. Selected Applications for Various Wastes

Successful implementation of pulp and paper wastes in building applications will mainly depend
on how efficiently the properties of these wastes were utilized to achieve adequate performance.
Hence, in this phase, the behavior of different cementitious mixtures incorporating water effluent,
sludge, and paper ash was investigated.

1) Wastewater effluent: Activator for alkali-activated materials:

The high alkaline of the water effluent increased its potential as an activator for alkali-activated
materials [135]. The use of such non-treated water effluent could reduce the cost of the final
product (replacing activator cost) and lead to environmental and economic benefits. (i.e., saving

water treatment cost).
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2) Pulp and Paper Sludge

Sludge is the solid paper production waste generated at the end of the mechanical treatment
process. It is classified as a non-hazardous and fiber-rich by-product. Large quantities of sludge
produced in this process ended at landfills. A previous study had suggested reusing up to 12% of
sludge in the manufacturing of papers and boards industry [136]. The lightweight and rich fiber
content of the pulp and paper sludge make it suitable for sound and heat insulation boards and
lightweight masonry units.

One of the main common building materials in the Canadian market is sound and heat insulation
boards. Sludge could be a cheap and sustainable solution in the production of partitioning and
insulation [137]. The proposed product has zero virgin material. On the other hand, Lightweight
masonry units have very low dead loads, easy mobilizing, and higher workmanship productivity
[138]. Moreover, lightweight masonry units are considered a heat and sound insulated barrier
[139]. Hence, the same concept was applied to use sludge in masonry unit production. This will

offer masonry units with similar features with less expensive and environmental impacts.

6.4. Laboratory Testing for Proposed Applications
6.4.1. Materials

General use (GU) hydraulic cement, according to the CSA-3001-03, was used as the binding
material for reference mixtures. Granulated blast furnace slag Grade 80 (GBFS, hereafter
referred to as slag) with specific gravity 2920 kg/m?, and Blaine fineness 515 m?/kg and an
average particle size value around 14.5 um was used as the precursor material for all alkali-
activated mixtures. The basicity coefficient [Kb = (CaO + MgO)/ (Si02+ Al203)] for the used

slag was 1.06. Table 6.1 shows the chemical composition for the used cement and GBFS. The
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used fine aggregate was natural riverside sand with a fineness modulus of 2.70 (according to
ASTM C136 (2014)), specific gravity and water absorption of 2.51, and 2.73% determined by
ASTM C 128 (2015), respectively. The sand particle distribution is shown in Fig. 6.1. Sludge

had been added at two percentages 25% and 50% by volume of sand.

Table 6-1 Chemical and physical properties of cement

OPC  GBF

S

Si02 (%) 19.80  36.50
ALO; (%) 490  10.20
CaO (%) 62.30  37.60
Fex03 (%) 230  0.50
SO (%) 370 3.10
Na:O (%) 034 030
MgO (%) 2.80  11.80

100

=#=Perentage Passing (NFA) 30

Z
Percentage Passing
[

—-Min. (ASTM C33) 20
10
=d=Max. (ASTM C33)
0
0.1 1 10
Sieve Size
{mm)

Figure 6-1 Sand particle distribution.

101



Two binding systems had been used to prepare the OPC system and AAM withactivator dosage
of 10% Sodium meta-silicate. Fixed water to binder ratio of 0.5 for both systems to achieve

semi-dry mixtures. Binder to sand ratio was 1:2.75. Table 6.2 shows mixtures proportions.

Table 6-2 Mixtures proportions.

Mixture Binding Activator  Water to Sludge (%

ID material (%) binder ratio by volume )
Al 0
A2 OPC 0 0.50 25
A3 50
B1 0
B2 GBFS 10% 0.50 25
B3 50

6.4.2. Mixing and Mixtures Preparation

All mixtures were prepared by using an electrically driven mechanical mixer following ASTM
C305. Initially, sludge (Fig. 6.2) had been mixed for 3 minutes to confirm its dismantling into
fibers instead of big lumps. Slag had been added and mixed with the sludge for 1 minute, then
sodium meta-silicate and water effluent had been added gradually to the mixture and mixed for
an additional 2 minutes. Finally, 3 minutes of continuous mixing had been applied to ensure a

homogeneous mixture. For OPC binding system, the same procedure had been repeated to
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prepare OPC specimens with the treated water effluent, which is neutralized the alkaline water

effluent.

