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Abstract

Research about alkali-activated materials or geopolymers has increased in the past decade as
they are regarded as a potential replacement to cement-based materials. This is due to the fact that
alkali-activated materials possess several advantages over cement-based materials, and the most
important one is that they are more sustainable to the environment, as they have less CO, emissions,
less energy consumption during the production process, and the use of byproducts as a binder.

The main aim of this work is to develop a mixture that has superior buildability properties with an
open time of two hours or more. In order to achieve this, the effect of admixtures, specifically retarders
and viscosity modifying admixtures had to be studied. The use of admixtures in geopolymer has been
regarded as a complex subject because multiple factors influence their effect on the mixture, like:
binders used and their percentages, alkaline activator used, and liquid to binder ratio.

In this work, the effect of 3 retarders: sucrose, sodium chloride, and sodium borate on the setting
time, flowability, and yield stress development was studied. Moreover, the effect of those retarders
was studied with the addition of viscosity modifying admixtures: nano-clay (attapulgite), xanthan gum,
sodium carboxymethyl starch, and sodium carboxymethyl cellulose on the same properties.

The binders and the alkaline activator used were fixed through out the entire work. the binder
composed of 60% fly ash, 20% blast furnace slag, and 20% glass wool. The alkaline activator consists
of sodium hydroxide and sodium silicate with a SiO2/Na,O ratio of 1.5.

The addition of sucrose didn’t lead to any delay in the setting time. While both sodium chloride
and sodium borate delayed the setting time, increased the flowability, and improved the extrudability of
the mixtures. Out of the viscosity modifying admixtures, attapulgite had the most positive effect as it
improved the thixotropic behaviour of all the mixes and improved the yield stress. Sodium carboxymethyl
starch and cellulose almost had the same effect on the all the mixtures as they both improved extrudabil-
ity and the yield stress in a similar trend. Xanthan gum was considered a poor admixture to be added to
this mixture as it led to significant dryness which led to loss in fluidity which affected both flowability and
extrudability.

The most suitable design was the B3IbA0.5 mixture which has 3% borax and 0.5% attapulgite and a
liquid to binder ratio of 0.45. It had an initial setting time of more than 8 hours, flowability was maintained
for 2.5 hours and it remained extrudable for 2 hours. lIts yield stress ranged from 1360.87 Pa to 1977.78
Pa. After 28 days, it had a flexural and compressive strength of 5.72 MPa and 30.42 MPa respectively.
Moreover, the flexural and compressive strength of 3D printed prisms was tested in the vertical and
horizontal direction on the 7¢" day. The results showed that the flexural strength of the 3D printed prism
tested in the vertical direction was the highest compared to the cast prism and 3D printed prism tested
in the horizontal direction by 0.29% and 0.43% respectively. While the compressive strength of 3D
printed cube tested in the horizontal direction was higher than both the cast cube and the 3D printed
cube tested in the vertical direction by 0.24% and 0.32% respectively. The strength results indicate that
the mixture could be used in structural applications. The tensile bond strength was 0.69 MPa and the
failure occurred near the glue, meaning that the interface is stronger than the material. In 3D printed
concrete, usually the interface between the layers is the weakest point, however due to the addition of
attapulgite the interface was strengthened. This explains why the compressive strength in the horizontal
direction was higher than the vertical one as the interface was no longer the weak link in the specimen.
The mixture’s buildability wasn’t optimal as the bottom layer had a slight big deformation and it had only
ten layers of printed material, but that is reasonable since the open time is 2 hours. This means that for
big spans this mixture can be useful as it can be printed for a long period of time and its yield stress will
develop.



In order for the mixture to be printable, it had to have an initial setting time higher than three hours, a
spread diameter between 150-200mm and a yield stress above 1400 Pa. The above mentioned results
fall within the range of values that were needed to have a printable mixture. However, after printing the
mixture it was concluded that a spread diameter of 150-180mm and a yield stress above 1600 Pa would
be more suitable for both printability and buildability, because when the spread diameter was above
180mm and the yield stress was lower than 1600 Pa, the mixture’s viscosity impacted the buildability.
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Introduction

Currently, concrete is the second most used material on the planet with the first item being water
[1]. Its production volume has exceeded 10 billion tonnes per year globally [2]. According to recent
publications, production of cement is responsible for approximately 5% of the total anthropogenic CO,
emissions and 12-15% of the industrial sector’s global energy use [3]. According to the Emission
Database for Global Atmospheric Research (EDGAR) and CO, Emissions from Fuel Combustion (IEA),
in 2016 the fossil fuel emissions in the Netherlands were 163,419,285 tons [4]. These emissions were
divided into percentage of emissions per sector. Figure 1.1 shows these percentages:

Fossil CO2 Emissions by Sector

Buildings: 20.7 % ™~

Power Industry: 34.4 %

Transport: 20.2 %

Non-combustion: 3.9 %

Other industrial
combustion: 20.8 %

Figure 1.1: Fossil CO Emissions by Sector [4]

According to figure 1.1, the buildings sector is responsible for 20.7% of CO, emissions. This includes
the whole life cycle of a building which includes raw material supply, manufacturing of materials, con-
struction and use stage, demolition, and recycling of waste [5]. In accordance with the Paris Agreement,
the Dutch government aims to reduce its greenhouse gas emissions by 49% by 2030 and 95% by 2050
compared to the levels in 1990 [6].

Another important environmental factor that plays a hand is the management of construction and
demolition waste (CDW). Based on the Waste Framework Directive of the EU council, the EU aims to
manage waste in an environmentally sound way [7]. The objectives of the Waste Framework Directive

are:



» The preparing and re-use, recycling, and other material recovery of non-hazardous CDW should
be increased to a minimum of 70% by weight by 2020

» Promotion of selective demolition

» The reduction of waste generation

CDW takes up more than one-third of the total waste generated in the EU. This waste includes a
lot of materials like concrete, wood, metals, and plastic. The recycling of CDW is essential for several
reasons but maybe two of the most important reasons are [7]:

+ Some components of the CDW have a high resource value, and they can be easily recycled into
new products and materials.
« If kept non-recycled, some of the waste material can be hazardous to the environment.

Therefore, due to these goals and the environmental impact of the production of OPC, the search for
a more sustainable concrete began. The aim was to find a concrete with similar or superior mechanical
properties to cement-based concrete. One example of these types of concrete is geopolymer concrete.
Geopolymer is a reasonable substitution for Ordinary Portland cement (OPC) because it has similar
mechanical properties and lower CO, emissions. Another advantage of geopolymers is that waste
material is included in its production which is beneficial to the environment and the economy.

Currently, there is a growing interest in the usage of a CDW which is a mineral wool waste. One of
the uses of CDW is as a binder in geopolymer concrete. In Europe alone, the amount of mineral wool
waste generated is over 2.3Mt annually. Mineral wool waste can consist of two types: glass wool (GW)
and rock wool (RW) [8].

As an initiative from the EU for a more circular economy, the Wool2Loop-project was proposed. The
main objective of this project is to decrease the amount of mineral wool waste in landfills and put it
to good use while providing the construction industry with sustainable material [9]. The outline of the
Wool2Loop project is shown in figure 1.2 below:
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Figure 1.2: Wool2Loop project outline [9]

In the Wool2Loop project, the goal for mineral wool waste is to be separated from CDW, milled, used
as a binder in geopolymer concrete, and then recycled again. This requires appropriate demolition
approaches, quality control, and solving the low-density problem.

The Wool2Loop project involves research about cast alkali-activated materials and 3D printed alkali-
activated materials. The 3D printing platform focuses on the printability of alkali-activated materials with
binders containing demolition waste.

3D printing of materials has been used effectively in many industries. More specifically it has been
used effectively in the construction industry. Techniques of 3D printing in this industry can be divided
into 2 forms [10]:

1. Extrusion printing.
It is similar to the Fused Deposition Modelling (FDM) method by extruding cementitious material



from a nozzle to print layer by layer. Examples of extrusion printing are Contour Crafting (CC)
invented by Khoshnevis [11] and Concrete Printing (CP) by Lim et al [12].

2. Powder printing.
It is a process that creates structures with complex geometries by depositing binder liquid into a

powder bed [13]. One of the examples of powder printing is the D-shape technique created by
Cesaretti et al [14].

The reasons 3D printing is becoming more popular in the construction industry are:

1. Reducing labour requirements hence lower construction costs and a higher level of safety on site.
2. Less on-site construction time

3. Reducing the possibility of errors by accurate material deposition
4. More architectural freedom

There have been several successful large-scale 3D printed structures recently. On April 30, 2021,
the first 3D printed concrete house was available for its tenants. This project was carried out by the
Eindhoven University of Technology with other institutions. The house fully complies with the building
requirements in The Netherlands [15]. Another major project is the world’s first 3D-printed apartment

complex in China. The structure was built using recycled building materials and fast-hardening cement
[16].
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(a) 3D Printed House [15] (b) Multistory Apartment Complex [16]

Figure 1.3: Large scale 3D printed structures

3D printed concrete is a type of concrete that can be used in construction using a 3D printer without
the use of frameworks or vibrating the mix [17]. The 3D printing process starts with designing a building
path using 3D printing software. The shape of the object is then sliced into flat thin layers with a certain
thickness. The main idea behind this process is that a nozzle moves according to the predetermined
path and then the fresh concrete is extruded [17].

As mentioned above, the printability of alkali-activated materials (or geopolymer) are studied. Hence,
the following paragraphs will explain what geopolymers are. Geopolymer is an alkali aluminosilicate
material made from the reaction of an aluminosilicate source with highly concentrated aqueous alkaline
solutions like alkali hydroxides and concentrated metal alkali metal silicates [18]. The most obvious
difference between alkali-activated binders and Portland cement is the alkaline activation process needs
an aqueous alkaline component to be added while the hardening of cement requires the addition of
water. Geopolymers have good properties including high early strength, low shrinkage, good sulphate,
and corrosion resistance [19]. The aluminosilicate source is the alkali-activated binder (precursor).



Alkali activated
systems
Traditional MNew

systems systems

I [
i i

Traditional Traditional Mew
precursors activators precursors

—-[ From wastes] —~| Hydroxides I
- v =y

i
New
activators

Partially from
washe
Totally from
wasle

- synthetic | | £ Na0, K50,

[ weiaoin ]

| Na,CO, K€D, |
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There are certain aspects of the aluminosilicate sources that affect the properties of the geopolymer
[21]:

1. Particle size distribution / specific surface area
2. Reactivity of precursor, which can be influenced by:

(a) Thermal activation
(b) Mechanical activation
(c) Chemical activation

3. Chemical composition

(a) influence of Si and Al ions
(b) influence of Na and K ions
(c) influence of Ca ions

There are two types of Alkali activated binders [2, 22]:

» Low-calcium alkali-activated binders, like fly ash, metakaolin, and glass wool
+ High-calcium alkali-activated binders, like blast furnace slag.

The distinction between these two types is based on the type of gel found in the structure. As shown in
figure 1.5 the primary reaction product can be a calcium aluminosilicate hydrate (C-A-S-H) type gel or
an alkali-aluminosilicate type gel (N-A-S-(H)). [2]
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Figure 1.5: Reaction products of alkaline activation of a solid aluminosilicate-precursor [2]

1.1 High-calcium alkali-activated binders

For a system to be classified as a high calcium binder system, it should have a Ca/(Si+Al) ratio of 1.
These systems are usually produced by the alkaline activation of blast furnace slag [2]. According to
Provis et al. [23], calcium can improve many aspects of geopolymer concrete’s durability because of its
effect in reducing permeability which helps in having a longer service life.

1.1.1 Blast Furnace Slag (BFS)

Blast furnace slag is one of the by-products of iron production inside blast furnaces. It is produced
when iron-ore, coke, and limestone are melted in the blast furnace. The cooling method influences
the type of the BFS, it can be air-cooled, granulated, pelletized, and expanded [24]. Rapid cooling of
BFS creates a glassy structure which is essential to have a reactive material while on the other hand
slow-cooled BFS crystallize and have low reactivity [2]. BFS is made up of silica, alumina, and lime
combined with sulfur, magnesia, and some oxides [25]. The physical and chemical properties of the
BFS depend on the furnace. Usually, BFS that is produced in a certain furnace has similar physical and
chemical properties [26].

Based on the work of Fernandez-Jiménez, 2000; Shi et al., 2006; Provis and van Deventer, 2009
[27, 28, 26], it was concluded that the requirements for slag to be used as a binder are [29]:

+ It has to be granulated or pelletized and have a vitreous phase of 85-95%.
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+ It must have a highly disorganized structure because the higher its glass polymerisation, the lower
its hydraulicity will be.

+ In terms of pH, it must be basic. For example, it should have a CaO+MgO/SiO, ratio of > 1. Basic
slag has a higher hydraulic potential due to the fact that its activation is controlled by its lime
content.

« It must have a specific surface within the range of 400-600 m?/Kg.

Figure 1.6: Blast Furnace Slag [30]

The pH of the activator used has an important effect on the activation of BFS. This is due to
the fact that calcium solubility is affected by pH; the higher the pH the lower its solubility. Hence,
hydroxide-activated binders tend to have a lower reaction extent and lower mechanical strength than
silicate-activated binders, as hydroxides have a higher pH than silicates [31, 32]. According to Wang
et al., (2005) [33], one of the aspects that affect the slag’s reactivity is its particle size. When the size
of the slag particles is over 20 microns it has very low reactivity, while when the sizes were below 2
microns the slag fully reacted within 24 hours of activation.

The outcome of all studies related to the reaction products of the alkaline activation of BFS is that
the primary product is a C-A-S-H gel [34]. While the second reaction product is usually hydrotalcite
(Mg6AI2CO3(0OH)16-4HO) [29].

1.2 Low-calcium alkali-activated binders

The most used binders in low-calcium systems are Fly Ash (FA) and Metakaolin. The main reaction
product of the alkaline activation of these silica- and alumina-rich materials is an amorphous alkaline
aluminosilicate hydrate (N-A-S-(H)) [35]. The H is in parentheses to show that water is not a vital
structural component in this gel [36]. The secondary reaction product of such systems are zeolites [37].

The general mechanism for the activation reactions of low-calcium materials proposed by Glukhovsky
(1994) [38] is defined by 3 stages:

+ Destruction-coagulation
+ Coagulation-condensation
» Condensation-crystallisation
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1.2.1 Fly Ash (FA)

Fly ash is an industrial by-product of coal combustion. Fly ash is the solid waste collected using
electrostatic precipitation or mechanical capture of the particles in the combustion gas. Before combus-
tion, coal is milled to a powder. Then it is blown into a furnace at high speed. This suspension is heated
to a temperature of 1500 + 200 °C. This temperature is above the melting point of most of the minerals
present. Ash is then released due to this process. [29].

There are mainly two types of waste produced from coal-fired steam power plants: fly ash and bottom
ash or slag. The difference between them is their particle size. Fly ash which are the finer particles are
collected by electrostatic precipitation or mechanical capture, while the coarser particles (bottom ash or
slag) falls to the bottom of the furnace and is removed to provisional storage silos with wet discharge [29].

Figure 1.7: Fly Ash [39]

The chemical composition of fly ash depends on coal composition. The main components of fly ash
are silica (SiO,), alumina (Al,Os3), iron oxides (Fe;O3), lime (CaO) and unburnt coal. It has smaller
amounts of magnesia (MgO), sulfur oxide (SO3), alkalis (Na;O and K;O). Fly ash is classified into two
types based on its lime content [29]:

» Type F fly ash: it has a CaO content below 10%. It is the result of anthracite or bituminous coal
calcination. It mainly consists of these oxides: SiO,, Al,O3 and iron oxides. It is the the most
abundant and frequently re-used.

» Type C fly ash: it has a high CaO content (higher than 10%), usually from 15% to 30%. It
is produced during the calcination of sub-bituminous coal or lignite. It exhibits pozzolanic and
cementitious properties.

The quality of fly ash varies with the coal type and the combustion furnace. According to Fernandez-
Jiménez and Palomo (2003) [40], there are certain requirements that have to be met by fly ash to be
considered a good binder, mainly:

* Less than 5% unburnt material
» Fe,O3 content under 10%

* Low CaO content

» 40-50% reactive silica content
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» 80-90% particles with a size under 45 um
+ High vitreous content

The alkaline activation of type F fly ash induces the precipitation of an amorphous alkaline alumi-
nosilicate hydrate knows as N-A-S-H gel [41]. The secondary reaction products are zeolites such as
hydroxysodalite, zeolite P, Na-Chabazite, zeolite Y and faujasite [29].

1.2.2 Glass Wool (GW)

Glass wool is one of the most common insulation materials used in buildings. Glass wool is con-
sidered unrecyclable due to its fibrous nature and low density [42]. GW is produced by melting sand,
and soda ash with a high proportion of recycled glass at around 1400-1500 °C. Then after melting
they are spun into fibres and mixed with organic resins before curing. During the spinning process, an
aqueous binder is sprayed onto the fibres then the fibres are allowed to cool down and stiffen like glass.
GW gains its structural stability when it is hardened inside a tunnel stove at approximately 250 °C [43].
Glass wool has a large percentage of Si and x-ray amorphous mineralogy and a high specific area
hence it has the capability of being an AAM precursor [42].

Figure 1.8: Glass Wool [44]

The chemical composition of GW could be different depending on where it came from. Nonethe-
less, the main components are approximately: 60-65% SiO,, 16% Na>O and 7% CaO. Upon Alkaline
activation, the binder gels formed are C-(N)-A-S-H, N-A-S-H, and layered double hydroxides (LDHSs)
[45]. Due to the low amounts of CaO that GW has, the formation of C-(N)-A-S-H is minimal. The main
reaction product was an X-ray amorphous sodium silicate gel. Moreover, an additional reaction product
was formed which is a partially Ca- and Al- substituted sodium silicate gel (N-(C)-(A)-S-H) [46].

Nevertheless, it has been denoted that the use of GW as the only precursor is not optimal as it has
low reactivity, and it yields a mixture with low compressive strength [47, 48]. According to the work
[48], even when GW is mixed with BFS, if the percentage of GW exceeds 50% of the binder, a very
limited reaction degree occurred which can also be an indication of limited strength later on. Therefore,
both BFS and GW will be used together as precursors to try to obtain optimum properties. This is also
encouraged by the work of [48], as the results indicated that using waste glass wool with slag is feasible
and can yield a mixturewith improved early-age properties like a prolonged setting time and reduced
shrinkage.

1.3 Alkaline Activators

Alkali activators are the second most important component of geopolymer concrete. Alkali activators
are capable of freeing silicate and the aluminate monomers in the precursor, which dissolves and forms
an aluminosilicate gel [49]. There are many alkaline solutions that are used like: alkalis (hydroxides),
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concentrated alkali metal silicates, Weak acid salts (alkali metal carbonates), strong acid salts(alkali
metal sulfates), Aluminates, and aluminosilicates [2, 38]. Although, the most used activators are alkaline
hydroxides, alkaline silicates, or a mix of both of them. The initial mechanism of the geopolymerization
reaction is driven by the alkaline solution and its ability to dissolve the pozzolanic material and release
reactive silicon and aluminum into the solution [50]. The cations and anions play two different roles in the
alkaline activation process. The cation form the structural element and balance the negative framework
of the tetrahedral aluminum. While the anions are an essential factor of the reactions happening in the
systems and mineralogical and microstructural characteristics of the materials created [29].

1.3.1 Sodium Hydroxide (NaOH)

NaOH is a white ionic compound that is made up of Na™ cations and OH™ anions. In water, sodium
hydroxide breaks into one sodium ion and one hydroxide ion releasing heat. According to Glukhovsky
(1967), the OH~ ions catalyze the dissolution of Si*+ and AlI*+ by inducing the hydrolysis of Si-O-Si
and Si-O-Al bonds. OH™ ions catalyze the hydrolytic reactions involved in many stages of the alkaline
activation and it also raises the pH to the required value to start the initial dissolution of the precursor
and the following condensation reactions.

However, when slag is used as the binder, it is not recommended to have very high OH~ con-
centrations. This is due to the fact again that Ca is less soluble in higher pH. As a result, a lower
concentration of the alkaline solution is needed to activate slag [29]. NaOH was proven to be effective
as a BFS activator as it can from calcium compounds less soluble than Ca(OH), due to their reaction
with the Ca™2 ions from the slag [27]. Thus, a concentration of 2-4 M is needed to prepare a slag-based
geopolymer [29].

It is also advised to keep the Na, concentration at 5% or lower in the activation of slag, as a higher
percentage than that hinders the raise of strength. Moreover, such a high dose could prove to be more
harmful, increase efflorescence and make the material more brittle, plus a higher cost [29]. On the other
hand, a N,O concentration below 4% of the binder affects the activation negatively resulting in lower
strength of the paste [51, 48]

1.3.2 Sodium Silicate (Na,SiO;) / Waterglass

Sodium silicate is the second most common used agent in the alkaline activation of slag. it consists
of Sodium oxide (Na;O) and silica (SiO-). It forms a glassy solid and is soluble in water. Soluble silica
affects workability, setting, and mechanical strength development. It also modifies the gel composition
and the microstructure of the material formed. There are two factors that have to be kept in mind when
adding soluble silica: the silica concentration and the SiO,/Me,O molar ratio. Sodium silicate has a
twofold contribution to strength development; one as an alkaline activator and it prompts the formation
of a high silica primary gel [29].

When slag is activated using sodium silicate, the reaction products usually have high strength and
short setting times due to the fact that sodium silicate leads to the formation of a high-silica primary gel
[29].

According to Smolcyk, 1980; Wang and Scrivener,1995, Wang et al., 1995 [52, 53, 34], the optimal
Na,O content is approximately 4% of the slag weight and the most favourable SiO,/Na,O ratio for
basic slag is between 1-1.5. It is believed that the soluble silica content in the waterglass can affect
the reactivity in the raw material. This occurs because a higher silica percentage lowers the pH and
increases the solutions’ viscosity.

The use of both alkaline activators was studied in literature and it proved to be beneficial as it
accelerates the dissolution of Si and Al components in the raw materials and also encourages the
formation of Si-O-Al and Si-O-Si-O-Al and other prepolymer formation [54].
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1.4 Problem Statement

One of the biggest gaps in the research relating to alkali-activated material is the effect of admixtures.
This has to do with the fact that the their effect depends on many factors that change from one author to
the other. To be more specific, when it comes to the 3D printing of alkali-activated materials, the gap
in research becomes even bigger. This is because 3D printing of concrete is relatively a very recent
innovation and not many research has been done on it using alkali-activated materials. This will be
discussed further in the next chapter. The reason the effect of admixtures is important in this work is
because alkali-activated materials are known for having very fast setting which is not suitable for 3D
printing. Hence, admixtures need to be used to prolong the setting time and ensure that the viscosity of
the mixture is adequate for good buildability. Thus, to reach the research aim of developing a mixture
with good buildability properties, the effect of admixtures has to be studied to see which admixtures are
mores suitable for the chosen binder.

1.5 Research aim and Objectives

1.5.1 Research Aim

The general aim of this thesis is to create a mixture enhanced by admixtures that has high quality 3D
printing buildability properties. The admixtures used are retarders and viscosity modifying admixtures
mainly used to increase the open time and improve the viscosity and yield strength of the mix. This
project is part of the Wool2Loop project as glass wool is part of the binder that will be used.

1.5.2 Objectives

In order to reach the research goal, several objectives have been set to help reach this goal:

» Study the effects of various retarders (sucrose, sodium chloride, and sodium borate) and viscosity
modifying admixtures (nano-clay, xanthan gum, and sodium carboxymethyl starch) on the early-
age and rheological properties of a composite geopolymer binder.

+ Create a mixture with an open time of 2 hours or more.

+ Create a mixture with adequate early age and rheological properties; an initial setting time higher
than 180 minutes, a spread diameter between 150-200mm and a yield stress around 1400 Pa.