Figure 6-2 Mixture consistency (semi-dry).

6.4.3. Specimens Preparation

Various specimen shapes and sizes had been prepared. For sound insulation tests, cylindrical
segments with dimensions (D=100 mm, t= 20 mm) and (D=30 mm, t=20 mm), as shown in Fig.
6, For thermal tests, (300 mm*300*50 mm) sample had been prepared to fit into the thermal

conductivity testing machine as follows in Fig. 6.3.
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Figure 6-3 a) large Sound insulation samples, b) Small Sound insulation samples, and c)
Thermal conductivity test sample.

6.4.4. Samples Curing

All specimens had been covered with plastic to prevent moisture evaporation and cured under

60°C for 24 hours in the curing chamber, simulating precast elements curing regimes (Fig. 6.4)

[140].
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Figure 6-4 Samples curing.

6.5. Testing Procedure

6.5.1. Mechanical Performance

Compressive and tensile strength have been investigated to evaluate mechanical performance.
Compressive strength had been tested following ASTM C 109 Standard Test Methods for
Compressive Strength of Hydraulic Cement Mortars (Using 2-in. or [S0-mm] Cube Specimens),
while tensile strength was examined according to AAS HTO T132 Tensile Strength of Hydraulic

Cement Mortar.

6.5.2. Sound Insulation Performance

Noise Reduction Coefficient (NRC). Acoustic properties rely on sound frequencies. Human
hearing ranges (20 Hz — 20 kHz) [141]. Therefore, specific frequencies present acoustic
properties. NRC is a number that indicates sound absorption at a specific frequency range. Samples
hadbeen tested following ASTM C423 Standard Test Method for Sound Absorption and Sound

Absorption Coefficients by the Reverberation Room Method. The absorption coefficient indicates
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the material ability to absorb sound energy. For instance, 0 absorbing coefficient means no sound

absorption, while one means all sound energy has been dumped.

6.5.3. Thermal Conductivity

Thermal conductivity was investigated following the ASTM C518 Standard Test Method for
Steady-State Thermal Transmission Properties utilizing the Heat Flow Meter Apparatus. Using
Nietzsche HFM 436 Lambdas — Heat flow meter, which is considered as a high data reliable heat
flow meter Fig. 6.5, a sample of B3 mixture, which contains 50% sludge, showed comparable

values to that of the market board products.
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Figure 6-5 Nietzsche HFM 436 Lambdas-Heat flow meter mechanism [142]
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6.6. Results and Discussions

6.6.1. Materials Characterization Results

1) Wastewater Effluent

Water samples had a yellowish color Fig. 6.6. The water effluent was complied with mixing water
limits stated by ASTM C1602 “Standard Specification for Mixing Water Used in the Production
of Hydraulic Cement Concrete standards.” Table 6.3 summarizes the results for different
acceptance criteria. Using the water effluent resulted in 7 days’ compressive strength 93% of that
for a mixture made by potable water (i.e., higher than the minimum requirements (90%)). Also, the
delay in setting time for cement paste was insignificant compared with the acceptance limit. Using
water effluent delay, the setting by only 10 minutes (up to 1.5 hrs. is accepted according to the

standard). Table 6.4 is an optional chemical requirement for specific applications, like

reinforcement concrete structures. Samples are under testing, and results will be reported later.
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Figure 6-6 Water eftfluent sample as received.
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Table 6-3 Acceptance Criteria and Physical Tests for Mixing Water

Test Method Limits Results
Compressive strength at 7 d, ASTM C1602, ASTM 90 % 93%
min % of control C31/39
Setting time, max. deviation ASTM C1602, ASTM  From 1:00 early 10 min
from control, (h:min) C403 To 1:30 later later

Table 6-4 Optional Chemical Limits for Combined Mixing Water.

Test Method Limits Results

Chloride as Cl-, ppm ASTM Cl114

In pre-stressed concrete, bridge decks, or 500 @ ————-- *
otherwise designated.

Other  reinforced concrete  in moist 1000 -—---- *

environments or containing aluminum
embedment’s or dissimilar metals or with stay-
in-place galvanized metal forms.