1.6 Methodology

In order to study the effects of the admixtures to check if the mixtures reach the required early-age
and rheological properties, several tests were conducted. First, the setting time, flowability, and yield
stress development of the mixture with retarders was tested in order to choose the optimum percentage
of each retarder. Second, the viscosity modifying admixtures were added to the mixtures with different
retarders. The setting time, flowability, and yield stress development were tested for each mixture to first
find the optimum percentage of the viscosity modifying admixtures and to find which mixture exhibits
the best early-age and rheological properties. Then in the last stage, this mixture will be 3D printed.
Furthermore, to further study this mixture, a flexural, compressive, and tensile bond strength tests were
carried out to study its applicability in the industry. The methodolgy will be further discussed in chapter
3.



Literature review

2.1 3D Printing

3D printing of geopolymer concrete is relatively a new topic, hence there is a brief amount of studies
regarding this topic. The reason behind this is the different material behaviour of geopolymer compared
to cementitious concrete. The most important difference between geopolymer and cementitious con-
crete is the binders used as geopolymer does not have Portland cement. Moreover, they have a big
difference when it comes to their rheological behaviour which is considered of immense importance
when it comes to 3D printing [55].

Moreover, there are several factors affecting the printing process of geopolymer concrete, like the
geometry and size of the components, material parameters, and machine parameters. Each category
has essential parameters: open time, properties that influence buildability, and pumping are the most
essential material parameters. Machine parameters include layer height, pressure, and speed [56].

A crucial aspect in 3D printing of concrete is the rheology of the concrete. Concrete should be
pumped without needing too much pressure to mitigate the risk of segregation while retaining the shape
under the self-weight of the layers after extrusion[57]. The extruded material must have plastic behaviour
and deform irreversibly while preserving its shape after extrusion and handling its own self-weight. Thus,
the required paste viscosity is higher than pastes used for cast concrete [58].

One of the most important rheological variables is the dynamic viscosity (n) [58]. It's a measure
of the resistance when a material deforms irreversibly when an external load is applied. This occurs
due to the internal friction in the material which are generated during the deformation. As the viscosity
of a certain material increases, it will be less susceptible to deformation per time unit under an equal
applied force. When it comes to viscosity there are 2 types of fluids: Newtonian and non-Newtonian.
Non-Newtonian fluids are fluids that have a change in viscosity because of a change in the shear rate
only while Newtonian fluids’ viscosity stays constant. Two of the Non-Newtonian fluids categories are:

 Shear-thinning: their viscosity decreases as the shear rate increases.
» Shear thickening: their viscosity increases as the shear rate increases

Due to the fact that the viscosity of non-Newtonian materials is not constant, it is defined as apparent
viscosity. However, the behaviour of geopolymers is generally described as time-dependent. Time-
dependent behaviour is almost the same as non-Newtonian except that in time-dependent behaviour
the change in viscosity happens at a constant shear rate or shear stress. Time-dependent behaviour
consists of two opposite phenomena: anti-thixotropy (rheopexy) and thixotropy [58].

Thixotropy is defined as a time-dependent shear thinning property where gels flow under shear

stress, but they are thick under static conditions [59], hence thixotropic materials are suitable for 3D
printing. To further explain this, thixotropic materials are described by static and dynamic yield stress.

11
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When the static yield stress is exceeded the material starts to flow. The minimum shear stress that
maintains the flow is dynamic yield stress. Therefore, a low dynamic yield stress is ideal for pumping
and a high static yield stress is required after extrusion to have better buildability [57, 60].

To define the rheological properties of materials, different tools can be used to measure these
properties. A slug test setup was used to measure the yield stress development of the mixtures. The
yield stress measurement is based on the length of the slug when it falls under the effect of its own
weight and gravity.

According to the work of S. Muthukrishnan et al. [61], fresh concrete has to have a dynamic yield
strength/initial static yield strength at time t=0 of 0.5-1.3 kPa to have uniform extrusion. They used a
Viskomat XL (Schleibinger, Germany), which is a rotational rheometer with vane-in cup geometry. A
6-blade vane with blade dimensions of 69mm height and 43.5 mm radius was immersed in a cup with
a radius of 82.5 mm filled with the sample. Furthermore, it should have a viscosity higher than 10°
Pa.s after extrusion to maintain its shape. Nevertheless, the values of the yield strength development
and stiffness to achieve good buildability can be different depending on the process parameters which
include the printing rate, nozzle orientation, shape and size of the filament, and the structure to be built.
According to Biranchi Panda et al. [62], a yield strength of 180-1000 Pa is required for the stability of
a single layer with a height of 15mm. While the bottom layer requires a yield strength of -12 kPa to
support a 1m structure. Using an Anton Par MCR 301 rotational rheometer, Chenchen Sun et al. [63]
reported that a sample with a yield stress and a plastic viscosity of 72.25 Pa and 35.09 Pa.s respectively
was too difficult to extrude.

According to the results of [54], rheology is important for the extrudability and buildability of 3D
printed geopolymers. To be more specific, the workability and interlayer forces of printing pastes can
influence these properties. The paper also investigated the effect of the Si/Na ratio on the extrudability
and buildability of a BFS-based paste. Firstly, as the Si/Na ratio decreases the yield stress increases
significantly. This is explained by the fact that Na ions can accelerate the dissolution of raw materials.
Secondly, the speed of yield stress development of fresh pastes decreases when the Si/Na ratio
increases. Hence, a lower Si/Na ratio leads to the rapid development of the yield stress which can help
stabilize the layer-layer buildup thus better buildability. Lastly, sodium hydroxide increased the rebuilding
potential of the pastes due to the fact that sodium hydroxide accelerates the rate of geopolymerization.
This acceleration leads to an increase in the coagulation of the system enhancing its rebuilding potential.

Interlayer Forces—— 3D Printing system —- Workability
i Layer Structure * Flowability ———- Microstructure
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Figure 2.1: Workability of 3D printing concrete [54]

Moving on from rheology, an important element when it comes to 3D printed structures is the
interlayer bond between the printed layers. One factor that affects this tensile bond strength between
the printed layers is the rest time. This bond strength is important because it can notably affect the
hardened properties of 3D-printed concrete. Rest time can be defined as the time interval during which
the mixed concrete loses its fresh properties in the printer before printing [17]. Increasing the rest time
enhances the stability of the layers [64]. When the rest time was increased by 20 minutes per layer,
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they managed to avert destructive deformation but the total needed construction time increased. They
also found out that heat application to the nozzle while printing can enhance the stability of the layers.

To further emphasize the significance of the rest time as a parameter of 3D printing, it does not
only affect the bond strength but also the workability and the mechanical properties [17]. Ma et al. [65]
managed to find a relation between workability and mechanical properties to find the optimum rest time:
in general, extrudability decreases when the rest time is increased, while buildability increases. Worka-
bility was characterized by extrudability coefficients while the mechanical properties were characterized
by the coefficients of buildability.

Based on the work done in the laboratory, the initial setting time for a 3D printable paste was between
1-1.5 hours. While the required spread using a mini-slump test with dimensions of D; = 100 mm, D,
=60 mm, H = 70 mm is between 150-200mm for good flowability. Initial setting time is an important
early-age property because it is often regarded as open time when it comes to 3D printing. Open time is
a time interval in which the freshly mixed materials maintain their consistency for smooth transportation
and extrusion. A lengthy open time can be advantageous to extrusion and good interlayer bonding.
However, it negatively affects the shape stability of printed objects [66].

To obtain the above mentioned properties and further enhance them, two types of admixtures will be
used: retarders and viscosity modifying admixtures. They will be further discussed in the next section.

2.2 Admixtures

Admixtures are artificial or natural materials added to the concrete mix besides cement, water and
aggregate immediately before or during mixing [67]. They can be inorganic like minerals or organic
in solid or liquid form [68]. Most of them come in a ready-to-use liquid form. They are primarily used
to reduce the cost of concrete construction, to alter the properties of hardened concrete, guarantee a
good quality of concrete during mixing, transporting, placing, and curing. The successful use of these
admixtures relies on the use of proper methods of batching and mixing [69].

Admixtures work by interacting with the cementitious system by physical, chemical, or physicochemi-
cal action, adjusting one or more properties of the concrete, mortar, or paste at different states whether
it is the fresh, setting, hardening, or hardened state [68]. Admixtures are classified based on their
function. There are five main classes of admixtures:

Air-entraining admixtures
Water-reducing admixtures
Retarding admixtures
Accelerating admixtures

5. Plasticizers (superplasticizers)

Mo~

Furthermore, all the other types of admixtures fall into the specialty category. They can be used for
corrosion inhibition, shrinkage reduction, alkali-silica reactivity reduction, workability enhancement,
bonding, damp proofing, and coloring [69].

When it comes to alkali-activated systems there is confusion about what’s considered an admixture.
This is because sometimes FA and BFS are added to OPC as an admixture. However, in the case of
alkali-activated systems, neither the alkaline activator nor the solid aluminosilicates should be consid-
ered as admixtures because they are binder components [70].

Unfortunately, there is a lack in literature regarding the effects of admixtures on alkali-activated
systems. This is because it is hard to find an admixture that has an effect on these systems unlike in
OPC where there is a wide variety of admixtures. One other reason is that even for the admixtures that
do have an effect on alkali-activated systems, the results reported by different authors are sometimes
contradictory. The difference in the results is because the admixtures’ effect depends on the precursor
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used, the type and concentration of the alkali activator, and the dosage of the admixture [70].

There are two things that should be taken into consideration when dealing with admixtures and
alkali-activated materials [70]:

* When a liquid admixture is added to the mix, the water content of the admixture should be
considered in the mix design because these mixes are highly sensitive to different water/binder
ratios.

» The effects of the admixture should be analyzed in the context of what the admixture is supposed
to do. For instance, the more hydrophobic a polymer is, the more air-entraining it is, which could
be either a positive attribute or a negative one depending on the desired outcome. On one
hand, hydrophobicity helps in making the surface water-resistant and facilitates controlled air
entrainment which is necessary for freeze-thaw resistance, however too much air can severely
affect the durability and permeability. Moreover, some plasticizers can increase the slump but
this is not necessarily an advantage if this outcome was because of the air entrainment and not
caused by a plasticizing action.

As mentioned in section 2.1, We are looking for admixtures that can prolong the setting time and
improve workability. Thus, retarders and viscosity modifying admixtures will be used to achieve these
properties.

2.2.1 Retarders

Retarders in concrete are used to slow down the setting of concrete. Retarders are usually used
in hot weather or transportation to delay the setting. They maintain the workability of concrete during
placement and postpone the initial set [71]. Unfortunately, most of the retarders available in the market
are not fit for geopolymer concrete. Some of the retarders that have proven to be effective are sucrose,
sodium chloride, and sodium borate.

2.2.1.1 Sucrose

Sucrose has been studied by some authors [72, 73, 74, 61]. It was concluded that sucrose had
the same effect of prolonging the setting time. According to [73], sucrose combined with Ca, Al, and
Fe forming insoluble metal-organic complexes that covered fly ash particles and delayed the geopoly-
merization process causing the retarding effect. While according to [74], the reason for the retardation
effect was the increase of viscosity by the addition of sucrose which postponed the initiation of the
geopolymerization process.

Based on [61], the increase in sucrose concentration led to a slower yield strength development
of concrete which was expected, it had no effect on the dynamic viscosity even under different shear
rates. Compared to the reference sample without sucrose, the sample with 1% sucrose could only
recover 70% of its viscosity after a shearing rate of 13s~!. The change in yield strength development
rate between the sample with and without sucrose was due to the delay in formation of C-S-H bridges.

Based on the above mentioned papers [72, 73, 74, 61], the optimum sucrose dosage could be
between 0.5-3% depending on the type of precursor used and the alkaline activator. These percentages
lead to a sulfficient retardation effect without a drastic effect on the compressive and flexural strength.

According to the results of Andri Kusbiantoro et al. [73], an addition of 1.5% and 2.5% of sucrose
led to a delay in the initial setting time of 10 minutes and 15 minutes, respectively. While Bong et
al.[72] results indicated a delay in initial setting time of 188 minutes when 1% sucrose was added and it
increased the spread diameter by 27% thus improving its workability. Furthermore, based on [74], 3%
sucrose improved the initial setting time by 100%.
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2.2.1.2 Sodium Chloride (NaCl)

Sodium chloride can act as either an accelerator or a retarder depending on its dosage [75]. At
low dosages, it acts as an accelerator but at high dosages, it acts as a retarder. Based on the work of
Brough et al. [75], when sodium chloride’s mass percentage compared to the mass of the binder is 4%
or below it acts as an accelerator but when it is 8% or above it acts as a retarder.

NaCl was added to the activator solution before mixing. The addition of 8% significantly retarded the
strength development that it was too weak to demould at on day 1 but instead it was demoulded on
day 3. The initial setting time of the control sample without any NaCl was 4 hours. 3 different mass
percentages of NaCl were added: 1%, 4%, and 8%, and the initial setting times for these samples were:
2 hours, 3hours, and 10 hours, respectively.

Moreover, according to the calorimetry test, the addition of NaCl caused a delay in the two main heat
evolution peaks which were observed in the control sample. However, even though the heat evolution
and the time at which it evolved were affected by the addition of NaCl, the total heat evolved in each
stage was the same. This along with the fact that the nature of the hydration products were similar and
no new phases were observed by XRD, means that NaCl did not affect the mechanism of hydration. It
was concluded that the retarding effect was caused by that fact the NaCl lowered the pH of the system,
hence slowing down the reaction.

Based on A.R. Sakulich et al. results [76], 4 mass percentages of NaCl of 5%, 10%, 15%, and 20%
were added. NaCl was added to the powder reactants rather than to the activation solution. It was
concluded that 20% was the minimum percentage needed to effectively delay the setting time without
affecting the compressive strength. Figure 2.2 shows the effect of NaCl concentration on the 7" day
compressive strength and setting time.
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Figure 2.2: Effect of NaCl concentration on 7 days compressive strength and setting time [76]

After 1 day, the compressive strength of the sample was 50% of the strength achieved by the control
sample, but after one month, the sample recovered all of its compressive strength.

2.2.1.3 Sodium Borate (borax)

Borax has been used as a retarder in OPC. It was concluded that it is capable of delaying the setting
time while speeding up the hardening process in OPC [77]. Several authors investigated the effect of
borax on alkali-activated materials [72, 78, 79, 80].

Sinha [78] concluded that the setting time and workability were changed by different dosages of
borax. It was observed that as the dosage of borax increased the delay in setting time and flowability
increased. However, according to the results, there is a minimum borate dosage that needs to be added
to have an effective improvement on the initial setting time. This percentage was 4% according to the
results obtained. The mixes with 4% and 6% retained fluidity for more than 30 minutes. Borate also has
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water-retaining nature which also contributes to the better flowability of the mixes. The compressive
strength was not affected when 4% and 6% were added but there was a slight improvement in flexural
strength.

The retarding mechanism observed was the same for all authors [78, 79, 80]. When the borate
is added to the alkaline solution, it reacts with the silicate group forming a B-O-Si bond. In this bond,
boron has a four-coordinated bond with weak bond energy. When it is mixed with the binder, the
aluminate ions that are released in the solution by the aluminosilicate material break the B-O-Si bond
and then link with it by forming a B-O-Al-O-Si bond which is a more stable structure of boron having a
three coordinated bond. This transformation occurs due to the fact that in a B-O-Si bond, boron has a
tetrahedral geometry which is unstable with weak bonding energy and has a tendency to break and
rearrange into a trigonal planner coordination. This coordination is more stable and has higher bonding
energy. Consequently, this change of bond from B-O-Si to B-O-AI-O-Si retards the formation of the Si-O-
Al bond. Hence, this delay in the formation of geopolymer products led to the prolongation of setting time.

The results of Jixiang Wang at al. work [79] also showed a retarding effect of sodium borate. The
optimum dosage observed was 5%. Borate did not only prolong the setting time but it also changed its
early rheological behaviour. It was observed that there was an increase in viscosity with shear rate. The
compressive strength slightly decreased with < 5% borax but it was severely affected when the concen-
tration was 8%. There was also a decrease in the free drying shrinkage due to the moisture-retaining
capabilities of borate.

One important conclusion from Huajie Liu et al’s results [80], is that the retarding effect of borax is
affected by the concentration of the alkali and temperature. Bong et al. [72] also observed a delay in
setting time and a 27% increase in the spread diameter when borax was used.

2.2.2 Viscosity Modifying Admixtures (VMA’s)

VMA’s are water-soluble materials which increase the viscosity of mixing water and they improve
cement paste’s ability to retain its components in suspension. They are mainly added to self-compacting
concrete, underwater concrete or shotcrete to improve their stability [81]. This increase in stability is due
to a combination of different physio-chemical processes which depend on the nature and concentration
of the VMA [82].

Pastes with VMA's display shear-thinning behaviour by which the apparent viscosity decreases with
the increase in shear rate [81]. These mixtures are often thixotropic in which the viscosity buildup is
accelerated due to the association and entanglement of polymer chains of the VMA at a low shear rate
which can inhibit flow and increase viscosity [81].

VMA'’s can also retard the initial setting time, delay hydration and increase the porosity content [83,
84]. Furthermore, VMA'’s proved to be useful for 3D printing applications. According to the results of
Chaves Figueiredo et al. [83], mixtures with higher concentrations of VMA can help in achieving better
shape stability of extruded mortar filaments. However, they showed higher extrusion pressure, bulk and
shear yield stress which might have affected extrudability.

In the following sections, 3 VMA's that were used in alkali-activated materials and will be used in
this thesis are going to be discussed and how they affected the paste’s properties. These VMA’s are
nano-clay (attapulgite), sodium carboxymethyl starch (CMS), and xanthan gum (XG).

2.2.2.1 Nano-clay (attapulgite)

Attapulgite is a form of purified magnesium aluminosilicate. It’s a thixotropic additive used to en-
hance workability. Its particles are positively charged at the ends and negatively charged along the axis.
This helps MAS to agglomerate and increase the flocculation rate of the geopolymer by dipole-dipole
interactions. With enough shear, the geopolymer regains its workability because the dipole-dipole
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interactions are weak [85].

Muthukrishnan et al. [61] also studied the effect of adding MAS and sucrose to a BFS and FA
geopolymer mix. 0.75% of MAS was added to the sample with 1% sucrose. The sample was able
to recover 200% higher viscosity than the sample with sucrose only. Moreover, the sample was able
to recover 303% higher elastic modulus but with a shorter open time for printing. Thus the sucrose
dosage was increased to 1.5% which increased the open time but lowered buildability with a reduction
in viscosity recovery and elastic modulus by 15.6% and 30.8% respectively. It was also reported that the
addition of MAS led to an increase in the dynamic viscosity which could affect pumpability. Nevertheless,
due to the high thixotropic properties of MAS, there was a notable reduction in the viscosity when the
shear rate was increased. In addition, due to the formation of a lubrication layer due the shear-induced
particle migration, the difference in bulk viscosity between the samples with and without MAS would not
affect the pumpability a lot.

After printing, it was concluded that the mixturewith 0.75% MAS and 1.5% sucrose was the most
successful printable one. There were able to print more than 120 layers which had a height of > 1.4m
from the print bed. The reason behind the increase of open time was the formation of water molecules
as a by-product of the condensation reaction. This may have happened when the entrapped water
molecules were released during shearing. The water molecules acted as a lubricant to the concrete
layers to regain its initial rheology [61].

According to the results of Panda et al. [86], when 1.2% of clay was added, the sample had better
viscosity recovery and higher yield stress (when the material was at rest) than the original sample.
Furthermore, during extrusion, viscosity went down which led to a well extrudable mix without any
discontinuity and clogging issues even though it has high static yield stress. Interestingly enough, even
though the addition of clay caused an increase in the yield stress to a value beyond the defined limit
of extrusion by the author, it did not cause any clogging of the pump or discontinuities while printing.
However, this is expected because this yield stress was caused by the thixotropy effect that easily
breaks down during extrusion because of the pressure of the pump.

In the work of Panda et al. [62], nano-clay was added to improve the thixotropy of the mixes. This
was done by spreading the clay in water and it was added to the geopolymer mortar at the end of the
mixing procedure. 0.5% of nano-clay was added to the mix. This small amount resulted in a significant
improvement of the yield stress of the sample. During the flow of the material, the positive and negative
charged nano-clay particles are on opposite ends. They aligned themselves in the direction of the
flow because of the repulsion between similar charges. However, when the material was at rest, the
oppositely charged ends attracted each other and flocculated. The addition of nano-clay leads to an
increase in the apparent viscosity due to the improved flocculation. This process can be improved if
there was extra free water present [87].

When the activator to binder ratio was 0.4, there was no significant effect due to clay. This can be
due to the higher pH of the solution under higher activator concentration. At higher pH, the negatively
charged clay particles were not aggregated enough due to the electrostatic repulsive forces [88]. It
was reported also that clay enhanced the recoverability within 60s of extrusion. This was an indication
of the material viscosity after it went through shearing. It was also concluded that clay improved the
shear-thinning behaviour. This improvement occurred due to the stiffening mechanism of nano-clay that
increases the bonding strength between different phases hence leading to a higher equilibrium stress.
The fact that the mixture with clay needed a shorter time to reach this equilibrium, the mixture could be
easily broken down during extrusion thus less extrusion pressure is required. Nano-clay had no effect
on the initial setting time nor in accelerating the rate of strength development. It also had no influence
on the heat flow and cumulative heat of the mixes, which means that the addition of clay did not change
the reaction mechanisms. A slight decrease in compressive strength was observed in the samples that
had nano-clay [62].
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2.2.2.2 Xanthan Gum (XG)

Xanthan gum is a naturally obtained polysaccharide. It has rheological properties of high quality
which helps to improve other materials’ rheological properties. Xanthan gum is an excellent rheo-
logical admixture because its solutions have similar properties as non-Newtonian fluids, and they
show high pseudoplastic behaviour under shear. Furthermore, XG is considered thermally stable and
is not affected by a wide range of pH which makes it a suitable admixture for alkali-activated material [89].

Aboulayt et al. [90] concluded that the addition of xanthan gum improved the stability of a metakaloin-
fly ash mix without affecting the geopolymerization reaction. They also observed that the marsh cone
flow time increased as the xanthan gum percentage increased. After studying the rheological behaviour
they found out that as the concentration of XG increases the yield stress and the consistency of the
activation solution increases while the shear thinning index decreases. When the fly ash content
was kept constant, the increase of XG concentrations led to an increase in both the yield stress and
the plastic viscosity. It was also observed that XG'’s influence on viscosity was higher at lower shear rates.

In a different study, Aboulayt et al. [91] again observed that the marsh flow time of a BFS and FA
mix increased as the XG’s concentration increased. This increase was explained by the fact that XG
increases the viscosity of the activation solution. They also concluded that XG’s content had no effect
on the calorimetric responses.

2.2.2.3 Sodium Carboxymethyl Starch (CMS)

CMS is a uniform homogeneous paste of enough consistency that can be effectively used as a VMA.
It allows the deposition of the extrusion line layer by layer while avoiding deformation or collapsing due to
self-weight. It is a white or yellowish powder which is a kind of an anionic natural polymer polyelectrolyte
ether with starch as a raw material [63].

Five samples were tested in Sun et al. work [63], with CMS dosages of 0%, 2%, 4%, 6%, and 8% to
investigate the effect of changing the amount of VMA to adjust the paste. Under ambient temperature
of 28 + 2 °C, as the CMS content increases, the setting time increases. The initial setting time of the
control group is 58 minutes while the initial setting time of the sample with 8% CMS was 252 minutes.
This retarding effect was due to the fact that when CMS was dissolved in water and added to the binder,
it covered the surfaces of the slag particles hindering the reaction between the alkaline activator and slag.

It was also concluded that CMS increased the viscosity of the solution while also decreasing ion bind-
ing rate and migration rate of water and active particles thus retarding the process of depolymerization-
polycondensation. Since CMS has good water-retaining properties, enough water remained in the paste
slowing down the evaporation process leading to a prolonged setting time [63].

Moreover, CMS altered the fluidity of the mix. Fluidity decreased as the CMS content increased. It
was also reported that the shear stress increased with the increase in CMS content. At a shear rate of
100 s~1, the shear stresses for each CMS percentage were 547 Pa, 636 Pa, 1050 Pa, 1080 Pa, and
3220 Pa. The paste with CMS showed shear-thinning properties and acted like a pseudoplastic fluid
which can prove to be beneficial during extrusion [63].

The molecular chain of CMS had high viscosity when the shear rate was low, however, when at
higher shear rates the molecules moved in a way parallel to the direction of the shear force causing
a reduction in viscosity and easing the sliding of the molecules. As the CMS content increased, the
plastic viscosity and yield stress increased. This is advantageous because the risk of segregation in the
extrusion process is lowered when plastic viscosity increases. While when the yield stress is higher, it
prevents the printing layer from collapsing due to the weight of the subsequent layer [63].

As a result of the aeration effect of CMS, as the CMS content increased, a larger number of pores
appeared in the interior of the mortar. This was caused by the higher concentration which lowered
the surface tension of the aqueous phase of the paste resulting in more air in the paste. This led to a
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decrease in the compressive and flexural strength of the paste [63].

It was concluded that CMS had no hand in the chemical reaction during the synthesis of geopolymer.
This was due to the fact that CMS did not affect the crystal shape of the material while the diffraction
peak was still the same as the control sample. Lastly, drying shrinkage decreased with the increase of
CMS content [63].

Samples with 2% and 8% of CMS were not printable. However, the samples with 4% and 6% were
extruded continuously at a speed of 30 mm/s without any fracture or discontinuity and also without any
collapsion of printing layers [63].

2.2.2.4 Sodium Carboxymethyl Cellulose (CMC)

Ma [92] studied the effect of 4 kinds of CMC’s on the properties of alkali activated cement materials.
The difference between the CMC’s was the pH and their molecular weight. They concluded that the
molecular weight and viscosity of CMC were positively correlated. They also concluded that the addition
of CMC increased the fluidity while increasing the viscosity of the fly ash and slag based composite
binder. It was also noticed that CMC decreased the fluid loss of the sample minimizing the decline in
strength.

Furthermore, Bong [93] concluded that the addition of CMC also improved the workability of alkali-
activated concrete. The purpose of his study was to optimise sustainable geopolymers for 3D printing
construction applications. Hence among the tests they performed was an extrudability test, and a shape
retention ability test. Both tests showed positive results regarding the addition of CMC. With the addition
of CMC none of the samples had a blockage, segregation, tearing, or bleeding problem during extrusion.
They also concluded that as the CMC content increases, the shape retention ability is better.

2.3 Concluding Remarks

Based on this literature review, 3 types of retarders and viscosity modifying admixtures will be used
to enhance both the early-age and rheological properties of the geopolymer mix that will be used. The
retarders used will be sucrose, sodium chloride, and sodium borate. While, the viscosity modifying
admixtures will be nano-clay (attapulgite), xanthan gum, sodium carboxymethyl starch, and sodium
carboxymethyl cellulose.

Furthermore, the combination of these retarders with the viscosity modifying admixtures will be
tested to check if they will be compatible with each other. The reason behind this is because the retarders
are used to slow down the reaction to increase the open time of the mix but on the same hand the mix
should not be to flowable because otherwise the printed layers will not be able to handle the self weight.
Thus, the use of viscosity modifying admixtures to improve the viscosity and the yield strength of the mix.



Materials and Methods

3.1 Overview

This section includes the materials used and their chemical composition. The experimental methods,
test program and parameters used to obtain the results required are also presented in this section.
As mentioned earlier, the effect of admixtures on the early-age and rheological properties have to be
studied, hence multiple tests will be performed in order to acquire these results. Moreover, he binders
ratio, the liquid to binder ratio, and the water to binder ratio will be kept constant throughout this work so
that the only variable is the type of admixture used and its concentration to be able to fully understand
the effect of each admixture.

3.2 Materials

3.2.1 Fly Ash (FA)
3.2.1.1 XRF-analysis

According to the XRF analysis, the fly ash used is made up of 55.8% silica (SiOs), 23.7% aluminum-
oxide (Al;O3), 6.16% Iron-oxide (Fe2O3), and other compounds in lower percentages. This is expected
as fly ash is known for having high percentages of silicon (Si) and aluminum (Al). This is a type F fly
ash as the CaO % is below 10%. Table 3.1 shows the chemical composition of the fly ash used.

Table 3.1: FA XRF analysis

Compound | Concentration %
SiO, 55.8
Al,O3 23.7
F6203 6.16
CaO 6.23
MgO 2.65
MnO 0.06
K,O 1.36
TiO, 1.16
SO; 0.80
P,Os5 0.88

3.2.1.2 XRD-analysis

An XRD analysis was done to analyze and identify the different crystalline phases of fly ash. Because
the FA samples were partly amorphous, for quantification crystalline ZnO (zincite) was added as internal

20
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standard. After observing the large humps between 10° and 90° 26 in the sample, it is clear that the
sample is mostly amorphous. The results are shown in table 3.2 and figure 3.1:

Table 3.2: XRD analysis of FA

Compound Wit%
Quartz (SiO,) 13 +1
Mullite (A|1‘2728i0‘72804,864 16 *1
Magnetite (Fe3Q4) <1
Calcite (CaCOs) <1
Amorphous 70
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POF 01-083-0539 SIO2 Quartz, syn

POF 01-083-1881 Al(AI1.272510.72804 .864) Mulite, syn
POF 04-007-2718 Fe304 Magnetite, syn

POF 00-005-0586 CaCO3 Calcite, syn
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Figure 3.1: XRD analysis of FA

3.2.2 Ground-granulated Blast Furnace Slag (GGBFS)
3.2.2.1 XRF-analysis

According to the XRF, GGBFS composes of 34.5% silica (SiO3), 38.1% calcium-oxide (CaO), 13.7%
aluminum oxide (Al,O3), and smaller percentages of other compounds. The percentages are reasonable
since GGBFS is known for being rich in calcium (Ca) and silicon (Si). Table 3.3 shows the XRF-analysis
result of GGBFS.
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Table 3.3: GGBFS XRF-analysis

Compound | Concentration %
SiO, 34.5
Al; O3 13.7
Fe,O; 0.40
CaO 38.1
MgO 9.08
MnO 0.27
K20 0.48
TiO, 1.11
SO3 1.69
Na,O 0.46

3.2.2.2 XRD-analysis

An XRD analysis was done to analyze and identify the different crystalline phases of blast furnace
slag. The sample appeared totally amorphous thus no ZnO was added. According to the results of the

analysis the sample was amorphous. However, there was an unidentified peak at 32° 2. The result of
the XRD is shown in figure 3.2:
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Figure 3.2: XRD analysis of BFS

3.2.3 Glass Wool (GW)
3.2.3.1 XRF-analysis

According to the XRF-analysis, GW composes of 60.1% silica (SiO), 15.9% sodium oxide (Na,),
10.8% calcium-oxide (Ca0), and other compounds in smaller concentrations. Glass wool is known for
being rich in silicon (Si). Table 3.4 shows the XRF-analysis result of GW.
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Table 3.4: GW XRF-analysis

Compound | Concentration %
SiO, 60.1
Al, O3 6.83
F6203 0.47
CaO 10.8
MgO 1.86
MnO 0.63
K,0 0.49
TiO, 1.42
SO3 0.75
Na,O 15.9

3.2.3.2 XRD-analysis

An XRD analysis was done to analyze and identify the different crystalline phases of glass wool.
Because the GW samples were partly amorphous, for quantification crystalline ZnO (zincite) was added
as internal standard. After observing the large humps between 10° and 90° 26 in the sample, it is clear
that the sample is mostly amorphous. The results are shown in table 3.5 and figure 3.3:

Table 3.5: XRD analysis of GW

Compound Wit%
Quartz (SiOs) 2+1
Calcite (CaCOs) 441
Gibbsite (AI(OH)36 | 7 £1
Rutile (TiO) 1+1
Amorphous 86
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Figure 3.3: XRD analysis of GW



3.2. Materials 24

3.2.4 Initial Mix Design

The mixture that has to be prepared should have an initial setting time higher than 3 hours, open
time higher than 2 hours, good strength development (40MPa), appropriate yield stress development
(1400Pa) for 3D printing, suitable extrudability and buildability. The paste that will be used is based on
the previous work done at the university. The paste proved to have good strength development but the
problem was that it had short setting and open time which affected its printability. The mixture consists
of 60% FA, 20% GGBFS, and 20% GW. The alkaline activator was composed of waterglass (Na;SiOs)
and sodium hydroxide (NaOH) with a SiO5/Na,O ratio of 1.5. The binder ratio and the alkaline activators
ratios will be fixed throughout the entire work. NaOH was added to the activator in pellets. Waterglass
was supplied from PQ corporation with the following composition:

* SiO2: 29-30.5%
* Na;O: 14.5-15.5%

Table 3.6 shows the mix design of the mixture used:

Table 3.6: Mix Design: material percentages for a 300g sample

- FA (g) | GGBFS (g) | GW (g) | Waterglass (g) | NaOH (g) | Water (g) | Liquid to binder ratio | SiO2/Na20 (activator)
M20S | 180 60 60 90 6.4 23.6 0.4 1.5

3.2.4.1 Preparation and mixing procedure

First the alkaline activator by adding the NaOH pellets to the Waterglass liquid and they are mixed.
This reaction is exothermic, hence the activator is left for 24h to cool down.

When paste is prepared, the dry materials are mixed for three minutes using the Hobart mixer, the
alkaline activator solution is added to the dry materials and the entire mixture is mixed for three minutes
at low speed. After that, the mixture is mixed at high speed (2) for on minute then back to slow mixing
for another minute.

When mortar is used, the procedure is exactly the same up until the addition of the alkaline activator.
Instead of mixing for three minutes, the mixture is mixed for one minute after adding the activator then
standard sand (0.125-0.250 mm) is added and mixed for one minute. The mass of sand is the 1.1 x
mass of the binder. Afterwards, 0.1 x the binder mass’s of tap water is added and mixed for one minute.
The last step is to keep mixing the mortar for two minutes same as before with the first minute at high
speed then back to slow speed, then the sample is ready. The stage when the admixture is added
varies depending on the admixture.
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3.3 Test Methods

3.3.1 Setting time

To measure the initial and final setting time, a Vicat needle test [NEN-EN 480-2] will be done. The
specimens will be prepared and tested at a temperature of 20 + 2°C and a relative humidity of not less
than 50%. The setting time is decided based on the depth of the Vicat needle. The needle is released
and if the distance from the bottom to the needle is 4 &+ 1mm then that’s the initial setting time. When
2.5 + 1mm of the needle is in the concrete then that’s the final setting time. The test will be done two
times for each mixture and averaged to make sure the setting time obtained is correct. The initial setting
time is important for two reasons: it’'s an indication for the open time and it helps in figuring out how
much mortar will be needed for the flowability test. This is because based on the initial setting time of
the mixture, a specific amount of mortar can be prepared for the flowability test.

3.3.2 Flowability

The flowability will be measured using the mini-slump flow test also referred to as Hagermann flow
table test. The test was done in accordance with the ASTM C230. The cone used to perform the test
has dimensions of D; = 100 mm, D, = 60 mm, H = 70 mm. The cone will be filled with the mortar, then
the cone will be lifted and the slump height will be measured. After that, the slump table will be dropped
25 times and the diameter of the spread will be measured from 4 different spots and then averaged.
The time intervals at which the slump height and spread diameter were 10 and 20 minutes as the test
was repeated twice for each mixture once with 20-minutes intervals and then the second time with
10-minutes intervals. The results then were averaged from both tests.

3.3.3 Slug-Test

This test will be done to measure the yield stress development of the mix. The concept behind this
test is based on the specific gravity-induced non-Newtonian flow that occurs at the exit of a printing
nozzle. This flow leads to the formation of drops that are called "slugs". The formation of slugs requires
the nozzle to be far above the ground and that the yield stress is sufficiently high [94].

This kind of procedure was originally applied in the food-industry with fluids like ketchup or mayon-
naise [95]. It was concluded by the authors that the mass of the slug is mostly influenced by the yield
stress and later on by viscosity.

The formula used to calculate the yield stress is based on the assumption that extruded material is a
pure plastic yield stress fluid. The formula used is:

_gms
V38

Where g is the earth gravitational constant, m; (slug mass) = p*S*L; where L, is the slug length, S
is the nozzle section (7Ry?), and p is the concrete density [94].

(3.1)

Te

The setup of the slug test is shown in fig 3.4. It consits of an extrusion gun, a white plastic container
for the mortar to be placed in, a beaker to measure the volume, and a balance to measure the mass.
The extrusion gun’s speed was kept constant at speed 2. In the above mentioned paper [94], there were
two procedures used: a manual slug test and an automated slug test. The setup used in this thesis
was a replication of the manual slug test. The procedure was repeated every 10 minutes and the yield
stress was calculated at every interval.
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Extrusion
Gun

Beaker

Balance

Plastic
Container

Figure 3.4: Setup of the Slug Test

The mass was measured by extruding 30 slugs and dividing the total mass by 30. The length of the
slugs was measured by taping a ruler next to the nozzle and filming the extrusion process.

3.3.4 Compressive, Flexural, and Tensile Bond Strength

The general outcome of this thesis is the development of a mortar that can be used in the industry,
hence the compressive and flexural strength are important parameters that have to be measured to see
if they are within the European standards.

The test will be done according to the [NEN 5988] standards for compressive strength tests and
[NEN-EN 14651+A1] for the flexural strength tests on prisms with dimensions of 160mmx40mmx40mm.
The prisms will be sealed in plastic bags to prevent the loss of moisture, while being stored in a room
with a temperature of 20°C and relative humidty above 95%. The samples will be tested on the 1%,
7th, 14th and 28" day. Moreover, rectangular prisms as shown in figure 3.5b with dimensions of
35mm x 35mm x 160mm will be cut from printed prisms as the one shown in figure 3.5a and tested in
compression in the vertical and horizontal direction on the 7¢" day. The vertical and horizontal directions
are shown in figure 3.5a. These dimensions are not standard dimensions, however the width of nozzle
used was 40mm, thus the cross-section dimensions decreased a bit after cutting.

Vertical

Horizontal:
into the' paper

(a) 3D printed prism before cutting

(b) 3D printed prism after cutting

Figure 3.5: 3D Printed Prisms
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Then, a uni-axial tensile test was performed on the printed prism after it was cut to measure
the tensile bond strength between the layers. The sample is shown in figure3.6a. 3 Samples with
dimensions of 42mm x 20mm were used. The Instron 8872 was used to perform this test. The sample
was glued to a metal plate from each side. Then a uni-axial force was applied using displacement
control with a value of 0.1mm/s.

- -

(a) Sample for tensile bond strength glued to the metal place from one
side

(b) Setup of the Test with a sample after failure

Figure 3.6: Tensile Bond Strength Test Setup

3.3.5 Procedure of Tests

The procedure was divided into three stages:

1. Retarders
2. Viscosity modifying admixtures
3. 3D Printing

3.3.5.1 Retarders

The first stage will be adding the retarders to the alkaline activator and perform all the above
mentioned tests. As mentioned earlier in section 2.2.1, the retarders that will be used are: sucrose,
sodium chloride, and borax. The percentages of the retarders used are shown in table 3.7. These
values are mass percentages of the admixture compared to the total mass of the binder.

Table 3.7: Retarder percentages

Sample S0.75 | S1 S$1.5 | N6 N7 N8 B4 B5 B6
Sucrose 0.75% | 1.0% | 1.5% | 0% 0% 0% | 0% | 0% 0%
Sodium Chloride | 0% 0% 0% 6.0% | 7.0% | 8.0% | 0% | 0% 0%
Sodium Borate 0% 0% 0% 0% 0% 0% | 4.0% | 5.0% | 6.0%

However, the percentages changed throughout the thesis due to the results obtained. Table 3.8
shows all the percentages that were tested:

Table 3.8: Retarder percentages, SD: sucrose added to dry mix.

Sample SD0.2 | SD0.35 | SD0.5 | S0.5 | SD0.6 | S0.75 | S1 | SD1.5 | S1.5 S2 [ S3 |N3 [N4 [ N5 [ N6 [ N7 [N8 | B1 [B1.5 [ B2 [ B3 [ B4 | B5 | B6
Sucrose 0.20% | 0.35% | 0.50% | 0.50% | 0.60% [ 1% 1% | 1.50% [ 1.50% | 2% [ 3% | 0% | 0% | 0% | 0% | 0% [ 0% | 0% | 0% 0% | 0% | 0% | 0% | 0%
Sodium Chloride | 0% 0% 0% 0% 0% 0% 0% | 0% 0% 0% | 0% | 3% | 4% | 5% | 6% | 7% | 8% | 0% | 0% 0% | 0% | 0% | 0% | 0%
Sodium Borate 0% 0% 0% 0% 0% 0% 0% | 0% 0% 0% | 0% [ 0% [ 0% | 0% [ 0% | 0% [ 0% [ 1% | 1.50% | 2% | 8% | 4% | 5% | 6%
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Firstly, the setting time and flowability tests were performed. Based on their results, the samples
that did not achieve the desired values (setting time higher than 180 minutes, and a spread diameter of
150-200 mm) were eliminated. Afterwards, the development of yield stress will be tested using the slug
test. From each retarder, the percentage that exhibited the best early-age and rheological properties
was picked to be used in the next stage.

3.3.5.2 Viscosity modifying admixtures

The second stage is adding the viscosity modifying admixtures along with the retarders. As
mentioned above in section 2.2.2, the viscosity modifying admixtures that will be used are attapulgite,
sodium carboxymethyl starch, and xanthan gum. the mass percentages are shown in table 3.9.

Table 3.9: VMA'’s percentages, the percentages shown are mass percentages of the admixture compared to the total mass of the
binder, except for the xanthan gum; it's the mass percentage compared to the mass of the alkaline activator.

Sample SA SX NAO0.75 | NX0.4 0.75 BX0.4 c4 C5 C6
Nano-clay | 0.75% | 0% 0.75% | 0% 0.75% | 0% 0% 0% 0%
XG 0% 0.4% (of activator) | 0% 0.4% (of activator) | 0% 0.4% (of activator) | 0% 0% 0%
CMS 0% 0% 0% 0% 0% 0% 4.0% | 5.0% | 6.0%

Nonetheless, the percentages of VMA'’s changed throughout the thesis due to the results obtained.
Table 3.10 shows all the percentages that were tested:

Table 3.10: Percentages of VMA's tested, the percentages shown are mass percentages of the admixture compared to the total
mass of the binder, except for the xanthan gum; it's the mass percentage compared to the mass of the alkaline activator.

Sample NAO0.75 | NX0.4 | NX0.2 | NC0.5 | NCM1 | BA0.75 | BX0.2 | BC0.5 | BC0.25 | BCMH1
Nano-Clay | 0.75% 0% 0% 0% 0% 0.75% 0% 0% 0% 0%
XG 0% 0.40% | 0.20% 0% 0% 0% 0.20% 0% 0% 0%
CMS 0% 0% 0% 0.50% 0% 0% 0% 0.50% | 0.25% 0%
CMC 0% 0% 0% 0% 1% 0% 0% 0% 0% 1%

The test procedure here is the same as the one mentioned in stage 2. First the setting time and
flowability tests were done, and based on their results some samples were eliminated. Then the slug
test was done. Based on their results the samples that exhibited the best printability properties were
picked for 3D printing.

3.3.5.3 Pumpability and 3D Printing

One mixture will be chosen based on its properties to be printed. The idea was to print a wall to test
the buildability of the mixture. Firstly, a pumpability test was done to check if the mix can be pumped.
The second aim of doing the pumpability test is to figure out which is the right speed of pumping based
on the weight of the material that is pumped under each speed. Then based on the results of the
pumpability test, the mixture will be printed. Secondly, the compressive and flexural strengths of the
mortar were tested on the 15¢, 7t 14" and 28" day. A wall will be printed in layers in which each
layer has the dimensions of 1.4cm x 4cm x 90cm. The pumping speed will be 2. Then the flexural,
compressive and tensile bond strength test of printed samples were tested.



The Effect of Retarders

This chapter will present and discuss the results of the mixtures with retarders only as mentioned in
the procedure in section 3.3.5. The setting time, flowability, and yield stress development of the mixtures
are shown in this chapter. There were two goals behind these tests; one was to study the effect of each
retarder on the reference mixture, and second was to find out which retarder percentage is the optimum
percentage. It was concluded that the mixtures with 4% sodium chloride and 3% borax showed the best
early-age properties.

4.1 Reference Sample

The setting time, flowability, and yield stress development were measured for the reference sample
that has no admixtures added. The results of these tests are shown below.

4.1.1 Setting time

The results of the setting time test done on the reference sample are shown in table 4.1:

Table 4.1: Setting time of the reference sample

Ref. sample | Initial setting time (min) | Final setting time (min) | Average initial setting time (min) | Average final setting time (min)

1 122 220
3 154 515 123 2175

4.1.2 Flowability Test (Mini-Slump)

The results of the flowability test done on the reference sample are shown in 4.1, figs. B.1a to B.1c
and figs. B.2a and B.2b in appendix B.1:

29
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Reference Sample [Average]
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Figure 4.1: Reference Sample Slump Test

(a) Ref slump test (b) Ref spread test

Figure 4.2: Flowability Test of the Reference Sample at the First Time Interval

4.1.3 Yield Stress Development

The slug test was performed on the reference sample to measure the yield stress development with
time and when would the sample need too much pressure to be extruded through the nozzle. The
results of slug test are shown in figure 4.3, and figure C.1a in appendix C.1:

Ref Sample Slug Test
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Figure 4.3: Ref slug test
Figure 4.4: Slug Test of the Ref Sample
The second reference sample is the sample that was printed by Ir. Irving. The only difference in that

sample is that it had 0.75% attapulgite added to it. The results of the slug test are shown in figure 4.5,
and figure C.1b in appendix C.1:
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Figure 4.5: RefA0.75 slug test

Figure 4.6: Slug Test of the RefA0.75 Sample

4.2 Sucrose

Multiple sucrose mixtures were prepared in this stage. Each percentage was tested twice and the
average initial and final setting time were taken. Sucrose was added to the already prepared alkaline
solution then stirred for one hour. It was observed that after stirring if the alkaline solution is used with
the binder, the paste will not be homogeneous. However, if the alkaline solution is left to rest for a day,
when it's added to the binder the resulting paste is homogeneous. As mentioned in section 3.2.4.1, the
dry materials (binder) are first mixed using the Hobart mixer for 3 minutes, then the alkaline solution
with the sucrose was added and mixed for 3 minutes. Then the paste was mixed at speed 2 for one
minute and then one more minute with slow mixing. For every test, 300g of binder were prepared. The
results of the tests are shown in figure 4.7, and table A.1 in appendix A.1 for more exact numbers.
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Figure 4.7: Initial and final setting times of sucrose samples

As shown in table A.1 and figure 4.7, none of the samples tested delayed the setting time. There is a
trend in the results where both the initial and final setting time increased when the sucrose percentage
increased from 0.5% to 0.75%. The initial setting time of S0.75 was the same as the reference sample,
however its final setting time was reduced by 58.5 minutes. After the 0.75%, the higher the sucrose
percentage is the lower are the initial and final setting time. S11 is in yellow because when the 1%
sucrose was tested there was a difference in the results between the samples hence a third sample was
tested and it turned out that S11 is the sample that was not accurate. The reason more samples were
tested than what was originally planned is because the results of samples did not meet the expected
results. Hence, the 0.5%, 2%, and 3% were also tested. The general outcome out of these tests was



4.2. Sucrose 32

that sucrose acts slightly as an accelerator instead of a retarder in this mix. S2 and S3 were tested
only once as those samples were just to see if the addition of more sucrose would lead to a retardation
effect.

More samples were prepared but this time sucrose was added to the dry mix instead of being added
to the activator. The results are shown in figure 4.8, and table A.2 in appendix A.1. The samples were
named SD(n) with the ‘D’ indicating dry mix.
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Figure 4.8: Initial and final setting times of sucrose samples (sucrose added to dry mix)

The results above shown that the even when sucrose is added to the dry mix it causes an accel-
eration effect with with the highest acceleration effect was in Sample SD1.5 which has 1.5% sucrose.
However, only one sample showed a retardation effect which was sample SD0.5 which led to a delay of
three minutes in the initial setting time but the final setting time was less compared to the reference
sample. Thus, sucrose had mainly shown an acceleration effect rather than a retardation effect. Hence,
sucrose will no longer be used in further tests because it did not achieve the results that were required.