Sulfate as SO4, ppm ASTM C114 3000  --—--- *
Alkalies as (Na20 + 0.658 K20), ppm ASTM C114 600 - *
Total solids by mass, ppm ASTM C1603 50000 4480
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2) Pulp and Paper Mill Sludge

a) Visual Inspection:

As shown in (Fig. 6.7), the sludge had a greenish color and rich in fibers.

Figure 6-7 Pulp and paper mill sludge.

b) Physical Properties:

Particle sizes/shape: Fibre-like with lengths range between (0.Imm — 7.0 mm).

e  Water content: 60%

e Dry bulk density: 160 kg/m’

¢) Chemical Properties:

Alkalinity: Sludge pH was in the normal range of natural materials (6.5 — 8.5).
Microbiological tests: samples from paper mill sludge have been submitted to microbiological

laboratories at Concordia universities Layola. (Results will be reported later).
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6.6.2. Laboratory Testing Results for Proposed Applications

6.6.2.1. Mechanical Performance

Mechanical properties are essential for any assigned products. Even though the designed
products are non-structural elements, a specific load is required for holding its dead load and
for mobilization. Fig. 6.8 demonstrates compressive and tensile strength for all mixtures. Alkali
activated materials mixtures showed much higher mechanical performance comparing to that
of the OPC mixtures. This performance is due to the high water absorption of sludge. During
the compaction, high water content escapes from the mixture. After releasing the piston, sludge
retakes the water from the paste. This process consumes the required water for the cement to
reactand produce hydration products. For AAM, water is just a carrier for the activator [ 143].
Moreover, the AAM mixture is a sticky paste that has a short initial setting time. Within a few
minutes from compaction, initial setting time would take its role and bond all sludge fibers
together. The gypsum board's tensile strength ranges between (1-2 MPa) [144]. Therefore, it is

potentially high to be a market competitor.
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Figure 6-8 a) OPC (A1,A2,A3) and AAM (B1,B2,B3) compressive strength. B) OPC (A1, A2,
A3) and AAM (B1, B2, B3) tensile strength.
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6.6.2.2. Dry Unit Weight
Lightweight board units can be achieved by adjusting mixtures design. In this research project,

1200 kg/m® with reasonable strength results were achieved by the B3 mixture.

6.6.2.3. Sound Insulation Performance

As shown in (Fig. 6.9), all mixtures had been investigated for noise reduction coefficient (NRC)
values. Results showed that increasing sludge volume in the mixture provided higher NRC
value. OPC mixture with 50% sludge by volume of sand offered the best sound insulation value,
but with very low, insufficient mechanical strength compared to market products. Even though
AAM samples achieved less noise dumping results compared to the OPC samples. AAM
samples achieved noise dumping ranged between (0.3-0.6), which was much higher than the

common market gypsum boards (i.e., 0.05 NRC value)
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Figure 6-9 Absorption coefficient and frequency relationship for samples OPC (A1) and AAS
(B1, B2, B3)
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6.6.2.4. Thermal Conductivity Performance
Using Nietzsche HFM 436 Lambdas-Heat flow meter, samples of alkali-activated material with
50% sludge by volume of sand “B3” and construction foam sample have been tested as shown

in Fig. 6.10. The purpose of testing the foam sample was for comparison purposes.

Figure 6-10 Thermal conductivity test.

From Table 6.5, AAM Sludge boards exhibited double thermal resistivity compared to that of the

conventional market gypsum boards.

Table 6-5 HFM thermal conductivity results

Material Thermal Conductivity (W/m-K)
AAS Sludge boards 0.193
Gypsum boards 0.134 - 0.254 [145]
Foam Boards 0.022 - 0.028
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6.6.2.5. Extra Features

On top of the above features, AAM sludge boards and masonry units can carry the lateral loads,

and it offered good surface bonding for epoxy and plastering applications. Fig. 6.11.