As found in the state-of art literature in section 2.2.1.1, one of the proposed mechanisms of re-
tardation was that sucrose retards the setting time by combining with Ca, Al, and Fe which lead to
the formation of insoluble metal-organic complexes that covered fly ash particles and delayed the
geopolymerization process.

Nevertheless, in this thesis, sucrose had no retardation effect on the paste and in most cases it
actually accelerated the setting time. This could be explained by two reasons:

+ the paste used composed of 60% fly ash, meaning that probably a bigger percentage of sucrose
is needed to be able to cover all the fly ash particles and delay the geopolymerization. Moreover,
one of the elements that sucrose combines with is Ca, and Ca is mostly found in slag, which is
only 20% of the mix used, meaning that there is not enough Ca for sucrose to combine with to
delay the setting time.

» The second proposed mechanism of retardation was that sucrose increases the viscosity leading
to a delay in the initiation of the geopolymerization process. Moreover, viscosity is also affected by
the SiO, content, and the binder used composes mostly of fly ash and glass wool whose main
component is SiOs. This could have lead to a very high viscosity that the samples were too hard.

Nonetheless, the first reasoning is probably the more reasonable one considering that low percent-
ages of sucrose were tried and there was no delay in the setting time. However, higher percentages
of sucrose were tested and none had an effect on the setting time meaning that more sucrose had to
be added. But after a certain point too much addition of the admixture to get a positive result is not
reasonable for the industry.
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4.3 Sodium Chloride

4.3.1 Setting time

Multiple percentages of sodium chloride mixtures were prepared. Each percentage was tested once
to obtain the initial and final setting time. NaCl was added to the already prepared alkaline solution
then stirred for one hour. It was observed that with 6%, there was a small amount of NaCl that did not
dissolve fully with the activator. As for the 7% and 8%, there was a bigger amount of precipitate. This
was an indication that these concentrations will not be suitable for printing. As mentioned in section
3.2.4.1, the dry materials (binder) are first mixed using the Hobart mixer for 3 minutes, then the alkaline
solution with the NaCl was added and mixed for 3 minutes. Then the paste was mixed at speed 2 for
one minute and then one more minute with slow mixing. For every test 300g of binder were prepared.
The results of the tests are shown in figure 4.9 and table A.3 in appendix A.2:
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Figure 4.9: Initial and final setting times of NaCl samples

It can be observed in section 4.3, that the addition of NaCl effectively retards the setting time.
Nevertheless, based on fig. 4.9, there is not a general trend in the delay of the setting time. The only
thing that can be observed is that the addition of 4%-8%0f NaCl delayed the initial setting time by
almost the same amount of time. The reason the N7 sample was tested twice was to make sure that
the obtained result was accurate since no trend was visible at that point. Both results confirmed that
there was not a trend in the initial setting time as the percentage of NaCl increases. The drastic change
happened when 3% NaCl was added to the mix where the delay in initial setting time was 50 minutes
less compared to the N4 sample.

As mentioned in the state-of art literature in section 2.2.1.2, The mechanism behind the delay in
setting time is the fact that the addition of NaCl lowers the pH, thus slowing down the reaction. Lowering
the pH affects the solubility of soluble silica and the rate of slag dissolution is slowed down. Low pH
also retards the kinetic reactions hence the alkali reaction requires more time [96]. Furthermore, the
lower pH will slow down the breakdown of the Si-O-Si and Al-O-Si covalent bonds which will also retard
the geopolymerization of fly ash [97].

A.R. Brough et al. [75] results indicated that the addition of 4% NaCl or less would lead to an
acceleration in the setting time. However, as shown in table 4.2, the addition of 3% and 4% NaCl led to
a delay in the setting time. This could be explained by two reasons:

 The slag content in the binder is 20%, meaning not much NaCl is needed to slow down the rate of
slag dissolution.

» The presence of glass wool in the binder will also affect the setting time as GW is known for its
low reactivity.

Based on these results, the N3 and N4 samples were chosen to be tested for flowability. This is due
to the fact they both had an initial setting time higher than 180 minutes. Moreover, high percentages
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of NaCl can be problematic because NaCl affects the strength development and if in a later stage,
reinforcement was to be added, NaCl would negatively affect it.

4.3.2 Flowability Test (Mini-Slump)

As mentioned in section 4.3, two percentages of NaCl were chosen to be further studied; N3 and N4
(with 3% and 4% sodium chloride respectively). The test was done twice for each mixture and then
averaged. The results are shown in figs. 4.10a, 4.10b, 4.12a and 4.12b, figs. B.3a to B.3d and B.5a
to B.5c and figs. B.4a to B.4c, B.6a and B.6b in appendix B.2:
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Figure 4.10: NaCl 3% Slump Tests

(a) N3 slump test (b) N3 spread test

Figure 4.11: Flowability Test of the N3 sample at the First Time Interval
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Figure 4.12: NaCl 4% Slump Tests
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(a) N4 slump test (b) N4 spread test

Figure 4.13: Flowability Test of the N4 sample at the First Time Interval

Based on the results of the flowability tests, the addition of NaCl increased the flowability of the
mixture. However, as shown in figs. 4.14 and 4.15, the mixtures lost flowability not so long after the
reference sample lost its flowability. As the figures show, the reference sample lost its flowability after
40 minutes, while the N3 and N4 samples lost their flowability after 50 and 60 minutes respectively. This
indicates that the initial setting time and the flowability of this alkali-activated mixture are not related to
each other. Because the initial setting time of the mix is much higher than the flowability time.

It can also be observed that increasing the percentage of sodium chloride increases the time the
mortar stays flowable. This also matches the setting time results as the the initial setting time of N4 was
higher than N3.
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Figure 4.14: Slump of sodium chloride samples
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Figure 4.15: Spread of sodium chloride samples
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The increase in flowability is due to the delay in the geopolymerization reaction. However, this small
increase in the flowability could only be attributed to the fact that the lower pH induced by the sodium
chloride slows the dissolution of the raw materials. And, a slower dissolution of raw materials leads to
lower flowability.

The N4 sample was the more suitable sample to continue with as it had both a higher setting time
and flowability time than the N3 sample. Furthermore, N4 had a spread diameter above 150mm for 10
minutes more than N3. Thus, the yield stress development test was carried on the N4 sample.

4.3.3 Yield Stress Development

The slug test was performed on the sample with 4% NaCl to see how does the yield stress develop
with time and when would the sample need too much pressure to be extruded through the nozzle. This
test was also done to be a reference to study the effect of the VMA’s on the yield stress development.
The results of slug test are shown in figure 4.16, and figure C.2a in appendix C.2:
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Figure 4.16: N4 slug test

Figure 4.17: Slug Test of the N4 Sample

It can be seen from figure 4.16, that the addition of NaCl increased both the yield strength over time
and the time the mix remained extrudable compared to the reference sample. The reference sample
required high pressure to be extruded from the beginning leading to the formation of slugs with lower
length. This is because the speed of extrusion became less than the assigned speed because the
mixture was too stiff, hence the slug had to withstand its self-weight for a longer period in the air hence
it collapses faster. This leads to the conclusion that the yield stress of the mix is low because the slug
length is the most influential factor in the yield stress formula.

It can be observed that the NaCl mix remained extrudable for 40 minutes. At the 50" minute
mark only 25 slugs were extruded under high pressure and that's why this was not recorded. The
data is similar to the flowability test results as the sample started to lose flowability around 50 minutes
after mixing. This indicates that the mixtures will lose extrudability before they completely lose flowability.

In stage 2, the N4 mixture will be used as it had the highest initial setting time among all the other

sodium chloride samples, it maintained a spread diameter above 150mm for 50 minutes. However, the
addition of Viscosity modifying admixtures is necessary as the yield stress was below 1400 Pa.

4.4 Sodium Borate (Borax)

4.4.1 Setting time

The 3 percentages mentioned in table 3.7 were prepared. Each percentage was tested once to
obtain the initial and final setting time. Borax was added to the alkaline activator while it was being
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prepared. It was observed that with 4%, 5%, 6%, there was a large amount of precipitate at the bottom.
This was an indication that these concentrations will not be suitable for printing. However, it was tested
to have an idea about its effect on the setting time. While with the samples with 3% borax and below
there was no precipitation. As mentioned in section 3.2.4.1, the dry materials (binder) are first mixed
using the Hobart mixer for 3 minutes, then the alkaline solution with the borax was added and mixed
for 3 minutes. Then the paste was mixed at speed 2 for 4 minutes and then one more minute with
slow mixing. The mixing procedure was changed here to try to make the mixture as homogeneous as
possible because with the original way of mixing the paste was not homogeneous at all. For every test
300g of binder were prepared. The results of the tests are shown in table 4.2.

Table 4.2: Initial and final setting times of borax samples

Sample \ Initial setting time (min) | Final setting time (min) | Average initial setting time (min) | Average final setting time (min)
B11 | 165 265
B12 190 350 163.5 298.5
B13 162 332

B1.51 224 354

B1.52 238 365 231 359.5
B21 262 442
B22 300 231 281 436.5
B31 >450 - -
B41 >450 - -
B51 >450 - -
B61 >450 - -
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Figure 4.18: Initial and final setting times of borax samples

The addition of borax successfully delayed the setting time of the mix as observed in section 4.4. It
is also observed that the delay in setting time increases with the increase of the borax percentage. This
trend can be visually seen in figure 4.18.

It can be observed in table 4.2 that percentages of borax between 3% and 6% delay the initial setting
for more than 7 hours. This much delay can be considered as negative because this means that the
development of strength is really slow which could affect buildability later on.

However, it can be observed in table 4.2 that percentages between 1% and 2% have a reasonable
effect on retarding the setting time. 1.5% and 2% of borax were the optimum percentages in this study
because they led to an initial setting time of 231 minutes and 281 minutes respectively. This is also in
indication of how sensitive the mix is to the percentage of borax added where a 0.5% difference led to a
50 minutes difference in setting time. This is also observed between the 1% and 1.5%, as there is a
difference of 67.5 minutes.
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As mentioned in the state-of art literature, borax retards the setting time by delaying the formation
of Si-O-Al bonds. This indicates that the effect of Si-O-Al bonds is crucial on the setting time in this
mix since a lower percentage of borax (compared to NaCl) was needed to delay the setting time critically.

It was also noticed during the mixing procedure that due to the addition of borax the mix needed one
extra minute of fast mixing to be homogeneous enough. This was attributed to the fact that borax made
the mix a bit dry that the mix could not form a doughy texture.

Since all the samples with 1.5% and above of borax had an initial setting time above 180 minutes,
the B1.5, B2, and B3 were used to test flowability. These percentages were also chosen since they are
more feasible on an industry scale as the percentages are not high hence cheaper and less effect on
the strength development.

4.4.2 Flowability Test (Mini-Slump)

As mentioned in section 4.4, three percentages of borax were chosen to be further studied; B1.5, B2,
and B3 (with 1.5%, 2%, and 3% of borax respectively). The test was done twice for each percentage
and the average values were calculated. The results of the tests are shown in figs. 4.19a, 4.19b, 4.21a,
4.21b, 4.23a and 4.23b, figs. B.15a to B.15¢, B.17a to B.17c and B.19a to B.19c and figs. B.16a, B.16b,
B.18a, B.18b, B.20a and B.20b in appendix B.3:

Slump Borax 1.5% [Average] Spread Borax 1.5% [Average]

160
.—*/ 140

50
120

20 —e—Borax 1.5% g 80 —e—Borax 1.5%

5
ad (mm)

Spr

—e—Reference 0 —e—Reference

0.00 20.00 40.00 60.00 80.00 100.00 000 1000 2000 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00
Time (min) Time (min)
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Figure 4.19: Borax 1.5% Slump Tests

(a) B1.5 slump test (b) B1.5 spread test

Figure 4.20: Flowability Test of the B1.5 sample at the First Time Interval
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Figure 4.23: Borax 3% Slump Tests

(a) B3 slump test (b) B3 spread test

Figure 4.24: Flowability Test of the B3 sample at the First Time Interval
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It can be seen that the addition of borax increased the flowability of the mix. Furthermore, flowability
increased when the percentage of borax increased. As mentioned in section 2.2.1.3, the addition of
borax led to a delay in the setting time and increase in flowability. The increase in flowability can be
attributed to the water-retaining nature of borax which improves flowability.

As shown in figs. 4.25 and 4.26, the addition of 1.5% borax almost doubled the flowability interval
compared to the reference sample. While the addition of 2% kept the mortar flowable until almost the
100" minute mark. This also confirms the earlier conclusion that the setting time and flowability of this
mix are not related. The B3 sample remained flowable for 120 minutes which is 20 minutes more than
the B2 sample. Looking back at the initial setting time of the B3 sample, it had an initial setting time of
more than 450 minutes.

Slump Borax

Reference
Borax 1.5%
Borax 2%

Borax 3%

0 20 40 60 80 100 120 140

Time (min)

Figure 4.25: Slump of borax samples

Spread Borax
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8
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Figure 4.26: Spread of borax samples

Looking at the figure 4.25, B1.5 and B2 followed almost the same trend with the increase in slump,
however, the B3 curve was a bit irregular. It can be seen that for the first 50 minutes slump almost
remained the same, then it drastically changed until the 90 minute mark. Then, it became steady again
until it reached the maximum slump after 130 minutes. This indicates that the delay in the Si-O-Al bonds
formation was effective until the 50" minute mark because after that the mixture started hardening
quickly.

Furthermore, figure 4.26 shows all the borax samples follow the same trend when it comes to the
decrease in the spread diameter. However, the only odd result was that the spread of the B2 sample was
higher than the B3 sample after the first 10 minutes. This could be attributed to the fact that 3% borax
led to a more dry mixture hence its spread diameter was slightly less than the B2 sample. But in the
end, the B3 sample as shown maintained flowability for a longer period of time than B2. Nevertheless,
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due to the fact that B3 sample had an initial setting time of more than 450 minutes, it would be a bit
hard to calibrate the optimum percentage of VMA’s needed. Hence, for the setting time tests the B2
sample was used.

Based on the results above, the B3 sample was the optimum mixture to move on with to the yield
stress development test. This is because it maintained a spread diameter above 150mm for the longest
time compared to the other samples and had an initial setting above 180 minutes.

4.4.3 Yield Stress Development

The slug test was performed on the sample with 3% borax to see how does the yield stress develop
with time and when would the sample need too much pressure to be extruded through the nozzle. The
results of slug test are shown in figure 4.27, and figure C.3a in appendix C.3:
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Figure 4.27: B3 slug test

Figure 4.28: Slug Test of the B3 Sample

The addition of 3% borax led to an increase in the extrudability time by 30 minutes compared to
the reference sample. It can also be observed from figure 4.27 that there was also an increase in the
yield stress of the sample from the start. However, during extrusion it was observed that the sample
needed a lot of pressure to be extruded. Hence, the addition of borax led to an increase in the shear of
the sample. This could be a sign that the mixture will not be printable as it lost extrudability almost 60
minutes before it lost its flowability in the slump test.

This confirms what was observed by [79] that borax also affects the rheological properties. They
mentioned that there was an increase in viscosity with shear rate. Meaning that while extruding, the
mix’s viscosity increased and this could be the explanation for why the mix lost its extrudability at almost
half the flowability time. This is an indication that this percentage of borax could be too high with the
addition of VMA'’s as the viscosity is already high.

That’s why the slug test was repeated with the B2 mixture to check if the viscosity under shear will
be less. The sample lost extrudability after around 50 minutes. Hence, the tests were continued with
3% of borax. However, the percentages of attapulgite and cellulose that will be added were changed to
a lower percentage so that the viscosity will not be too high for extrusion.

Nevertheless, due to the negative results of slug test of the sample, it was decided to change the
liquid to binder ratio to 0.45 instead of 0.4. As the addition of more alkaline activator can improve the
workability of the mix and solve the dryness problem that borax led to.

Based on figure 4.29, the yield stress significantly improved. This confirms that due to the difficulty
in extrusion of the B3 mix with 0.4 liquid to binder ratio, the yield stress values did not represent that
actual stress values. Increasing the activator percentage indeed improved the workability of the solution
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as it was easily extruded.

However, the extrusion time was the same for both B3 and B3Ib as they were both extrudable for
60 minutes only meaning that the workability improved only for the time that mix was extrudable. The
second observation, is that due to the difference in viscosity under shearing, the mix borax did not lose
its extrudability when the slump height was 50mm or the spread diameter was 150mm. This means
that the correlation between the flowability and yield stress test is not the same for the all mixes. Lastly,
with the N4 samples, extrudability was lost when the yield stress was around 1600 Pa, but the B3Ib mix
reached 1979.16 Pa before losing extrudability. This means that there is not a standard value for the
yield stress before losing extrudability as it differs between different mixes.

B3Ib Slug Test
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Figure 4.29: B3Ib slug test

Figure 4.30: Slug Test of the B3lb Sample

4.5 Sodium Carboxymethyl Starch (CMS)

As mentioned in table 3.5, 3 percentages (4%, 5%, and 6%) were to be tested. However, after
preparing the paste with 4% CMS, the paste was too dry to test indicating that this percentage of CMS
is way too high for the amount of activator used. The results of the mixtures prepared are shown in table
4.3:

Table 4.3: Initial and final setting times of CMS samples, A: CMS added to activator instead of the dry mix

Sample | Initial setting time (min) | Final setting time (min)
C11 102 230
Ci12A 60 230
C0.51 113 243
C0.11 102 152

CMS was added to the dry mix prior to mixing. However, in sample C12A the CMS was added to
the activator and mixed until fully dissolved. The results indicated that there is no retardation in the
setting time. This could be explained by the fact that the CMS retards the setting time by covering the
slag particles which slows down the reaction between the activator and slag, and the binder used here
contains only 20% slag which could be the reason why CMS did not delay the setting. Thus, from this
point onwards, CMS was considered only as a viscosity modifying admixture.



The Effect of Viscosity Modifying
Admixtures

This chapter will present and discuss the results of the mixtures with both retarders and viscosity
modifying admixtures as mentioned in the procedure in section 3.3.5. The setting time, flowability, and
yield stress development of the mixtures are shown in this chapter. There were two goals behind these
tests; one was to study the effect of each viscosity modifying admixture on the mixtures with retarders,
and second was to find out which mixture shows the optimum properties for printing. It was concluded
that the mixture with 3% borax and 0.5% attapulgite exhibited the best properties for printing.

5.1 Nano-Clay (Attapulgite)

5.1.1 Attapulgite with Sodium Chloride
5.1.1.1 Setting Time

The setting time of N4 was tested with the addition of 0.75% nano-clay. The results of the test are
shown in figure 5.1, and table A.4 in appendix A.2:
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Figure 5.1: Initial and final setting time of N4A0.75

The addition of nano-clay led to a 44.5 minutes and 69.5 minutes decrease in the initial and final
setting time respectively. the decrease in initial setting time could be understandable since attapulgite
is known for reducing the open time of mortar. However, attapulgite does not change the reaction

43
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mechanisms so the only reason this could have happened is that this percentage of attapulgite is too
high for the NaCl percentage used. The only way to improve the setting time would be to increase
the percentage of sodium chloride but 4% is already high hence it's not reasonable to change it. It
was decided not to change the percentage of attapulgite because 0.75% was found as the optimum
percentage for this mix.

5.1.1.2 Flowability Test (Mini-Slump)

The test was done for the sample prepared in section 5.1 with 4% NaCl and 0.75% nano-clay. The
results of the flowability test are shown in figs. 5.2a and 5.2b, figs. B.7a to B.7¢ and figs. B.8a and B.8b
in appendix B.2:
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Figure 5.2: N4A0.75 Slump Tests
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Figure 5.3: Flowability Test of the N4A0Q.75 sample at the First Time Interval

Attapulgite improves the workability by increasing the flocculation rate of geopolymer by the dipole-
dipole interactions. This was proved as the slump value increased compared to the N4 sample meaning
that the mortar became more viscous which is what was expected. The mortar’s slump was almost
constant for 50 minutes at around 50mm height. At the 70*" minute mark, the slump of both the N4A0.75
and N4 was almost the same and then they both lost flowability after that. This indicates that attapulgite
does not increase the flowability duration, it just improves the viscosity and the yield strength which is
discussed later.

As for the spread diameter, the addition of the attapulgite led to a decrease in the diameter. Up until
the 50" minute, the spread was higher than or almost 150mm which is the value that was determined
earlier to be the lower range for 3D printing. Nevertheless, this value is only an assumption because the
only way to check if a mortar is printable is actually printing it. Furthermore, as seen in figure 5.2b, the
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N4A0.75 sample followed the same trend as the N4 sample where the spread diameter was almost
constant until the first 30 minutes, then it majorly decreased.

5.1.1.3 Yield Stress Development

The slug test was performed on the sample with 4% NaCl and 0.75% attapulgite to see how does
the yield stress develop with time and when would the sample need too much pressure to be extruded
through the nozzle. The results of slug test are shown in figure 5.4, and figure C.2b in appendix C.2:
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Figure 5.4: N4A0.75 slug test

Figure 5.5: Slug Test of the N4A0.75 Sample

As expected, the addition of nano-clay led to the increase in yield stress. Based on figure 5.4, the
mix’s yield stress remained almost constant until the mix lost its extrudability. This also matches the
results of the flowability test as it can be seen in figure B.7b that N4A0.75 had almost the same slump
height and spread diameter in the first 40 minutes.

Even though that the nano-clay significantly improved the yield stress, it was still extrudable for the
same amount of time as the N4 sample. This is explained by the fact that when the shear rate is high
(during extrusion) the mixture loses a bit of its viscosity and because of the lubrication layer formed due
to the shear-induced particle migration hence extrudability was not affected.

5.1.2 Attapulgite with Sodium Borate (Borax)

5.1.2.1 Setting Time

The setting time of B2 was tested with the addition of 0.75% nano-clay. The results of the test are
shown in figure 5.6, and table A.8 in appendix A.3:
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Figure 5.6: Initial and final setting time of B2A0.75

The addition of attapulgite led to a 24.5 minutes increase in the initial setting time and a 1.5 minutes
increase in the final setting time. This increase in the setting time can be attributed to one of two things:
the combination of borax and attapulgite causes a change in the reaction of the materials leading to a
further delay in the setting time, or the formation of water-molecules as a by-product of the condensation
reaction which was observed by Muthukrishnan [61]. However, since the setting time was not affected
drastically, 0.75% of attapulgite is indeed the optimum percentage.

5.1.2.2 Flowability Test (Mini-Slump)

The test was done for the mix containing 3% borax and 0.75% nano-clay. The results of the flowability
test are shown in figs. 5.7a and 5.7b, figs. B.21a to B.21c and figs. B.22a and B.22b in appendix B.3:
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Figure 5.8: Flowability Test of the B3A0.75 sample at the First Time Interval
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It can be seen from figs. 5.7a and 5.7b that the mix lost its flowability after 90-100 minutes. This
means that the addition of nano-clay increased the yield strength of the mixture to a point where it lost
flowability before the reference sample with 3% borax. Looking at figure 5.7a, both the B3 and the
B3A0.75 sample had the same behaviour in the beginning where the slump remained almost the same
for the first 50 minutes. However, for the B3A0.75 sample the slump remained the same for an extra
20 minutes. This means that attapulgite helped maintain the viscosity of the mix for a longer period of
time. Furthermore, the addition of attapulgite increased the slump of the mixture by 10mm. This is an
indication that the yield strength and viscosity of the mixture were increased.

Based on figure 5.7b, the addition of attapulgite reduced the spread diameter by 20mm, also indicat-
ing the increase of viscosity and yield strength. However, since the mixture lost its flowability before the
b3 sample, this means that this percentage of attapulgite was too high for this percentage of borax. This
means that more borax should be added to maintain the flowability so that it remains as the B3 sample.

5.1.2.3 Yield Stress Development

The slug test was performed on the sample with 3% borax and 0.5% attapulgite to see how does
the yield stress develop with time and when would the sample need too much pressure to be extruded
through the nozzle. The results of slug test are shown in figure 5.9, and figure C.4a in appendix C.3:
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Figure 5.9: B3AO0.5 slug test

Figure 5.10: Slug Test of the B3A0.5 Sample

It can be observed from figure 5.9 that the addition of attapulgite did not improve the yield stress
but in fact it made it worse. The only positive outcome was that the mix was extrudable for an extra
10 minutes. However, there is no clear trend in the figure and that has to do with the fact that the
mix needed too much pressure from the start to be extruded. This affected the speed of extrusion
as it became lower and the slugs were sheared for a longer time so their length was small. From
visual observation, the mix had good yield stress hence this is one of the drawbacks of this test that if
the mixture needs more pressure that what the extrusion gun can provide, the results will not be accurate.

It was also concluded that attapulgite usually keeps the yield stress almost the same from start to
beginning. The difference in yield stress between the lowest and highest value is 173 Pa. This was
also the case for the N4AQ.75 sample were the yield stress values were very close. This conclusion is
also proved by the results of the flowability test. The slump values were similar for the first 60 minutes
meaning that the yield stress was almost the same in this period which is also confirmed by the slug
test.

Due to the results of the slug test, the liquid to binder ratio was changed to 0.45 as was done with
the B3 sample. The results are shown in Chapter 6.
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5.2 Xanthan Gum (XG)

5.2.1 Xanthan Gum with Sodium Chloride
5.2.1.1 Setting Time

The setting time of N4 was tested with the addition of xanthan gum. A second percentage of XG
(0.2%) was tested because the results of N4X0.4 showed a big drop in both the initial and final setting
time. The results of the tests are shown in figure 5.11, and table A.5 in appendix A.2:
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Figure 5.11: Initial and final setting time of N4X

The addition of 0.4% xanthan gum decreased the initial and final setting time drastically compared
to the N4 sample. This could be due to the fact that the addition of xanthan gum increases the viscosity
of the activating solution leading to a more dry paste which is what was observed during mixing. Hence,
it was decided to lower the percentage to 0.2% which significantly improved the initial and final setting
time. The initial setting time was 16 minutes lower compared to the N4 sample while the final setting
time was actually 4 minutes more. Thus, 0.2% of xanthan gum is the optimum percentage for this mix.

5.2.1.2 Flowability Test (Mini-Slump)

The test was done for the sample prepared in section 5.2 with 4% NaCl and 0.2% XG. The results of
the flowability test are shown in figs. 5.12a and 5.12b, figs. B.9a to B.9c and figs. B.10a and B.10b in
appendix B.2:
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Figure 5.12: N4X0.2 Slump Tests
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Figure 5.13: Flowability Test of the N4X0.2 sample at the First Time Interval

The addition of xanthan gum severely affected the flowability of the mortar. It can be seen from
figs. 5.12a and 5.12b that the mortar lost flowability after 50 minutes which is less than the N4 sample.
The slump height almost linearly increases throughout the whole experiment from 48.25 until 60.
Furthermore, the spread diameter was also affected extremely to a point where it was even lower than
the spread of the reference sample. The spread never even reached the 150mm point which is a bad
sign when it comes to the printability of this mix. However, these results contradict what was reported in
literature [90, 91], that the addition of xanthan gum increases the marsh cone flow time. This can only
be explained by the fact that different activating solutions and binders are used in this work and the
mentioned papers. As mentioned earlier there are a lot of factors that influence the effect of admixtures
and that’s why there has not been any concrete research about their effects.

5.2.1.3 Yield Stress Development

The slug test was performed on the sample with 4% NaCl and 0.2% xanthan gum to see how does
the yield stress develop with time and when would the sample need too much pressure to be extruded
through the nozzle. The results of slug test are shown in figure 5.14, and figure C.2c in appendix C.2:
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Figure 5.14: N4X0.2 slug test

Figure 5.15: Slug Test of the N4X0.2 Sample

it can be seen that the addition of xanthan gum led to the loss of extrudability after 30 minutes
which is less than both the N4 and N4A0.75 mixes. Even though, the N4X0.2 started with a lower yield
stress than N4AO0.75 the pressure needed for extrusion was higher. This also matches the results of
the flowability test as the N4X0.2 sample had the least flowability time among all the N4 mixes. This
concludes that the addition of xanthan gum with sodium chloride is not a suitable combination for 3D
printing. As the addition of xanthan gum negatively affected the flowability and extrudability which are
important factors for printing.
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5.2.2 Xanthan Gum with Sodium Borate (Borax)
5.2.2.1 Setting Time

The setting time of B2 was tested with the addition of 0.2% xanthan gum. The results of the test are
shown in figure 5.16, and table A.9 in appendix A.3:
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Figure 5.16: Initial and final setting time of B2X0.2

The addition of 0.2% xanthan gum did not affect the initial setting as it only decreased by 5.5 minutes
compared to the B2 sample. However, the final setting time was a bit affected as it decreased by 46
minutes. Since, the initial setting was not affected no changes had to be done as the initial setting time
is what matters in this research. This also indicates that the 0.2% is also the optimum percentage for
this mix.

5.2.2.2 Flowability Test (Mini-Slump)

The test was done for the mix containing 3% borax and 0.2% XG. The results of the flowability test
are shown in figs. 5.17a and 5.17b, figs. B.24a to B.24c and figs. B.25a and B.25b in appendix B.3:
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Figure 5.17: B3X0.2 Slump Tests
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Figure 5.18: Flowability Test of the B3X0.2 sample at the First Time Interval

It can be seen from figs. B.25a and B.25b that the addition of xanthan gum led to the loss of
flowability after 90 minutes. This is an indication that more borax should be added to counteract the
increase in yield strength and viscosity due to the xanthan gum. Looking at figure 5.17a, the mixture
followed the same behaviour as the B3 sample. Nevertheless, it lost its flowability 30 minutes before the
B3 sample. Xanthan gum led to an increase of 10mm in the slump compared to the B3 sample. Only at
the 90*" minute mark they had almost the same slump.

Based on figure 5.17b, both B3X0.2 and B3 had almost the same spread diameter after 10 minutes.
However, the B3X0.2's spread decreased faster than the B3 sample after that. There was almost a
20mm difference at all times. This indicates that xanthan gum’s effect gradually increases over time as
it started with a very small effect on the spread then later on with time it had a much bigger effect.

5.2.2.3 Yield Stress Development

The B3X0.2 sample was only extrudable for the first 10 minutes. There is no clear correlation
between this and the results from the slump test. This indicates that the sample with xanthan gum
behaves differently when its sheared. This could also mean that with the addition of xanthan gum the
viscosity of the mix increases when sheared.

Nevertheless, these results confirmed what was concluded earlier that the addition of xanthan gum
is not suitable for this mix as it affected its printability properties negatively. This probably has to do with
the type of activator used in this thesis as its already viscous due to the high amount of sodium silicate.
Another important factor is that the addition of borax led to a dry mix this is also an important reason
why xanthan gum had this negative effect.

5.3 Sodium Carboxymethyl Starch (CMS)

5.3.1 Sodium Carboxymethyl Starch with Sodium Chloride
5.3.1.1 Setting Time

The setting time of N4 was tested with the addition of 0.5% CMS. The results of the test are shown
in figure 5.19, and table A.6 in appendix A.2:
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Figure 5.19: Initial and final setting time of N4C0.5

The addition of 0.5% CMS did not affect the setting time in a big way as the initial setting time
decreased only by 5.5 minutes compared to the N4 sample. Moreover, the final setting time decreased
but 15.5 minutes.

5.3.1.2 Flowability Test (Mini-Slump)

The test was done for the sample prepared in section 5.3 with 4% NaCl and 0.5% CMS. The results
of the flowability test are shown in figs. 5.20a and 5.20b, figs. B.11a to B.11c and figs. B.12a and B.12b
in appendix B.2:
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Figure 5.20: N4C0.5 Slump Tests

g
N

(a) N4CO0.5 slump test (b) N4CO0.5 spread test

Figure 5.21: Flowability Test of the N4C0.5 sample at the First Time Interval
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CMS also lowered the flowability of the N4 mortar drastically, but it lost its flowability at the same
time as the N4 sample. However, the slump height was almost the same as the reference sample which
is not a good indication. And same goes for the spread diameter as the spread was lower than the
reference sample. At the 10 minute mark, it was above 150mm but then it went below it which is a small
indication that this mortar might not be very suitable for printing. This confirms that indeed CMS leads
to a decrease in the fluidity hence the drop in flowability.

5.3.1.3 Yield Stress Development

The slug test was performed on the sample with 4% NaCl and 0.5% CMS to see how does the yield
stress develop with time and when would the sample need too much pressure to be extruded through
the nozzle. The results of slug test are shown in figure 5.22, and figure C.2d in appendix C.2:
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Figure 5.22: N4C0.5 slug test

Figure 5.23: Slug Test of the N4C0.5 Sample

It can be seen from figure 5.22, that the addition of CMS increased the yield stress of the mix. It can
also be observed that the mix remained extrudable for 50 minutes which is higher than all the previous
samples. Regardless of the fact that the yield stress increased, the mix remained extrudable which can
be explained by the fact that under shearing, the molecules will move in a parallel direction to the shear
force causing a decrease in viscosity during extrusion and an ease of sliding.

However, this result contradicted the flowability test results. As, shown in figs. 5.44 and 5.45, N4C0.5
was the sample with the second worst flowability. The mix started with a high slump height and low
spread diameter indicating high viscosity or yield stress. Nevertheless, according to the results of the
slug test, the mix started with a lower yield stress than all the previous samples and then it increased
gradually. This could only be attributed to the loss in viscosity during shearing and the parallel movement
of the particles which was mentioned above.

5.3.2 Sodium Carboxymethyl Starch with Sodium Borate (Borax)
5.3.2.1 Setting Time

The setting time of B2 was tested with the addition of 0.5% CMS. The results of the test are shown
in figure 5.24, and table A.10 in appendix A.3:
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Figure 5.24: Initial and final setting time of B2C

The addition of 0.5% CMS decreased the initial and final setting time by 56.5 and 102 minutes
respectively compared to the B2 sample. Furthermore, during mixing the paste was too dry and
needed more mixing time which confirms that CMS lowers the fluidity. Thus, it was chosen to lower the
percentage to 0.25% which improved the setting time quite nicely. The initial setting time was only 9.5
minutes lower compared to the B2 sample while the final setting time was 45 minutes less. In spite of
that, for the same reasoning mentioned above no changes were done because the initial setting time is
the critical point in this thesis which was not affected so this percentage was chosen to be the optimum

percentage when borax is added.

5.3.2.2 Flowability Test (Mini-Slump)

The test was done for the mix containing 3% borax and 0.25% CMS. The results of the flowability
test are shown in figs. 5.25a and 5.25b, figs. B.26a to B.26¢ and figs. B.27a and B.27b in appendix B.3:
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(a) B3C0.25 slump test (b) B3C0.25 spread test

Figure 5.26: Flowability Test of the B3C0.25 sample at the First Time Interval

Looking at figure 5.25a, the addition of CMS led to a loss in flowability after 100 minutes, which is 20
minutes less than the B3 sample. This indicates that more borax should be added since the increase in
yield strength and viscosity reduced the flowability time of the mix. It also led to an increase in slump
of 5-8mm compared to the B3 sample, which further confirms the increase in yield strength and viscosity.

Based on figure 5.25b, the mix maintained its spread diameter for the first 50 minutes. After that, it
started to decrease up until the point it lost flowability. At most time there was a difference of 10-15mm
in spread between this mix and the B3, proving that CMS had an effect on both the yield strength
development and the viscosity.

5.3.2.3 Yield Stress Development

The slug test was performed on the sample with 3% borax and 0.25% CMS to see how does the
yield stress develop with time and when would the sample need too much pressure to be extruded
through the nozzle. The results of slug test are shown in figure 5.27, and figure C.5a in appendix C.3:
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Figure 5.27: B3C0.25 slug test

Figure 5.28: Slug Test of the B3C0.25 Sample

It can be observed from figure 5.39 that the addition of CMS improved the yield strength of the
mix. However, extrudability was lost 20 minutes before the B3 sample. However, for this period of
40 minutes, extrudability was significantly improved as the mix did not need high pressure to be ex-
truded. The same behaviour was observed in the N4C0.5 sample where the sample remained perfectly
extrudable as the yield stress increased. The only drawback was that extrudability was lost in 40 minutes.

Due to these results, the liquid to binder ratio was changed to 0.45 and the test was repeated. The
results are shown in figure 5.29, and figure C.5b in appendix C.3:
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Figure 5.29: B3IbC0.25 slug test
Figure 5.30: Slug Test of the B3IbC0.25 Sample
When the liquid to binder ratio was increased to 0.45, the extrudability time remained the same as
the B3lb sample, the only difference is in the yield stress development where the yield stress values
were actually less than the B3lb sample which means that this percentage of CMS did not improve the
yield stress. Furthermore, looking at figure 5.29, extrudability was lost when the yield stress reached

1888.87 Pa which is almost 100 Pa less than both the B3lb and B3IbA0.5 mixes which further indicates
that the addition of CMS had an unusual effect on the B3lb mix.

5.4 Sodium Carboxymethyl Cellulose (CMC)

5.4.1 Sodium Carboxymethyl Cellulose with Sodium Chloride
5.4.1.1 Setting Time

The setting time of N4 was tested with the addition of 1% CMC. The results of the test are shown in
figure 5.31, and table A.7 appendix A.2:
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Figure 5.31: Initial and final setting time of N4CM1

CMC was added a very late stage of the thesis as a trial. It was supplied in three different viscosities
(30mPa, 500mPa, and 3000mPa). The CMC used was the one with the lowest viscosity (30mPa) as
there was already a problem noticed in the workability of the mixes.
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It can be seen from figure 5.31 that the addition of CMC had a very small effect on the setting time.
The initial and final setting time were both lower by 3.5 minutes than the N4 sample. This is an indication

that this percentage of CMC is optimal for the percentage of NaCl added as the setting time was not
changed.

5.4.1.2 Flowability Test (Mini-Slump)

The test was done for the sample prepared in section 5.3 with 4% NaCl and 1% CMC. The results of

the flowability test are shown in figs. 5.32a and 5.32b, figs. B.13a to B.13c and figs. B.14a and B.14b in
appendix B.2:
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Figure 5.32: NACM1 Slump Tests
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Figure 5.33: Flowability Test of the NACM1 sample at the First Time Interval

CMC led to the decrease in flowability compared to the N4 mix. Nevertheless, The mixture lost its
flowability at the same time the N4 sample did. Based on figure 5.32a, it can be seen that up to the
10" minute, the mix was quite flowable as the slump height was 40.6mm but then there was a jump in
the slump height at it reached 49.75mm. This is an indication that CMC does not have a big effect on
the yield stress and viscosity in the beginning.

However, the spread diameter results did not match the slump height results as the diameter was
the same as the reference sample for the first 30 minutes. This could mean that CMC'’s influence on the
yield stress is higher than its influence on the viscosity.

5.4.1.3 Yield Stress Development

The slug test was performed on the sample with 4% NaCl and 1% CMC to see how does the yield
stress develop with time and when would the sample need too much pressure to be extruded through
the nozzle. The results of slug test are shown in figure 5.34, and figure C.2e in appendix C.2:
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Figure 5.34: N4CM1 slug test

Figure 5.35: Slug Test of the N4ACM1 Sample

The results of the slug-test showed that the addition of CMC increased the yield stress of the mix as
shown in figure 5.34. It can also be observed that the extrudability time also increased by 10 minutes.
Meaning that CMC and CMS have almost the same effect on extrudability even though that their trend
of increase in yield stress is different. The difference is that after 10 minutes, NACM1 had a much lower
yield stress than N4C0.5, but from the 20" minute mark and onwards they both had almost the same
yield stress.

5.4.2 Sodium Carboxymethyl Cellulose with Sodium Borate (Borax)
5.4.2.1 Setting Time

The setting time of B2 was tested with the addition of 1% CMC. The results of the test are shown in
figure 5.36, and table A.12 in appendix A.3:
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Figure 5.36: Initial and final setting time of B2CM1

The addition of 1% CMC led to an increase in both the initial and final setting time compared to the
B2 sample. The initial and final setting time were increased by 44.5 and 13.5 minutes respectively. This
is an indication that the decrease of fluid loss property of CMC can lead to also an increase in the initial
setting time which could be also an increase in open time.
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5.4.2.2 Flowability Test (Mini-Slump)

The test was done for the sample prepared in section 5.3 with 3% borax and 1% CMC. The results
of the flowability test are shown in figs. 5.37a and 5.37b, figs. B.28a to B.28c and figs. B.29a and B.29b
in appendix B.3:

Slump B3CM1 (Average)

’__,/o/‘ . 160
o 140
— 120

—e— Reference

Spread B3CM1 (Average)

~
S

@
3

@«
3

N
8

—e— Reference

w
8
Spread (mm)
8

Slump (mm)

—e—Borax 3% ~—e—Borax 3%

—e—B3CM1 60 —e—B3CM1

20

0 0 20 40 60 80 100 120 140

0 20 40 60 80 100 120 140
Time (min)

Time(min)

(a) B3CM1 slump test [Slump] (b) BBCM1 slump test [Spread]

Figure 5.37: BSCM1 Slump Tests

(a) BBCM1 slump test

Figure 5.38: Flowability Test of the BSCM1 sample at the First Time Interval

Based on figure 5.37a, the addition of CMC led to a loss in flowability after 100 minutes which is 20
minutes before the B3 sample. This means that this percentage of borax is not sufficient for maintaining
the flowability of the mix. Based on the slump height values, CMC improved the viscosity and potentially
the yield stress of the mix as the values were higher than the B3 sample. It's noticeable that CMC
increased the slump height in a steady pace meaning that it gradually increases the viscosity.

Looking at figure 5.37b, the spread diameter was less than the B3 sample further confirming that
CMC improved the yield strength of the mix. There was a difference of almost 15-20mm in diameter
between the BBCM1 and B3 mixes. Furthermore, the trend in the decrease of the diameter of B3CM1
and B3 is the same.

5.4.2.3 Yield Stress Development

The slug test was performed on the sample with 3% borax and 0.75% CMC to see how does the
yield stress develop with time and when would the sample need too much pressure to be extruded
through the nozzle. The results of slug test are shown in figure 5.39, and figure C.6a in appendix C.3:
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Figure 5.39: B3CMO0.75 slug test

Figure 5.40: Slug Test of the B3CMO0.75 Sample

It can be observed from figure 5.39 that the yield stress was improved as it started with value higher
by 321 Pa than the B3 sample. However, the mix lost its extrudability 30 minutes before the B3 sample.
It can also be seen that the yield stress was almost the same for this period indicating that the addition
of CMC is good for the thixotropy of this mix.

Due to these results, the liquid to binder ratio was changed to 0.45 and the test was repeated. The
results are shown in figure 5.41, and figure C.6b in appendix C.3:
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Figure 5.41: B3IbCMO0.75 slug test

Figure 5.42: Slug Test of the B3IbCMO0.75 Sample

When the liquid to binder ratio was increased to 0.45, It can be seen from figure 5.41 that the
extrudability time was extended by 30 minutes compared to the B3lb mix. Furthermore, the same trend
was observed were the B3lb mix had lower yield stress after the first 10 minutes but then it was higher
for the remaining period of time. Nevertheless, their yield stress values were almost the same for the
first 40 minutes. Furthermore, after 80 minutes there was a drop in the yield stress which was due to
the fact that the mix needed higher pressure to be extruded. But if we look at the yield stress value
before the drop, it was 1982.25 Pa which is also very similar to the yield stress value at which both B3lb
and B3IbAO.5 lost their extrudability.
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5.5 Overview

5.5.1 VMA'’s with Sodium Chloride
5.5.1.1 Setting Time

The overall setting time results are shown in figure 5.43. It can be seen that CMC and CMS had the
least effect on the initial setting compared to the other VMA's. This is important because the percentage
of the retarder is fixed, hence it is essential that the percentage of the VMA’s does not affect the initial
setting time drastically. With this in mind, the addition of attapulgite led to a big drop in the initial setting
time thus this percentage is a bit high for this percentage of sodium chloride.
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Figure 5.43: Initial and final setting time of all N4 Samples

5.5.1.2 Flowability

The figs. 5.44 and 5.45 below show all the N4 samples and the samples with the viscosity modifying
admixtures. It is visible from the figures that CMC had the least effect on slump and it can be said that
the effect it had is positive since the mortar was viscous enough. As said earlier, these results are only
small indications of the printability of the mixes but with the presented data N4AO0.75 is the only mix
that be printed easily. While N4X0.2 and N4C0.5 data shows that they have high viscosity which will
probably cause printing problems due to their pumpability. When it comes to NACMH1, it could also have
good pumpability and buildability as the slump height was less than the other VMA'’s but still higher than
N4 meaning good viscosity. Moreover, the spread diameter was smaller than the rest of the VMA’s
which could indicate higher yield stress which is needed for good buildability.
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Figure 5.44: Slump of all Sodium Chloride Samples
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Figure 5.45: Spread of all Sodium Chloride Samples

5.5.1.3 Yield Stress Development

Figure 5.46 shows the yield stress development of all the sodium chloride samples. It can be
observed that N4CO0.5 had the best extrudability as it was extrudable for a longer period of time with a
high yield stress indicating promising buildability properties. However, N4A0.75 is the most promising
mixture when it comes to buildability as it had the highest yield stress from the start and it maintained
the same stress throughout its entire extrudability time. The obvious conclusion from this graph is that
all the VMA's improved the yield stress development of the reference sample and the N4 sample.

A trend was noticed which is that usually the mixtures lose their extrudability when they reach a
slump height above 50mm and a spread diameter below 150mm. The only sample that contradicted
this trend was the N4C0.5 which as mentioned earlier could only be explained by the shearing rate
effect on the viscosity during extrusion.

However, a similar trend regarding the yield stress value could not be observed between all the
mixtures. Even though that all the N4 samples with VMA'’s lost their extrudability when they had a yield
stress of almost 1600 Pa. While, the reference and N4 sample lost their extrudability at 949.4 Pa and
1411.3 Pa respectively. The reason behind this is that each mix requires a different extrusion speed and
pressure and the behaviour under shearing is different between them hence it cannot be said that at a
certain yield stress value, extrudability will be lost.



5.5. Overview 63

Based on the results of the yield stress test performed on the RA0.75 mix, all the N4 samples with
the addition of VMA’s would be printable. This is based on the fact that the RA0.75 mix was printed by Ir.
Irving Flores without any problems except for the short open time. While based on its yield stress test, it
needed very high pressure for extrusion as after 10 minutes of mixing only 23 slugs were extruded and
after 20 minutes, only 10 slugs were extruded meaning that it had already lost its extrudability. While all
the N4 samples with VMA’s were easily extruded.

Furthermore, RA0.75 exhibited very good buildability properties as 15 layers were printed vertically
which is the max. height that can be reached with 3D printer. However, the buildability potential of the
N4 mixes with VMA’s cannot be predicted based on the yield stress values comparison. This is because
the RAO0.75 yield stress values for sure do not represent the actual yield stress value since it needed
high pressure to be extruded. Thus, the shape retention and buildability of all the mixes cannot be
predicted based on the yield stress values obtained.
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Figure 5.46: Yield Stress Development of all Sodium Chloride Samples

5.5.2 VMA'’s with Sodium Borate
5.5.2.1 Setting Time

The overall setting time results are shown in figure 5.47. It can be observed that CMC and attapulgite
had the best effect regarding the effect on the initial setting as they both increased the initial and final
setting time. The percentages of all the VMA'’s used were all optimal as their effect on the initial setting
time was minimal.
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Figure 5.47: Initial and final setting time of all B2 samples

5.5.2.2 Flowability

Below, figs. 5.48 and 5.49 show all the B3 mixes with the different VMA'’s used. It can be observed
that all 4 VMA'’s decreased the flowability time of the mix. Xanthan gum had the highest effect on
flowability as it decreased the flowability time by 30 minutes compared to the B3 sample. While CMS
and attapulgite both decreased it by 20 minutes.