Green AP (100%
. recycled materials)

Figure 6-11 Acoustic panels

6.7. Conclusion

Reusing and recycling are the primary tools to reduce the environmental impacts of manufacturing
waste, as primary wood pulp and Paper Mill by-products, water effluent, and sludge are
manufacturing waste required especial practices to deal with. This chapter applied the concept of
reuse these by-products in construction building materials; the treated water effluent shows high
potential to be concrete mixing water complying with concrete mixing water standards. Sludge
examined to be thermal and acoustic panels using AAM binding system; the final product shows

a very high potential of being a real market competitor with almost zero virgin material.
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CHAPTER SEVEN

Conclusions and Future Work

7.1 Conclusions

The thesis had two main approaches. The first approach was to explore new green techniques to
enhance One-Part Alkali Activated Slag (AAS) properties. The second approach was assigned to
engaging local industries wastes in construction building materials. Moreover, both approaches
were linked by a sustainable and green building concept, which is the utilization of AAS. Hence,
the contribution towards the environment and the economy is tangible.
Away from the conventional methods employed to overcome AAS fresh properties challenges
such as the use of chemical admixtures, replace slag with low calcium precursors, or to change
activator type and dosage. The new techniques designed to be relying on the physicochemical
properties of the ingredient itself without extra additives, which grant this research originality.
The second approach was established based on two sides vision, mitigating the environmental
impact of alumina and pulping industries and meeting the construction market needs by innovative
green building products. The following is a summary of the work done in the thesis:

e Regardless of mixing water temperature, increasing activator dosage leads to higher slump

loss and low setting time.
e Decreasing mixing water temperature extends One-Part AAS workability and setting time

for all activator dosages. This is attributed to the lower dissolution rate of the low mixing
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water temperature, which is confirmed by heat generation tests. Hence, this would
potentially introduce One-Part AAS as a safe material for more construction applications.
The effect of varying mixing water temperature on the early drying shrinkage was almost
negligible.

Regardless of mixing water temperature, increasing activator dosage increased the early
strength while a minimal increase of the ultimate strength.

Varying mixing water temperatures affect the early, and ultimate strength has been
investigated. The findings show that decreasing mixing water temperature increases the
early strength, while the impact on the ultimate strength was almost negligible, this is
attributed to the dissolution rate, which is controlled by lowering the initial heat generated
from the exothermic reaction. These results were confirmed by X-ray and DSC tests.

The effect of mixing time on One-Part AAS. Generally, increasing mixing time extends
both workability and setting time; this is attributed to the continuous braking of the formed
networks, this finding would help to implement One-Part AAS in Ready-Mix business.

It was reported that the continuous mixing for prolonged time increases both early and
seven days’ strength; this could be attributed to a higher dissolving rate of the anhydrous
meta-silicate particles during mixing.

Red Mud and PPFA were examined as local cement alternatives. Both by-products proved
the potential of being sustainable and green building materials for several non-structural
applications.

The findings revealed that increasing the Red Mud portion in OPC mixtures reduced the
workability and strength. Even though the achieved strength would be fit for some non-

structural applications do not require high strength such as CLSM.
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e Replacing slag by 25% of Red Mud offers higher strength; this is attributed to Red Mud
high alkalinity. These results could be implemented in Alumina industry waste
management procedures for controlling floods in winter.

e PPFA shows very high potential to be OPC alternative where the reactivity index reaches
82% on 28 days; This is attributed to its high calcium content; these results introduce PPFA
for a wide range of applications such as CLSM.

e The wood pulping industry has several wastes that vary in their physical and chemical
properties. Pulp and paper mill water effluent was examined to be concrete mixing water;
the results show that the water effluent is complying with the acceptance criteria of ASTM
standers.

e Wood and paper mill sludge was examined as filler material for sound and thermal
insulation boards using AAS. The final product was compared to the available market
products. The results show that the proposed innovation offers higher insulation
performance than what is available in the market. This innovation can be an excellent business

opportunity serving both environment and the economy.

7.2 Future Work

It deserves to mention our plan out of this thesis:
1) Combined decreasing water temperature and mixing time techniques and find the right

tuning between them to introduce One-Part AAS to Ready-Mix concrete companies.

2) Refine the manufacturing procedures for each application and proposed it to industrial
partners.
3) Examine the new products on a larger-scale individually and combined with other
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materials.
4) Optimize proposed products based on data collected about each competitor.
5) Enhance proposed product performance and add additional features to distinguish them

from other market product.
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