Based on the slump results in the first 50 minutes, attapulgite had the biggest effect on the mix as it
had the highest slump value compared to B3, B3X0.2, B3C0.25, and B3CM1. Nevertheless, after that
both B3X0.2, B3C0.25, and B3CM1 had higher slump than B3A0.75 and this was explained earlier by
the fact the xanthan gum, CMS, and CMC'’s effect on the yield strength and viscosity gradually increases
over time. This was not the case for attapulgite, as it can be seen that for the first 70 minutes there was
a very slight change in slump. Thus, based on the slump results attapulgite had the most positive effect
on the mix.

Based on the spread diameter results, again in the first 50 minutes, the addition of attapulgite had
the biggest effect as it had the lowest spread value out of all samples. For the first 20 minutes B3A0.75
had the same spread as the reference sample, meaning that this percentage of attapulgite completely
cancelled out the effect of borax.

Nevertheless, both B3A0.75 and B3CO0.25 had the same behaviour when it came to the spread
diameter, because for the first 50 minutes there was a slight difference in the spread values. While,
B3X0.2 started with the highest spread diameter compared to B3A.75, B3C0.25, and B3CM1, but then
its spread diameter decreased sharply up until it reached the 0 mark at 100 minutes.

Based on these results it is hard to judge which VMA had a better effect between attapulgite and
CMS. This is due to the fact that as mentioned above up until the 50" minute mark they had a stable
spread with B3C0.25 having a slightly higher spread diameter. After that, both samples had the same
spread diameter up until they lost flowability. Thus, the effect on buildability can only be investigated
with actually printing both mixes.
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Figure 5.48: Slump of all borax samples
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Figure 5.49: Spread of all borax samples

5.5.2.3 Yield Stress Development

Based on figure 5.50, the addition of VMA’s decreased the extrudability time except for attapulgite
as it increased it by 10 minutes. However, when it comes to yield stress development, attapulgite had a
negative effect on the yield stress which can only be explained by the pressure needed for extrusion.
Both CMS and CMC had a positive effect when it comes to the yield stress as they both improved the
yield stress development compared to the B3 sample.

When it comes to printability, based on the yield stress test results of the RAQ.75 mix, all the B3
mixes should be printable. Nevertheless, no conclusions can be made regarding their buildability due to
the inaccuracy in the yield stress results of the RA0.75 mix.
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Figure 5.50: Slug of all borax samples

Based on figure 5.51, the addition of attapulgite had the best effect when it comes to the extrudability
time, while CMC had the best effect when it comes to yield stress development. Furthermore, when it
comes to printability, all the B3Ib mixes should be printable as they were all extruded with ease.

These results confirmed that the increase in the liquid to binder ratio improved the workability of
the mix. It has been reported that increasing either the water content or the alkaline activator content
will improve workability. Nevertheless, it comes at a price as the compressive strength will decrease.
G.Khali et al [98] indicated that increasing the activator content has a lower effect on the strength than
adding water, hence why it was decided to increase the activator content to improve the workability and
increase the open time.
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Figure 5.51: Slug of all borax (I/b=0.45) samples



Final Mixture: B3IbAO.5

The B3IbA0.5 mix was chosen for printing for two significant reasons:

+ It had the longest extrudability time among all the other mixes which was two hours. This is one
of the research goals of this research which was developing a mixture that has an open time of
2 hours or more. Based on the fact that the mixture was extrudable for 2 hours means that it
definitely has an open time longer than two hours since the RA0.75 mix had an open time of 50
minutes while with the yield stress test it was only extrudable for almost 20 minutes.

» The yield stress development obtained from the yield stress test showed relatively good results
since [94] indicated that a yield stress of 1400 Pa is good for buildability.

Below all the tests results of the B3IbA0.5 mixture are presented.

6.1 Flowability Test (Mini-Slump)

The flowability test was done to have an indication about the flowability behaviour to check when to
stop the printing process. This was carried out so to avoid the risk of the mortar hardening inside the
pump. The results of the flowability test are shown in figs. 6.1a and 6.1b and table B.23 in appendix B.3:
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Figure 6.1: B3IbA0.5 Slump Test
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(a) B3IbA0.5 slump test (b) B3IbA0.5 spread test

Figure 6.2: Flowability Test of the B3IbA0.5 sample at the First Time Interval

It can be seen from figs. 6.1a and 6.1b that the flowability time increased to 150 minutes which is
30 and 50 minutes more than the B3 and B3A0.75 samples respectively. Looking at the slump height,
there is no big difference between the B3IbA0.5 and B3A0.75 samples up until the 70th minute. After
that, the the B3IbA0.5’s slump height remained lower which has to do with the increase in the liquid
to binder ratio. As for the spread diameter, the difference between them was small up until the 60th
minute. This means the increase in the activator percentage slowed down the loss in flowability that was
occurring after 60-70 minutes from mixing. This could lead to the conclusion that the liquid to binder
ratio does not affect flowability for the for the first 60 minutes. It only starts to have an effect after that
point by slowing down the loss in flowability with the increase in its value. Furthermore, it can be seen
that the flowability remained constant up until the 80" minute giving a margin of 80 minutes of safely
printing without any risks to the pump.

6.2 Yield Stress Development

The results of the yield stress development test are shown in figure 6.3, and figure C.4b in appendix
C.3:
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Figure 6.3: B3IbA0.5 slug test

Figure 6.4: Slug Test of the B3IbA0.5 Sample

It can be seen from the graph that the extrudability time significantly improved as it reached 2 hours
compared to the B3Ib. However, the yield stress development is slower than than the B3lb mix as
the yield stress was only higher after 10 minutes then the B3Ilb mix always had higher yield stress.
Nevertheless, as seen in figure 6.3 the B3IbA0.5 mix had higher yield stress than B3, B3A0.5 and ref
mixes. Although, this does not necessarily mean that the B3IbA0.5 would have better buildability as the
yield stress values of the B3, B3A0.5 and ref mixes may not actually represent their actual yield stress
values. Furthermore, it can be observed that the mix lost it extrudability when it reached a yield stress
of 1977.78 Pa which is very similar to the value when the B3lb mix lost its extrudability. Moreover, the
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mixture lost its extrudability 30 minutes before it lost its flowability. This behaviour has been noticed
many times, hence extrudability is always lost before the loss of flowability.

6.3 Pumpability and 3D Printing

The pumpability test was done for the B3IbA0.5 sample. The results are shown in table 6.1 and

figure 6.5
Table 6.1: B3IbA0.5 Pumpability Test
B3IbA0.5 Pumpability Test
Speed Mass (g) Mass/10 (g/s) | Density (g/L) | Volume (L/s) | d (mm) | V/d (V/mm.s)
Speed 1 | not pumpable - - - - -
Speed 2 303.8
P 3341 31.895 2.04 15.63 25 0.63
AVG 318.95
399.1
Speed 3 406.4 40.275 2.04 19.74 25 0.79
AVG 402.75
Speed 4 513
P 585.4 54.92 2.04 26.92 25 1.08
AVG 549.2
686.6
Speed 5 706.1 69.635 2.04 34.13 25 1.37
AVG 696.35
B3IbA0.5 Pumpability Test
800
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Figure 6.5: B3IbA0.5 Pumpability Test

According to the pumpability test results seen in figure 6.5, the mixture was not pumpable at speed
1. This means that the mixture’s yield stress is too high for this speed. Nevertheless, at speed’s 2-5, the
mixture was pumped easily, thus the mixture is printable.

The printed wall using B3IbA0.5 shown in figure 6.6:
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Figure 6.6: B3IbA0.5 Printed Wall

As can be seen in figure 6.6 the printed wall had 10 layers. The printing was stopped because further
printing would have led to the collapsing of the wall. The B3IbA0.5 mixture has less buildability than
RefA0.75 as 15 layers were printed using the RefA0.75 mixture as shown in figure 6.7. Nevertheless,
this outcome was expected since the reaction is retarded due to the borax and there is less attapulgite
in the mixture than the reference mixture. Moreover, the mixture was easily pumped thus the per-
centage of attapulgite can probably be increased back to 0.75% to improve the buildability of the mixture.

Coming back to the flowability and yield stress development tests, it can be concluded that a spread
diameter above 180mm could be too high for buildability purposes. Which means that a spread diameter
between 150-180mm could ensure that a mixture shows good buildability properties. As for the yield
stress, indeed a yield stress of 1400 Pa insures good flowability of the material. Nevertheless, it’s still
too low to withstand the self-weight. Based on the printing process, the mixture stayed in the pump for
60 minutes after mixing, meaning that a yield stress above 1600 Pa would be required to have better
buildability.

There were also two reasons that affected the printing process: the distance between the nozzle
and the printing surface and the nozzle itself. The distance from the nozzle till the printing surface was
considered a bit high for this mixture. The distance affects the buildability as the concrete will cause
further deformation to the layer under it. The second problem was the nozzle itself as it was slightly
rotating while printing which led sometimes to the layers to be printed at an angle which so the layers
were not totally aligned.

Figure 6.7: RefA0.75 Printed Wall

6.4 Flexural and Compressive Strength Tests

The tests were carried out on cast and printed samples. First, The flexural and compressive strength
test for the B3IbAO0.5, B3lb, and reference cast samples were carried out. The results are shown in
figs. 6.8a and 6.8b, and tables D.1 to D.3 in appendix D:
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Figure 6.8: Flexural and Compressive Strength Test of B3IbA0.5

Based on the results of the flexural and compressive strength tests shown in figs. 6.8a and 6.8b,
the change in liquid to binder ratio and the addition of borax led to a decrease in the flexural and
compressive strength. It can be seen that the flexural and compressive strength test of B3lb and
B3IbA0Q.5 are almost the same at all time meaning that the attapulgite has no effect on the strength
development. The only visible difference was the flexural strength at the 28" day where the B3IbA0.5
had a slightly higher flexural strength. The flexural strength of B3IbA0.5 increased from 0.66% at the 15¢
day to 0.84% at the 28" day compared to the reference sample. While the compressive strength of
B3IbA0.5 increased from 0.53% at the 15* day to 0.73% at the 28" day. This is probably the effect of
borax as it slows down the strength development in the early stages then it increases but it is still less
than the reference sample which is the effect of the increased amount of activator. The compressive
strength of B3IbAOQ.5 is equivalent to C25/30. However, the flexural strength of B3IbAQ.5 is equivalent to
C45/55. This is a typical result for geopolymer concrete where the compressive strength is always less
than the flexural strength.

Flexural and compressive strength test were carried out on printed prisms on the 7" day after
printing. The results of the compressive and flexural strength tests done on printed prism compared
with the cast prism results are shown in figs. 6.9a and 6.9b and tables D.4 and D.5 in appendix D:
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Figure 6.9: Flexural and Compressive Strength Test of Printed B3IbA0.5 Samples

Based on the results shown in 6.9a, It can be seen that the flexural strength of the 3D printed prism
tested in the vertical direction is the highest compared to the cast prism and 3D printed prism tested in
the horizontal direction by 0.29% and 0.43% respectively. This means that printed prisms behave in
an anisotropic way as the flexural strength changes based on the direction of the test. This has to do
with the region that is subjected to the maximum bending moment in the test. Nevertheless, in both the
vertical and horizontal directions, the maximum bending stress should occur in the bulk of the concrete.
Hence, the results should be close but in this case the only reasonable explanation is that the interface
layer influenced the results in a way. Moreover, it's reasonable that the printed prism had higher flexural
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strength as it has been proven that the porosity of cast concrete is higher than 3D printed concrete, and
this higher porosity leads to a decrease in the flexural strength.

Nevertheless, based on the results shown in 6.9b, the compressive strength of 3D printed cube
tested in the horizontal direction was higher than both the cast cube and the 3D printed cube tested in
the vertical direction by 0.24% and 0.32% respectively. Normally cast cubes have higher compressive
strength than 3D printed cubes because of the interface layer at it is usually the weak link in printed
prisms so it leads to failure faster. Nevertheless, as was shown in the tensile bond test, the failure
happened near the glue which means the interface is not the weaker link which explains why the cube
tested in the horizontal direction had the highest compressive strength.

6.5 Tensile Bonding Strength Test

The test was done on the 4" day after printing. The results of the tests are shown in figs. 6.10a
to 6.10c:

(c) B3IbAO0.5 uni-axial test (3)

Figure 6.10: B3IbA0.5 Uni-axial Test

Based on the results of the tensile bond strength test shown in figs. 6.10a to 6.10c, the first two
samples failed near the glue. This location of the crack indicates that the bond between the layers is
strong. This could be explained by the adhesive nature of geopolymer and the effect of attapulgite as it
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increases the cohesion of the mixture. This result was also achieved by Zainab [85] as her sample also
failed near the glue due to the use of attapulgite. One other factor that could have influenced this failure
is the heat induced by the glue which leads to extra stress buildup near it. The average tensile strength
for the samples is 0.69 MPa.

6.6 Conclusion

The B3IbA0.5 mixture showed acceptable printability and buildability properties. The mixture’s initial
results were in range of the required values as the initial setting time was higher than 3 hours, the
spread diameter was between 150-200mm for almost 130 minutes, and the yield stress reached 1400
Pa after 20 minutes. Nevertheless, after printing it was concluded that a spread diameter between
150-180mm, and a yield stress above 1600 Pa would be better to ensure better buildability. hence,
the addition of more attapulgite would prove to be beneficial to both in enhance the buildability and
strengthen the interface between the layers. As shown in the uni-axial test, failure happened near the
glue which meant that the interface layer was stronger due to the addition of attapulgite. Moreover, as
shown in the flexural and compressive strength results, the difference in strength between the cast and
printed mixtures is not high, and depending on the direction of applying the load the printed mixture can
show higher strength than the cast mixture.



Conclusions and Recommendations

7.1 Conclusions

Multiple conclusions can be drawn from the work done in this thesis. Regarding the tests that were
done in this thesis, the setting time test is not a good indicator for printing properties. This is due to the
fact that all of the mixes lost their flowability or extrudability a long time before their initial setting time.
The only outcome that can be drawn from the setting time test is if an admixture does have an effect on
the mix or not. Furthermore, the setting time test was used in this thesis to calibrate the percentage of
VMA's used based on the their effect in reducing the initial setting time. This was the case because
the retarder percentage was fixed when the VMA’s were added, thus the VMA'’s percentage should
not reduce the initial setting time because that would mean that the yield stress became too high for
extrudability.

However, slump and slug tests are a good indicator of the material’s behaviour regarding printability
and flowability. It was deduced that the slump height can be an indicator of the mixtures’ viscosity,
while the spread diameter can show the mixtures’ yield stress development. As for the slug test, it is
most definitely the closest test to printing. This is because the material is extruded during the test so it
experiences shearing which can indicate the full extent of the VMA's effect on the mixtures because
VMA'’s alter the material’s behaviour under shearing.

A correlation between the slump and slug tests could not be found for all the mixtures. The one con-
stant is that extrudability is always lost before the loss of flowability. Usually the loss of the extrudability
occurs 20 minutes before the loss of flowability. It was only noticeable with the sodium chloride samples
with added VMA’s. They all lost their extrudability in the slug test when the slump height value was
50mm and the spread diameter was 150mm. However, for the borax samples, there was no correlation
between the results of both tests. This has to do with the fact that the thixotropic behaviour of each
mixture is different depending on the retarder added. Furthermore, the slug test does not give the actual
yield stress values when the mixture needs high pressure to be extruded. This is one of the drawbacks
of the slug test, as the diameter of the nozzle and the pressure that can be provided do not represent
the pressure than can be given by a printer’s pump. This was validated by the fact that the RA0.75
sample lost its extrudability after 15-20 minutes with the slug test. However, the mixture was printable
for 50 minutes. .

One of the most important conclusions is agreeing with what most researchers already implied
which is that there is no way to be sure about the effect of retarders with alkali-activated material. There
is no way to generalize the effect of a certain admixture and usually the results obtained will only be for
the specific mixture they were tested on. This has to do with the fact that there are a lot of factors that
influence the effect of admixtures, like the precursors used, their percentage in the total binder, the alkali
activator used, the molarity of the activator, the liquid to binder ratio, and the water content. To further
elaborate on this, in section 2.2.1.1, the effect of sucrose as a retarder was reported. Nevertheless,
when it was added to the mixture used in this thesis, it did not have a retarding effect at all. Furthermore,
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when it comes to the percentages of the admixtures used, none of the percentages of admixtures used
in this thesis are the same as the ones reported in the literature. Thus, this further confirms that the
admixtures topic is complicated when it comes to alkali-activated materials as there are a lot of factors
that influence their effect.

Both sodium chloride and sodium borate had a retarding effect on the mixture. However, less percent-
ages were needed than the ones mentioned in literature. For sodium chloride, it was reported that with a
percentage lower than 4% it would act as an accelerator and that the optimum percentage is 6% but this
was not the case. Percentages from 3%-8% were tested. They all exhibited a retarding effect with 4%
being the optimum as it led to the biggest delay in initial setting time. Sodium Chloride also enhanced
the flowability of the mixtures. Two percentages of sodium chloride were tested with the flowability
test: 3% and 4%. The mix with 4% NaCl had better flowability meaning that with the increase in NaCl
percentage, flowability will be better. Sodium Chloride also enhanced the extrudability of the mixture, as
the mix was extrudable for a longer period of time compared to the reference sample during the slug test.

Borax had a bigger effect on the setting time than NaCl as less percentages of borax compared to
NaCl led to a bigger delay in the setting time. The percentages of borax tested ranged from 1-6%. They
all showed a delay in the setting time of the mixture. Also, it was concluded that the delay in setting
time increases as the percentage of borax increases. Also, based on the slump tests, the addition of
borax increased the flowability of the mixture, and flowability increases with the increase in the borax
percentage. According to the results of slug test, borax also increased the extrudability time of the
mixture. However, the mixture required high to be extruded during the test. And in general, the addition
of borax led to having a dry paste. Although, when the liquid to binder ration was increased to 0.45, the
mixture was easily extruded. however, increasing the activator content did not affect the extrudability
time. This means that the increase in the activator content only affected workability.

The second part of this thesis was to check if the chosen retarders and VMA’s can work side by
side to simultaneously increase the open time and enhance the viscosity and yield stress for better
buildability. It was concluded that nano-clay (attapulgite), sodium carboxymethyl starch (CMS), and
sodium carboxymethyl cellulose are compatible with both sodium chloride and borax. However, xanthan
gum led to a severe decrease in flowability and led to the dryness of the mixtures.

The addition of attapulgite led to a decrease in fluidity but it improved the yield stress development
while maintaining the same flowability and extrudability time. It was noticed that attapulgite increases the
viscosity and yield stress up to a certain point and then stays at the same value for around 40-50 minutes
then the values start to change again or in case of extrudability it stops being extrudable. However, this
property was not noticed when the liquid to binder ratio was increased to 0.45. However, when the
liquid to binder ratio was increased to 0.45, B3IbA0.5 was extrudable for double amount the time B3Ib
was extrudable and it was flowable for 150 minutes. Moreover, based on the results of the slug tests,
attapulgite improved the thixotropy of the mixture as the mixture had relatively high yield stress but it
was still extrudable meaning that under shearing its viscosity decreases which is optimum for 3D printing.

When it comes to xanthan gum, the increase in viscosity and yield stress was too high for this
mixture that it negatively affected both its flowability and yield stress development. This is due to the
fact that xanthan gum is mixed with the alkaline activator which increases it viscosity even more, when
in fact the activator is already viscous due to sodium silicate.

Sodium carboxymethyl starch did not delay the setting time of the mixture, it only affected its
viscosity meaning that for this mixture CMS can only work as a VMA. CMS improved the thixotropy
of the mixture. It reduced the flowability of the mixture but improved its viscosity and yield stress.
It is good for thixotropy because even with high yield stress values and low flowability, the mixture
was still easily extruded. This means that under shearing the mixture loses its viscosity which is
suitable for printing. Nevertheless, the percentage of CMS added has to be well studied before as it
was noticed that amounts higher than 0.5% of the binder in this case led to severe dryness of the mixture.

Sodium carboxymethyl cellulose had a positive effect on the viscosity and yield stress of the mixture.
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It increased the yield stress of the mixture while maintaining its extrudability. This means that CMC also
enhanced the thixotropic behaviour of the mixture. Furthermore, when added to the B3Ib sample, it lead
to an increase in the extrudability time by 1.5 times the extrudability time of the B3lb sample. However,
the mechanism behind this behaviour is not known as it still have not been studied. In the end, it can be
said that borax had the biggest influence on the setting time while attapulgite and CMC had the best
influence on the thixotropy of the mixture.

The compressive strength of the cast B3IbA0.5 is 30.49 MPa after 28 days so it didn’t reach the
value (40 MPa)that was looked for. Moreover, the compressive strength of the cast, and printed cubes
tested on the 7" day in the vertical and horizontal direction were 13.76 MPa, 12.28, MPa, and 18.13
MPa respectively. Assuming that the difference between the value will be the same, the values on
the 28" day would be, 30.49 MPa, 27.15 MPa, and 40.08 MPa. This indicates that this mixture can
be used in structural applications. The mixture showed good buildability properties as 10 layers were
printed. However, the buildability could be improved with the increase of the attapulgite’s percentage.
Furthermore, the buildability of the mixture does not only depend on the mixture itself but also the speed
of printing, the height between the nozzle and the printing surface and the nozzle itself. It was also
concluded that the compressive and flexural strength of the printed concrete could be higher than cast
concrete based on the direction of testing due to the influence of the interface layer. In this case, the
interface layer did not affect the strength negatively as it was not the weakest link.
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7.2

Recommendations

Decreasing the percentage of borax added to 2.5% or 2% while keeping the liquid to binder ratio
at 0.45. This would improve the flexural and compressive strength of the mixture while having
sufficient flowability and a long open time.

Increasing the water to binder ratio of the mortar because it will improve flowability and increase
the open time. This is a recommended since maybe less percentage of water would need to be
added than the activator percentage that was added when the liquid to binder ratio was increased
to 0.45. This may lead to a better flexural and compressive strength development of the mixture.
Increase the percentage of attapulgite to 0.75% to further improve the mixture’s buildability.
Conducting an isothermal calorimetry test to further understand the behaviour of the mixture with
each different admixture based on the heat generated at each stage. Moreover, the width of the
dissolution peak can indicate the loss of flowability which could aid in finding the reason why
flowability is lost a long time before the initial setting time.

To further understand the reaction mechanisms of the admixtures and their effect on the early-age
properties, an SEM test can be done to visually inspect the reactions, and an FTIR test to study
which chemical bonds are being formed.
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Appendix A: Setting Time Results

For more exact results, the tables below show all the results of the setting time tests done.

A.1 Sucrose
Table A.1: Initial and final setting times of sucrose samples
Sample | Initial setting time (min) | Final setting time (min) | Average initial setting time (min) | Average final setting time (min)
S0.51 97 127
5052 88 128 925 127.5
S0.751 115 165
50.752 113 153 114 159
S11 123 163
S12 101 141 102 131.5
S13 103 122
S1.51 107 137
5152 100 130 103.5 1335
S21 103 122
7] - - 103 122
S31 96 122
532 . - 96 122

Table A.2: Initial and final setting times of sucrose samples (sucrose added to dry mix)

Sample | Initial setting time (min) | Final setting time (min)
SDO0.2 108 138
SD0.35 98 148
SDO0.5 126 206
SDO0.6 111 151
SD1.5 77 97
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A.2 Sodium Chloride (NaCl)

Table A.3: Initial and final setting times of NaCl samples

Sample | Initial setting time (min) | Final setting time (min) | Average initial setting time (min) | Average final setting time (min)
N31 198 308
N32 | 190 340 194 324
Na1 244 444
Na2 | 244 414 244 429
N51 235 315
N52 | 238 348 236.5 331.5
N61 245 375 245 375
N71 217 307
N72 195 250 e s
N81 | 241 401 241 401

Table A.4: Initial and final setting time of N4A0.75
Sample | Initial setting time (min) | Final setting time (min) | Average initial setting time (min) | Average final setting time (min)
N4A0.751 200 350
N4A0.752 199 339 1995 344.5

Table A.5: Initial and final setting time of N4X

Sample | Initial setting time (min) | Final setting time (min) | Average initial setting time (min) | Average final setting time (min)
N4X0.21 233 423 208 418
N4X0.22 223 413
N4X0.41 170 230
N4X0.42 178 248 174 239

Table A.6: Initial and final setting time of N4C0.5
Sample | Initial setting time (min) | Final setting time (min) | Average initial setting time (min) | Average final setting time (min)
N4C.51 250 430 238.5 3985
N4C.52 227 367 ) )

Table A.7: Initial and final setting time of N4ACM1
Sample | Initial setting time (min) | Final setting time (min) | Average initial setting time (min) | Average final setting time (min)
N4CM11 248 428
N4CNH2 233 393 240.5 4105

A.3 Sodium Borate (Borax)

Table A.8: Initial and final setting time of B2A0.75

Sample | Initial setting time (min) | Final setting time (min) | Average initial setting time (min) | Average final setting time (min)
B2A0.751 306 456 3055 438
B2A0.752 305 420 )
Table A.9: Initial and final setting time of B2X0.2
Sample | Initial setting time (min) | Final setting time (min) | Average initial setting time (min) | Average final setting time (min)
B2X0.21 271 401
B2X0.22 280 380 2755 390.5
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Table A.10: Initial and final setting time of B2C0.5

Sample | Initial setting time (min) | Final setting time (min) | Average initial setting time (min) | Average final setting time (min)
B2C0.51 230 340
B2C0.52 219 329 2245 334.5
Table A.11: Initial and final setting time of B2C0.25
Sample | Initial setting time (min) | Final setting time (min) | Average initial setting time (min) | Average final setting time (min)
B2C0.251 277 397
B2C0.252 266 386 2715 391.5
Table A.12: Initial and final setting time of B2CM1
Sample | Initial setting time (min) | Final setting time (min) | Average initial setting time (min) | Average final setting time (min)
B2CM11 320 >450
B2CM12 331 >450 325.5 >450




Appendix B: Flowability Test Results

For more exact results, the tables below show all the results of the flowability tests done.

B.1 Reference Sample

Ref 2]
Begin| Time [Height (mm)|Spread (mm)
Ref [1] 11:49 50 167.7
Begin | Time |Height (mm)|Spread (mm) . .
9:49 52 1559 11:59— 32 164.8
. 52 159.1 52 167.4
93953 159.8 51 167.3
51 155 AVG 51.25 166.8
AVG 52 157.45 52 158.1
52 156.3 -
000 5 158.6 12:09 52 163.3
; 33 1576 53 160.9
53 153.5 51 162.1
AVG 52.5 156.5 AVG 52 161.1
53 146.3 54 148.6
53 146.1
10:19 52 153.1 12:19 53 1514
54 145 53 150.1
AVG 53 147.625 55 153.2
55 126.5 AVG 54.25 150.825
1029 55 125.4 55 138.1
55 124.1 56 142.6
57 126.4 12:29 56 ]42'2
AVG 55.5 125.6 .
55 141.3
(a) Reference sample slump test (1) AVG 55.5 141.05
(b) Reference sample slump test (2)
Ref [Average]
Begin|Time (min)| Height (mm)|Spread (mm)
0:00 10.00 51.625 162.125
20.00 52.25 158.8
30.00 53.625 149.225
40.00 55.5 133.325

(c) Reference sample slump test [Average]

Figure B.1: Reference Sample Slump Test
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180
160
140
120
100
80
60
40
20
0
0.00
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’——.\\

500 10.00 15.00 20.00 25.00 30.00 35.00
Time (min)

—®— Height —@—Spread

(a) Reference sample slump test (1)

40.00

45.00

Reference Sample [2]

.\ﬁ\.

5.00 10.00 1500 20.00 25.00 30.00 35.00
Time (min)

—8—Height —®—Spread

(b) Reference sample slump test (2)

40.00

45.00
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B.2 Sodium Chloride (NaCl)

NaCl3%
Begin | Time | Height (mm) | Spread (mm)
10:48 40 186.4
38 187.5
10:59 36 186.2
35 186.4
AVG 37.25 186.625
40 175.1
39 176.4
1119 39 176.5
38 177.1
AVG 39 176.275
45 155.2
46 156.8
11:39 46 158.1
46 156.5
AVG 45.75 156.65
53 110.1
52 111.7
159 50 113.4
52 114.1
AVG 51.75 112.325
(a) NaCl 3% slump test (1)
NaCl 3%
Begin | Time | Height (mm) | Spread (mm)
1:35 32 201.4
33 202.8
1:45 34 201.9
33 204.5
AVG 33 202.65
39 193.6
39 193.8
1335 39 192.2
38 194.2
43 176.1
45 178.2
205 44 179.5
42 176.4
AVG 43.5 177.55
49 158.1
49 161.2
215 48 160.6
48 158.1
53 116.2
54 115.2
225 53 1154
54 116.7
AVG 53.5 115.875
59 0
60 0
2:35 59 0
59 0

(c) NaCl 3% slump test (3)

NaCl 3%
Begin | Time | Height (mm) | Spread (mm)
1:34 35 190.7
35 195
144 35 198.5
36 195.3
AVG 35.25 194.875
44 173.1
43 172.7
2:04 44 169.9
42 170.5
AVG 43.25 171.55
53 118.2
53 116.4
224 55 115.9
56 116.5
AVG 54.25 116.75
60 0
60 0
2:44 0 0
60 0
AVG 60 0
(b) NaCl 3% slump test (2)
NaCl 3%
Begin | Time (min) | Height (mm) |Spread (mm)
0:00 10.00 35.17 190.75
30.00 41.92 173.91
50.00 51.16 136.70
70.00 59.63 0

(d) NaCl 3% slump test [Average]

Figure B.3: NaCl 3% Slump Test
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NaCl 3% Slump [1]

200
250
180
160 200
140
EHO 150
£
100 15
80 100
60
0 .—_.//' 50
20
0
° 0.00
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00
Time (mins)
—e—Height —e—Spread
(a) NaCl 3% slump test (1)
NaCl 3% Slump [3]
250
200
150
3
£
100
50
]
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00

Time (min)

—e—Height —e—Spread

(c) NaCl 3% slump test (3)

10.00

NaCl 3% Slump [2]

20.00 30.00 40.00 50.00
Time (mins)

—e—Height —e—Spread

(b) NaCl 3% slump test (2)

60.00

70.00

80.00
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NaCl 4%
Begin | Time | Height (mm) | Spread (mm)
2:13 33 186.3
34 186.4
223 35 187.5
34 187.1
NaCl 4% AVG 34 186.825
. . Height 38 184.8
Begin | Time (mm) Spread (mm) . gg 1222
1:30 34 196.7 0 1865
. 32 1983 Ave| s | issers |
b4l 3 199.5 0 130
33 199.7 2:43 37 1853
AVG 33 198.55 38 182.8
39 182.2 AVG 38.75 182.65
39 182-3 44 172.6
) . ) 44 174.1
201 40 185.9 253 42 175.1
20 1832 41 172.1
: [AVG[ 4275 | 173475 |
AVG 39.5 183.4 49 159 8
50 151.1 3.03 48 158.4
: 47 159.9
2:21 49 154.3 47 158.8
48 153.6 AVG 47.75 159.225
48 150.9 25 }2;
AVG 48.75 152.475 313 = 1442
55 118.2 53 145.3
56 119.3 [AVG[ 5225 | 143275 |
24l 56 118.6 = 232
3:23 :
57 117.8 50 125.6
AVG 56 118.475 4 123.1
AVG 52.75 124.325
(a) NaCl 4% slump test (1) 133 :3 g
’ 56 0
58 0
[avG] 5725 [ 0 |
(b) NaCl 4% slump test (2)
NaCl 4%
Begin | Time (min) | Height (mm) |Spread (mm)
0:00 10.00 33.5 192.69
30.00 39.13 183.023
50.00 48.25 155.85
70.00 55.25 121.4

(c) NaCl 4% slump test [Average]

Figure B.5: NaCl 4% Slump Test
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NaCl 4% Slump [1]
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200
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=3
5
100
50 .//
0
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(b) NaCl 4% slump test (2)

70.00
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NaCl4% + A 0.75% [2]

Begin Time |Height (mm)|Spread (mm)
2:37 50.00 169.40
rar 50.00 169.50
50.00 168.50
49.00 168.40
AVG 49.75 168.95
NaCl 4% + A0.75% [1] 50.00 169.30
Begin|Time (min)|Height (mm) |Spread (mm) 557 50.00 169.40
2:06 50.00 164.30 49.00 170.50
516 50.00 165.40 48.00 16970
: 50.00 163.50 AVG 49.25 169.73
49.00 164.10 50.00 166.00
AVG 49.75 164.33 13:07 49.00 159.90
50.00 162.40 49.00 16380
2:36 20.00 163.40 AVG 22'23 12:55.;3
’ 51.00 163.10 52'00 158'80
51.00 162.50 51:00 157:20
AVG 50.50 162.85 3:17 100 5670
50.00 151.30 50.00 15520
2:56 50.00 15340 AVG 51.00 156.98
51.00 152.50 o0 T a2
50.00 153.70 0 T 1w
AVG 50.25 152.73 327 T 00
55.00 113.50 o0 T 13050
316 56.00 112.30 AVG 52.00 140.20
56.00 114.20 54.00 125.70
AVG 56.00 113.35 B T 500 12430
54,00 125.40
(a) N4AO0.75 slump test (1) AVG 54.00 125.55
58.00 0.00
vt 57.00 0.00
59.00 0.00
59.00 0.00
AVG 58.25 0.00

(b) N4A0.75 slump test (2)

NaCl 4% + A0.75% [Average]

Begin | Time (min) Height (mm)|Spread (mm)
0.00 10.00 49.75 166.64
30.00 49.75 163.33
50.00 51.13 146.47
70.00 57.13 113.35

(c) N4AO0.75 slump test [Average]

Figure B.7: N4A0.75 Slump Test



B.2. Sodium Chloride (NaCl)

95

NaCl 4% + A0.75% [1]
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NaCl4% + XG 0.2% [1]
Begin| Time|Height (mm)|Spread (mm)
2:21 50.00 139.90
50.00 138.00
231 50.00 139.50
48.00 138.60
AVG 49.50 139.00
50.00 131.10
50.00 134.70
251 51.00 134.60
52.00 136.80
AVG 50.75 134.30
55.00 111.10
3411 56.00 112.40
57.00 110.60
57.00 109.70
AVG 56.25 110.95
59.00 0.00
60.00 0.00
331 60.00 0.00
60.00 0.00
AVG 59.75 0.00

(a) N4X0.2 slump test (1)

NaCl 4% + XG 0.2% [2]

Begin |Time | Height (mm) [ Spread (mm)

1:58 48.00 142.60
48.00 142.30

2:08
46.00 142.50
46.00 145.30
AVG 47.00 143.18
52.00 138.50
52.00 140.30

2:18
51.00 136.30
51.00 139.00
AVG 51.50 138.53
51.00 130.50
51.00 132.20

2:28
52.00 128.20
53.00 129.70
AVG 51.75 130.15
52.00 133.20
53.00 129.30

2:38
53.00 128.40
53.00 127.60
AVG 52.75 129.63
55.00 122.10
55.00 120.50

2:48
54.00 120.30
53.00 120.80
AVG 54.25 120.93
57.00 112.50
57.00 113.20

2:58
56.00 110.50
56.00 113.00
AVG 56.50 112.30
59.00 0.00
59.00 0.00

3:08
60.00 0.00
60.00 0.00
AVG 59.50 0.00

(b) N4X0.2 slump test (2)

NaCl 4% + XG 0.2% [Average]
Begin| Time (min)|Height (mm)| Spread (mm)
0.00 10.00 48.25 141.09
30.00 51.25 132.23
50.00 55.25 115.94
70.00 59.63 0.00

(c) N4X0.2 slump test [Average]

Figure B.9: N4X0.2 Slump Test
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NaCl 4% + XG 0.2% [1]
160.00
140.00
120.00
100.00
80.00
60.00
40.00
20.00
0.00

0.00 10.00 20.00 30.00 40.00 50.00 60.00

70.00  80.00

Time (min)

—&—Height —@—Spread

(a) N4X0.2 slump test (1)

mme

160.00
140.00
120.00
100.00
80.00
60.00
40.00
20.00

0.00
0.00

10.00

NaCl 4% + XG 0.2% (2]

20.00 30.00 40.00 50.00

Time (min)

~—&—Height —@—Spread

(b) N4X0.2 slump test (2)

60.00

70.00

80.00



B.2. Sodium Chloride (NaCl)

98

NaCl4% + CMS 0.5% [1]

Begin| Time [Height (mm) Spread (mm)
1:51 47 164.9
47 161.5
201 48 163.7
46 163.6
AVG 47 163.425
53 143.4
53 143.2
221 52 142.4
52 140.2
AVG 52.5 142.3
54 120.3
54 120.2
241 54 120.6
53 126.4
AVG 53.75 121.875
59 0
59 0
3:01 0 0
60 0
AVG 59.5 0

(a) N4CO0.5 slump test (1)

NaCl 4% + CMS 0.5% [2]
Begin | Time |Height (mm) [Spread (mm)
2:59 48.00 156.10
49.00 152.90
3:09
50.00 153.40
50.00 155.30
AVG 49.25 154.43
50.00 148.90
52.00 146.10
3:19
51.00 146.60
51.00 145.90
AVG 51.00 146.88
53.00 138.90
53.00 138.70
3:29
53.00 140.10
52.00 139.90
AVG 52.75 139.40
55.00 134.70
54.00 133.00
3:39
55.00 132.60
54.00 131.50
AVG 54.50 132.95
55.00 129.30
57.00 127.10
3:49
56.00 127.60
57.00 128.40
AVG 56.25 128.10
55.00 127.70
57.00 128.40
3:59
58.00 127.30
57.00 128.50
AVG 56.75 127.98
58.00 117.50
57.00 115.10
4:09
57.00 116.30
58.00 116.90
AVG 57.50 116.45

(b) N4CO0.5 slump test (2)

NaCl 4% + CMS 0.5% [Average]
Begin [Time (min)|Height (mm)|Spread (mm)
0.00 10.00 48.13 158.91
30.00 52.63 140.85
50.00 55.00 125.00
70.00 58.50 116.45

(c) N4C0.5 slump test [Average]

Figure B.11: N4C0.5 Slump Test
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NaCl4% + CM 1% [1]
Begin | Time | Height (mm) |Spread (mm)
1:14 40.00 162.30
42.00 161.10
1:24 38.00 165.90
39.00 165.20
AVG 39.75 163.63
50.00 150.90
48.00 152.60
144 51.00 152.70
51.00 153.40
AVG 50.00 152.40
53.00 141.30
52.00 139.50
2:04 52.00 138.70
52.00 137.30
AVG 52.25 139.20
59.00 0.00
59.00 0.00
2:24 58.00 0.00
57.00 0.00
AVG 58.25 0.00

(a) N4ACM1 slump test (1)

NaCl4% + CM 1% [2]

Begin Time Height (mm) Spread (mm)
2:51 42.00 165.20
41.00 163.40
3:01
39.00 164.10
44.00 161.40
AVG 41.50 163.53
46.00 154.00
47.00 155.10
3:11
48.00 152.50
48.00 156.20
AVG 47.25 154.45
49.00 150.90
49.00 147.20
3:21
50.00 149.30
50.00 149.70
AVG 49.50 149.28
52.00 150.10
51.00 149.70
3:31
46.00 148.10
50.00 148.30
AVG 49.75 149.05
51.00 146.50
50.00 146.10
3:41
53.00 145.80
50.00 145.40
AVG 51.00 145.95
50.00 136.50
51.00 135.10
3:51
54.00 133.90
51.00 137.40
AVG 51.50 135.73
55.00 125.20
54.00 122.90
4:01
53.00 123.70
55.00 122.30
AVG 54.25 123.53
58.00 0.00
60.00 0.00
4:11
60.00 0.00
59.00 0.00
AVG 59.25 0.00

(b) NACM1 slump test (2)

NaCl 4% + A0.75% [Average]

Begin | Time (min) | Height (mm) | Spread (mm)

0.00 10.00 40.63 163.58
30.00 49.75 150.84
50.00 51.63 142.58
70.00 54.25 123.53
80.00 59.25 0.00

(c) N4CM1 slump test [Average]

Figure B.13: N4CM1 Slump Test
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NaCl 4% + CM 1% [1]
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B.3 Sodium Borate (Borax)

Borax 1.5% [1]
Begin | Time | Height (mm) |Spread (mm)
2:27 50 164.8
49 166.4
2:37 49 168.5
46 164.9
AVG 48.5 166.15
50 162.5
49 160.2
257 48 161.4
47 163.9
AVG 48.5 162
50 152.2
50 150.1
3:17 51 150.9
52 149.6
AVG 50.75 150.7
55 126.2
54 124.5
3:37 52 130.3
52 1233
AVG 53.25 126.075
58 0
59 0
3:57 53 0
57 0
AVG 58 0

(a) Borax 1.5% slump test (1)

Borax 1.5% [2]

Begin | Time Height (mm) Spread (mm)
1:32 43 172.3
45 174.1
1:42 46 172.1
47 173.8
AVG 45.25 173.075
47 170.5
46 170.7
1:52 45 168.3
45 169.6
AVG 45.75 169.775
47 172.1
47 171
202 45 170.4
46 171.1
AVG 46.25 171.15
47 169.5
47 168.5
z12 46 165.8
48 168.4
AVG 47 168.05
49 162.2
48 159.1
z22 47 162.4
48 162.8
AVG 48 161.625
50 151.1
50 148.7
232 51 150.1
49 150.9
AVG 50 150.2
54 140.3
54 136.2
242 55 138.3
53 139.4
AVG 54 138.55
57 118.9
56 117.3
252 56 118.6
56 116.3
AVG 56.25 117.775
58 0
59 0
3:02 50 0
60 0
AVG 59.25 0

(b) Borax 1.5% slump test (2)

Borax 1.5% [Average]

Begin| Time (min) | Height (mm)|Spread (mm)

0:00 10.00 46.875 169.6125
30.00 47.375 166.575
50.00 49.375 156.1625
70.00 53.625 132.3125
90.00 58.625 0

(c) Borax 1.5% slump test [Average]

Figure B.15: Borax 1.5% Slump Test
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Borax 1.5% Slump Test [1]
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Borax 2% [2]

Begin Time Height (mm) Spread (mm)
10:17 38 190.2
38 189.3
10:27
39 188.6
39 189.9
AVG 385 189.5
39 189.6
38 187.9
10:37
40 188.1
39 186.8
Borax 2% [1] AVG 39 188.1
Begin | Time | Height (mm) | Spread (mm) 40 181.8
) 41 1832
11:44 37 186.8 10:47
s 37 187.7 4 1798
: ) 901 43 181.6
w0 1883 AVG 4125 181.6
12 175.9
AVG 38.25 188.225
12 174.6
40 179.2 10:57
m 178.6
40 182.4
12:14 43 176.3
42 1782 AVG 275 176.35
43 178.6 46 167.8
49 41.25 179.6 " 659
45 169.1 1or 45 166.2
45 172.7
12:34 44 165.9
45 168.8 AVG 45 167.2
43 169.1 47 160.8
AVG 4.5 169.925 117 48 160.1
50 152.5 ’ 48 159.3
s 50 149.1 47 161.5
12:5
50 1492 AVG 475 160.425
51 148.5 52 150.6
AVG 50.25 149.825 1127 31 1478
51 151.1
55 1222
50 1493
55 1236
1:14 AVG 51 149.7
55 120.7
53 1312
54 121.9 - ” Y
AVG 54.75 122.1 : = 306
58 0 55 1315
59 0
134 AVG 54 131.525
59 0 56 1203
60 0 55 124.6
11:47
AVG 59 0 57 1227
56 122.9
(a) Borax 2% slump test (1) AVG 56 122.625
59 112.8
58 1124
11:57
58 111.9
58 1133
AVG 5825 112.6
60 0
60 0
12:07
59 0
60 0
AVG 59.75 0
(b) Borax 2% slump test (2)
Borax 2% [Average]
Begin|Time (min)|Height (mm) |Spread (mm)
0:00 | 10.00 38.375 188.865
30.00 41.25 180.6
50.00 44.75 168.565
70.00 50.625 149.765
90.00 55.375 122.365
110.00 59.375 0

(c) Borax 2% slump test [Average]

Figure B.17: Borax 2% Slump Test
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Borax 2% Slump Test [2]
Borax 2% Slump Test [1]
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0
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Time (min
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(a) Borax 2% slump test (1)
(b) Borax 2% slump test (2)
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Borax 3% [1]

Begin | Time | Height (mm) | Spread (mm)
1:35 37 185.6
38 186.1
1:45
35 184.8
36 185.1
AVG 36.5 185.4
40 181.7
42 180.6
2:05
38 182.3
39 181.2
49 39.75 181.45
41 1742
42 1713
2:25
39 172.8
40 171.4
AVG 40.5 172.425
44 1563
46 157.8
2:45
46 156.4
43 158.1
AVG 44.75 157.15
55 146.5
55 145.8
3:05
55 149.1
54 147.4
AVG 54.75 147.2
55 130.2
54 129.8
3:25
56 127.6
55 1283
AVG 55 128.975
59 0
60 0
3:45
59 0
59 0
AVG 59.25 0

(a) Borax 3% slump test (1)

Borax 3% [2]

Begin | Time Height (mm) Spread (mm)
1:49 36 181.8
35 186.1
1:59
39 183.5
40 183.6
AVG 375 183.75
42 1813
39 181.8
:09
38 183.1
40 182.4
AVG. 3975 182.15
41 182.7
40 182.4
:19
40 1822
39 1815
AVG. 40 182.2
40 176.5
40 176.9
220
40 178.1
43 179.5
AVG 40.75 17175
41 173
42 1727
239
39 1728
38 173.5
AVG. 40 173
43 166.9
41 166.66
:49
40 166.1
38 167.1
AVG. 405 166.69
45 158.7
45 160.1
2:59
45 156.5
45 160.4
AVG 45 158.925
50 149.5
50 151.7
3:09
50 149.6
50 1515
AVG 50 150575
54 146.3
54 143.8
319
55 1444
53 146.5
AVG 54 14525
54 136.5
54 138.4
329
55 134.7
53 1374
AVG 54 13675
55 1285
55 1282
3:39
55 127.1
55 127.2
AVG 55 127.75
56 116.1
56 118.3
3:49
55 115.9
55 118.1
AVG. 555 17.1
59 0
58 0
3:59
59 0
60 0
AVG 5 0

(b) Borax 3% slump test (2)

Borax 3% (Average)

Begin

Time

Height

Spread

0:00

10.00

37.00

184.58

30.00

39.88

181.83

50.00

40.25

172.72

70.00

44 .88

158.04

90.00

54.38

146.23

110

55.00

128.37

130

59.13

0.00

(c) Borax 3% slump test [Average]

Figure B.19: Borax 3% Slump Test
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Borax 3% Slump Test (1)

200
180
160
140
120

£ 100

80
60
40
20

0.00 20.00 40.00 60.00 80.00 100.00 120.00 140.00
TIme (min)

—&—Height —@—Spread

(a) Borax 3% slump test (1)

Borax 3% Slump Test (2)
200
180
160
140
120
100

mm

80
60
40
20

0.00 20.00 40.00 60.00 80.00 100.00 120.00 140.00
Time (min)

—e—Height —e—Spread

(b) Borax 3% slump test (2)
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Borax 3% + A0.75% [1]
Begin | Time | Height (mm) | Spread (mm)
8:40 48 163.8
46 162.7
8:50
47 165.1
47 162.2
AVG 47 163.45
47 159.6
49 158.4
9:10
49 158.7
46 157.6
49 47.75 158.575
50 154.6
49 155.8
9:30
49 154.7
51 1523
AVG 49.75 154.35
50 1423
52 140.8
9:50
48 141.6
50 142.9
AVG 50 141.9
55 120.8
55 122.7
10:10
55 122.4
54 121.6
AVG 54.75 121.875
59 0
60 0
10:30
58 0
58 0
AVG 58.75 0

(a) B3A0.75 slump test (1)

Borax 3% + A0.75% [2]

Begin Time Height (mm) Spread (mm)
11:29 49 161.1
48 161.5
11:39
50 160.5
50 159.1
AVG 49.25 160.55
49 1583
49 157.9
11:49
50 1572
50 156.7
AVG 495 157.525
46 1563
48 157.1
11:59
51 157.2
50 156.4
AVG 48.75 156.75
50 155.2
50 158.4
12:09
49 156.7
48 157.1
AVG 4925 156.85
50 152.7
50 153.1
12:19
52 151.1
49 152.6
AVG 50.25 152375
51 148.1
51 1452
12:29
50 1473
50 143.6
AVG 50.5 146.05
51 1415
51 141.1
12:39
50 1402
50 1425
AVG 50.5 141.325
53 1316
53 1312
12:49
52 1344
51 131.8
AVG 52.25 13225
56 120.6
55 120
12:59
55 123.4
55 123.2
AVG 55.25 1218
56 113.7
57 115.8
1:09
56 116.7
56 116.1
AVG 56.25 115575
59 0
58 0
119
59 0
59 0
AVG 58.75 0

(b) B3A0.75 slump test (2)

Borax 3% + A0.75% (Average)
Begin| Time |[Height (mm) |Spread (mm)

0:00 |10.00 48.13 162.00
30.00 48.25 157.67
50.00 50.00 153.37
70.00 50.25 141.62
90.00 55.00 121.84

110 58.75 0.00

(c) B3A0.75 slump test [Average]

Figure B.21: B3A0.75 Slump Test
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B 3% + A0.75% S| Test (2
Borax 3% + A0.75% Slump Test (1) orax 6 Slump Test (2)

180
180
160
160
140 140
120 120
E 100 c 100
80 E g
60 w0
40
40
20
2
0 0
0.00 20.00 40.00 60.00 80.00 100.00 120.00 0
Time (min) 0.00 20.00 40.00 60.00 80.00 100.00 120.00

Time (min)
—8—Height —e—Spread
—e—Height —e—Spread

(a) B3A0.75 slump test (1) (b) B3A.75 slump test (2)
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B3ALS Shunp

Begin Time Height (mm) ‘Spread ()
231 B 1592
E) 1505
20
3 1565
) 191
avG 015 1590275
39 1926
B 1585
251
) o2
w 1564
ave »s 159675
W0 1367
w0 1556
w1
B 1544
) 1552
ave 075 156225
B 1504
2 1367
s
) 1515
W 1532
AVG) a8 1537
) 1519
5 124
2
W 1513
W ot
ave ) ey
" 1511
i 1754
531
« o7
2 1795
AVG) 8 179675
22
u e
a1
) )
W s
Ave o 12678
s 1604
i 1607
551
W 162t
5 1616
avG s 1012
i 1504
19 1607
401
W 1580
) 103
ave s 160325
E) 1513
B 1575
1
1552
W 1558
AVG. E) 15578
B [T
5 £
21
2 512
2 [
AVG) 7S 150678
B 1156
B [
a1
5 e
w61
Ave) 5215 o5
5 it
B 1409
441
103
st 1395
AVG) B 10325
E 123
5 B
151
1309
s 13
AVG. 5478 18278
56
st =)
50
s 1249
57 23
AVG) 125075
s o
o
1
E) o
) o
AVG 578 o

Figure B.23: B3IbA0.5 slump test
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Borax 3% + XG 0.2% [1]
Begin | Time | Height (mm) | Spread (mm)

9:45 44 176.2
. 43 177.6
9:55 44 178.5
42 176.3

AVG 43.25 177.15
47 167.5

46 168.4

10:15 46 166.7
48 169.1

49 46.75 167.925
49 154.6

49 155.9
1035 50 153.5
48 155.8

AVG 49 154.95
55 140.6
54 138.5

10:55 54 137.9
53 138.7

AVG 54 138.925
57 111.6
55 115.8
M 1143
55 114.1

AVG 55.75 113.95

(a) B3X0.2 slump test (1)

Borax 3% +XG 0.2%][2]

Begin | Time Height (imm) Spread (mm)
1:10 a4 1785
42 178.8
120
42 178.9
a 179.5
AVG 42.25 178.925
43 173.5
43 177.5
1:30
44 177.8
46 178.1
AVG 44 176.725
47 168.3
47 172.7
1:40
46 172.1
45 168.8
AVG 46.25 170.475
a7 166.4
47 164.9
1:50
47 164.5
48 165.5
AVG 47.25 165.325
48 156.2
48 159.9
2:00
49 157.7
49 159.4
AVG 485 158.3
51 150.1
51 149.4
210
50 150.5
50 148.5
AVG 50.5 149.625
54 138.5
54 1372
2:20
54 137.8
53 143.4
AVG 53.75 139.225
55 1212
56 122.5
2:30
56 1242
56 124.6
AVG 55.75 123.125
56 1143
57 116.1
2:40
57 1122
55 1115
AVG 56.25 113.525
58 0
59 0
2:50
60 0
60 0
AVG 59.25 0

(b) B3X0.2 slump test (2)

Borax 3% + XG 0.2% (Average)
Begin | Time (min) | Height (mm) | Spread (mm)
0:00 10.00 42.875 178.04
30.00 46.5 169.205
50.00 48.75 156.625
70.00 53.875 139.08
90.00 56 113.74
100 59.25 0

(c) B3X0.2 slump test [Average]

Figure B.24: B3X0.2 Slump Test
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20.00

Borax 3% + XG 0.2% Slump Test (1)

40.00 60.00 80.00

Time (min)

—e—Height —e—Spread

(a) B3X0.2 slump test (1)

100.00

120.00

200
180
160
140
120
100
80
60
40
20

Borax 3% + XG 0.2% Slump Test (2)

40 60 80

Time (min)

—e—Height —e—Spread

(b) B3X0.2 slump test (2)

100

120
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Borax 3% + CMS 0.25% [1]
Begin | Time | Height (mm) | Spread (mm)
10:26 45 167.2

43 166.8

10:36

42 166.9
43 165.3
AVG 43.25 166.55
42 169.2
45 167.3
10:56
43 166.8
44 166.4
49 43.5 167.425
48 162.5
47 163.9
11:16
47 161.7
46 161.6
AVG 47 162.425
55 139.6
52 138.7
11:36
52 138.5
51 140
AVG 52.5 139.2
55 125.1
55 1229
11:56
55 124.5
54 1242
AVG 54.75 124.175
60 0
60 0
12:16
59 0
59 0
AVG 59.5 0

(a) B3C0.25 slump test (1)

Borax 3% + CMS 0.25%[2]
Begin | Time Height (mm) Spread (mm)
122 44 168.3
45 168.7
1:32
42 170.1
41 168.4
AVG 43 168.875
41 173.4
42 177.6
1:42
43 1727
2 174.5
AVG 42 174.55
44 169.2
44 169.7
1:52
43 167.8
42 170.9
AVG 43.25 169.4
45 163.3
45 164
202
45 164.6
a2 164.9
AVG 4425 164.2
47 1579
47 160.5
212
46 158.5
45 163.9
AVG 46.25 160.2
50 149.3
50 149.6
2:22
50 1514
49 150.5
AVG 49.75 150.2
54 137.7
53 140.5
232
52 1422
52 141.7
AVG 52.75 140.525
55 129.8
55 130.1
242
54 129.5
55 1302
AVG 54.75 129.9
55 123.5
55 1211
2:52
55 120.1
55 125.4
AVG 55 122.525
57 1104
58 111.6
3:02
57 1121
56 1135
AVG 57 1119
59 0
60 0
312
60 0
58 0
AVG 59.25 [}

(b) B3C0.25 slump test (2)

Borax 3% + CMS 0.25% (Average)
Begin | Time (min) | Height (mm) [Spread (mm)

0:00 10.00 43 167.715
30.00 43.375 168.415
50.00 46.625 161.315
70.00 52.625 139.865
90.00 54.875 123.355

110 59.25 0

(c) B3CO0.25 slump test [Average]

Figure B.26: B3C0.25 Slump Test
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Borax 3% + CMS 0.25% Slump Test (1)

180 Borax 3% + CMS 0.25% Slump Test (2)
160 200
180
140
160
120 140
100 120
£ £ 100
80 .
60 60
40
40
20
20 °
. 0.00 20.00 40.00 60.00 80.00 100.00 120,00
0.00 20.00 40.00 60.00 80.00 100.00 120.00 Time (min)

Time (min)
~—&—Height —@—Spread
—e—Height —@—Spread

(b) B3C0.25 slump test (2)
(a) B3C0.25 slump test (1)
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Borax 3% + CM1% [1]
Begin Time Height (mm) | Spread (mm)
10:41 41 174.6
40 173.2
1051 2 171.8
40 173.7
AVG 40.75 173325
2 168.2
2 168.9
1 43 1674
43 166.7
49 125 167.8
47 1552
46 156.6
131 48 155.1
48 154.5
AVG 4725 15535
51 142.3
51 141.8
11 51 1457
53 145.1
AVG 515 143.725
55 1282
55 129.7
12:11 55 127.3
54 125.9
AVG 54.75 127.775
59 0
60 0
12:31 o 5
58 0
AVG 59 0

(a) BBCM1 slump test (1)

Borax 3% + CM1% [2]

Begin | Time Height (mm) Spread (mm)
11:40 41 170.9
42 171.6
11:50
42 172.8
43 171.2
AVG 42 171.625
42 169.1
42 168.8
12:00
43 166.9
43 168.2
AVG 42.5 168.25
43 166.2
44 167.1
12:10
44 168.5
44 166.5
AVG 43.75 167.075
45 161.2
44 160.3
12:20
44 159.7
46 159.6
AVG 44.75 160.2
49 153.2
47 152.1
12:30
49 1545
48 153.6
AVG 4825 153.35
51 146.3
51 145.8
12:40
49 1423
49 148.6
AVG 50 145.75
52 139.8
53 1422
12:50
53 1382
51 137.6
AVG 52.25 139.45
53 130.9
53 131.8
1:00
54 129.7
55 129.4
AVG 53.75 130.45
56 125.4
55 124.6
1:10
55 127.3
57 126.2
AVG SSHIS) 125.875
58 114.8
57 113.6
1:20
56 116.8
56 1145
AVG 56.75 114.925
59 0
60 0
1:30
60 0
59 0
AVG 59.5 0

(b) B3CM1 slump test (2)

Borax 3% + CMC 1% (Average)

Begin | Time (min) | Height (mm) | Spread (mm)

0:00 10.00 41.375 172.48
30.00 43.125 167.44
50.00 47.75 154.35
70.00 51.875 141.59
90.00 55.25 126.83
110 59.25 0

(c) B3CM1 slump test [Average]

Figure B.28: BSCM1 Slump Test
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Borax 3% + CMC 1% Slump Test (1)

0.00 20.00 40.00 60.00 80.00

Time (min)

—&—Height —@— Spread

(a) BBCM1 slump test (1)

100.00

120.00

Borax 3% + CMC 1% Slump Test (2)

20.00 40.00 60.00 80.00

Time (min)

—e—Height —e—Spread

(b) B3CM1 slump test (2)

100.00

120.00



Appendix C: Slug Test Results

For more exact results, the tables below show all the results of the slug tests done.

C.1 Reference Sample

Ref
Begin| Time | Parameters Value
1138 Sues 0 RA0.75 Slug Test
v 0,060085 Begin| Time| Parameters Value
] m 0.180 11:38 Slugs 23.00
1148 s 0.000176 Ls 0.10
g 981 v 0.000130
Density 2117.65 m 0.279
Yield Stress (Pa) 587.70 11:48 -
Slugs 30.00 S 0.000176
Ls 0.07 g 9.81
\ 0.000095 Density 2143.15
11:58 m 0.211 Yield Stress (Pa) | 1213.84
S °~°902176 Slugs 10.00
g .
Density 2221.05 Ls 0.11
Yield Stress (Pa)|  880.57 v 0.000055
Slugs 25.00 11:58 m 0.128
Ls 0.08 ’ S 0.000176
v 0.00010 g 981
12:08 T ; 861091676 Density 2329.82
. 581 Yield Stress (Pa) | 1385.54
Density 2063.16 ;
Yield Stress (Pa)|  949.43 (b) RefA0.75 slug test

(a) Ref slug test

117
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C.2 Sodium Chloride (NaCl)

N4 Slug Test
Begin|Time| Parameters Value
12:13 Slugs 30.00
Ls 0.08
\4 0.000160
m 0.285
1223 S 0.000176
g 9.81
Density 1781.25
Yield Stress (Pa) 764.72
Slugs 30.00
Ls 0.09
\Y 0.000150
m 0.273
1233 S 0.000176
g 9.81
Density 1822.20
Yield Stress (Pa) 952.59
Slugs 30.00
Ls 0.10
\% 0.00018
m 0.335
12:43 S 0.000176
g 9.81
Density 1912.51
Yield Stress (Pa) 1099.46
Slugs 30.00
Ls 0.13
\Y 0.00018
m 0.359
12:53 S 0.000176
g 9.81
Density 1993.39
Yield Stress (Pa) 1411.27

(a) N4 slug test

N4X0.2 Slug Test

Begin| Time | Parameters Value
2:07 Slugs 30.00
Ls 0.12
\4 0.000150
m 0.322
1 S 0.000176
g 9.81
Density 2149.20
Yield Stress (Pa) 1460.72
Slugs 30.00
Ls 0.12
\ 0.000180
m 0.403
227 S 0.000176
g 9.81
Density 2236.78
Yield Stress (Pa) 1482.24
Slugs 30.00
Ls 0.13
\4 0.00019
m 0.420
237 S 0.000176
g 9.81
Density 2210.53
Yield Stress (Pa) 1565.00

(c) N4X0.2 slug test

N4A0.75 Slug Test
Begin|Time| Parameters Value
2:30 Slugs 30.00
Ls 0.10
\Y 0.000110
m 0.303
240 S 0.000176
g 9.81
Density 2750.36
Yield Stress (Pa) 1588.91
Slugs 30.00
Ls 0.11
\ 0.000130
m 0.327
230 S 0.000176
g 9.81
Density 2513.85
Yield Stress (Pa) 1580.41
Slugs 30.00
Ls 0.12
\% 0.00017
m 0.369
3:00 S 0.000176
g 9.81
Density 2234.73
Yield Stress (Pa) 1544.16
Slugs 24.00
Ls 0.13
\ 0.00019
m 0.393
310 S 0.000176
g 9.81
Density 2126.11
Yield Stress (Pa) 1597.96

N4C0.5 Slug Test

Begin | Time |  Parameters Value
11:48 Slugs 30.00
B Ls 0.11
v 0.000165
s m 0.355
s 0.000176
¢ 9.81
Density 215248
Yield Stress (Pa) 120227
Shugs 30.00
Ls 0.12
v 0.000185
s m 0.388
s 0.000176
o 9.81
Density 2095.19
Yield Stress (Pa) 1392.36
Slugs 30.00
Ls 012
v 0.00020
s m 0412
s 0.000176
¢ 9.81
Density 211251
Yield Stress (Pa) 1475.67
Shugs 30.00
Ls 0.13
v 0.00021
s m 0.420
s 0.000176
2 981
Density 2050.15
Yield Stress (Pa) 153274
Slugs 27.00
Ls 0.14
v 0.00022
128 m 0.446
S 0.000176
¢ 9.81
Density 2073.81
Yicld Stress (Pa) 1585.67

(d) N4CO0.5 slug test

(b) N4A0.75 slug test

N4CM1 Slug Test

Begin | Time |  Parameters Value
11:43 Slugs 30.00
T Ls 0.11
v 0.000200
s m 0.366
s 0.000176
s 9.81
Density 1832.10
Yield Stress (Pa) 111030
Slugs 30.00
Ls 0.12
v 0.000175
03 m 0.357
s 0.000176
s 931
Density 2042.74
Yield Stress (Pa) 1384.51
Slugs 28.00
Ls 0.13
v 0.00020
s m 0394
S 0.000176
¢ 9.81
Density 1970.75
Yield Stress (Pa) 143245
Slugs 30.00
Ls 0.14
v 0.00022
123 m 0.441
s 0.000176
2 931
Density 2002.45
Yield Stress (Pa) 1553.79
Slugs 28.00
Ls 0.14
v 0.00024
. m 0475
S 0.000176
g 981
Density 1977.17
Yield Stress (Pa) 1590.16

(e) NACM1 slug test
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C.3 Sodium

Borate (Borax)

B3Ib Slug Test

B3 Slug Test
Begin | Time Parameters Value
2:05 Slugs 30.00
Ls 0.09
v 0.000140
m 0.277
s S 0.000176
g 9.81
Density 1975.57
Yield Stress (Pa) 1044.33
Slugs 30.00
Ls 0.10
v 0.000155
m 0.312
2:25
S 0.000176
g 9.81
Density 2014.45
Yield Stress (Pa) 1137.18
Slugs 30.00
Ls 0.10
v 0.00015
m 0.298
2:35
S 0.000176
e 9.81
Density 2058.00
Yield Stress (Pa) 1220.05
Slugs 30.00
Ls 0.11
v 0.00014
m 0.292
2:45
S 0.000176
g 9.81
Density 2085.36
Yield Stress (Pa) 1290.95
Slugs 30.00
Ls 0.12
v 0.00014
m 0.284
2:55
S 0.000176
g 9.81
Density 2026.14
Yield Stress (Pa) 1319.70
Slugs 25.00
Ls 0.11
v 0.00011
305 m 0.235
S 0.000176
g 9.81
Density 2237.90
Yield Stress (Pa) 1377.02

(a) B3 slug test

Begin | Time | Parameters Value
12:40 Slugs 30.00
B Ls 0.10
v 0.000130
m 0266
12:58
s 0.000176
g 9.81
Density 2047.08
Yield Stress (Pa) 1179.13
Slugs 30.00
Ls 013
v 0.000155
m 0341
1:10
s 0.000176
g 9.81
Density 2200.06
Yield Stress (Pa) 156631
Slugs 30.00
Ls 013
4 0.00017
m 0367
1:20
s 0.000176
g 9.81
Density 2157.12
Yield Stress (Pa) 1620.85
Slugs 30.00
Ls 0.14
4 0.00020
m 0433
1:30
s 0.000176
g 9.81
Density 2165.75
Yield Stress (Pa) 1733.65
Slugs 23.00
Ls 0.16
4 0.00019
m 0.403
1:40
s 0.000176
g 9.81
Density 2177.14
Yield Stress (Pa) 1916.03
Slugs 21.00
Ls 0.16
v 0.00019
m 0.404
1:50
s 0.000176
g 9.81
Density 2184.00
Yield Stress (Pa) 1979.16

(b) B3Ib slug test
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B3IbAQ.5 Slug Test
Begin | Time Parameters Value
228 Sings 30.00
Ls 0.11
v 0.000170
™ 0.357
238
s 0.000176
A 9581
Density 2101.53
Yield Stress (Pa) 1360.87
Sings 30.00
Ls 0.12
B3A0.5 Shug Test v 0000175
Begin | Time Parameters Value
m 0.363
12:00 Slugs 30.00 248
s 0.00 s 0.000176
v 0.000130 £ o
m 0.274 Density 2073.14
12:10 S 0.000176 Yield Stress (Pa) 1362.06
g 9.81 Slugs 30.00
Density 2107.00 Ls 013
Yield Stress (Pa) 1103.86 v 000019
m 0377
Slugs 30.00 258
= s 0.000176
Ls 0.09
e 981
N 0.000140
m 0.286 Density 2037.35
12:20 S 0.000176 Yield Stress (Pa) 1460.32
g 9.81 Slugs 30.00
Density 2041.29 Ls 0.14
i v 0.00020
Yield Stress (Pa) 1087.50
™ 0.396
Slugs 21.00 08 S 000176
Ls 0.09 B o5
v 0.00011
Densiy 2028.26
m 0.238 - —
1230 S 0000176 Yield Stress (Pa) 1558.49
< 981 Siugs 30.00
Density 2264.57 Ls 014
v 0.00020
Yield Stress (Pa) 1170.38
m 0411
318
Slugs 29.00 N 0.000176
Ls 0.09 B o
v 0.00012 e
o 0.236 Yield Stress (Pa)
12:40 S 0.000176
Sings
o 9.81
Density 2052.61 L o
v 0.00023
Yield Stress (Pa) 1024.50 - 0458
328
Slugs 25.00 s 0.000176
Ls 0.09 g 9.81
Vv 0.00012 Density 2036.00
m 0.234 Yield Stress (Pa) 1664.45
12:50 S 0.000176 Stugs 000
g 9.81
- Ls 0.15
Density 2032.52
v 0.00023
Yield Stress (Pa) 996.49 m 0466
338
Slugs 20.00 s 0.000176
Ls 0.09 g 981
v 0.00009 Density 2027.30
m 0.181 Yield Stress (Pa) 1737.65
1:00 S 0.000176 Sgs 000
g 9.81 Ls 0.16
Density 2123.88 v 00005
Yield Stress (Pa) 1037.52 s m 0517
Slugs 18.00 5 0000176
Ls 0.08 g o8
v 0.00008 Density 2067.9
m 0.170 Yield Stress (Pa) 1874.00
1:10 S 0.000176 Stugs 30.00
g 9.81 Ls 017
Density 2266.67 v 0.00024
Yield Stress (Pa) 1078.39 58 m 0493
5 0.000176
(a) B3AO0.5 slug test 8 o8
Density 2053.67
Yield Stress (Pa) 1042.47
Sugs 27.00
Ls 0.47
v 0.00024
m 0.496
428
5 0.000176
g 081
Density 2066.25
Yield Stress (Pa) 1977.78

(b) B3IbAO0.5 slug test
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B3C0.25 Slug Test
Begin| Time| Parameters Value
12:08 Slugs 30.00
Ls 0.11
\Y 0.000170
m 0.361
12:18 S 0.000176
g 9.81
Density 2121.88
Yield Stress (Pa) 1271.90
Slugs 30.00
Ls 0.12
\Y 0.000165
m 0.338
12:28 S 0.000176
g 9.81
Density 2046.79
Yield Stress (Pa) 1337.29
Slugs 30.00
Ls 0.13
v 0.00019
m 0.381
12:38 S 0.000176
g 9.81
Density 2004.05
Yield Stress (Pa) 1443.14
Slugs 30.00
Ls 0.13
\4 0.00018
m 0.356
12:48 S 0.000176
g 9.81
Density 2032.46
Yield Stress (Pa) 1484.98

(a) B3C0.25 slug test

B3IbC0.25 Slug Test
Begin | Time Parameters Value
12:21 Slugs 30.00
Ls 0.11
v 0.000150
m 0.304
12:31
N 0.000176
g 9.81
Density 2024.73
Yield Stress (Pa) 124233
Slugs 30.00
Ls 0.12
v 0.000160
m 0.346
12:41
N 0.000176
2 9.81
Density 2163.63
Yield Stress (Pa) 1466.44
Slugs 30.00
Ls 0.12
v 0.00018
m 0.388
12:51
N 0.000176
g 9.81
Density 2158.17
Yield Stress (Pa) 1507.56
Slugs 30.00
Ls 0.13
v 0.00019
m 0.400
1:.01
N 0.000176
g 9.81
Density 2103.42
Yield Stress (Pa) 1568.59
Slugs 30.00
Ls 0.14
v 0.00022
m 0.467
111
N 0.000176
g 9.81
Density 2170.60
Yield Stress (Pa) 1741.63
Slugs 30.00
Ls 0.15
v 0.00024
m 0.519
1:21
N 0.000176
g 9.81
Density 2208.60
Yield Stress (Pa) 1888.87

(b) B3IbC0.25 slug test
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B3IbCMO.75 Slug Test

B3CMO0.75 Slug Test
Begin |Time| Parameters Value
2:42 Slugs 30.00
Ls 0.11
\ 0.000090
m 0.190
252 S 0.000176
g 9.81
Density 2111.11
Yield Stress (Pa) 1365.08
Slugs 30.00
Ls 0.11
\ 0.000095
m 0.202
3:02 S 0.000176
g 9.81
Density 2126.53
Yield Stress (Pa) 1375.05
Slugs 30.00
Ls 0.12
\4 0.00010
m 0.201
312 S 0.000176
g 9.81
Density 2115.79
Yield Stress (Pa) 1378.09

(a) BBCMO.75 slug test

Begin | Time Parameters Value
11:40 Slugs 30.00
Ls 0.12
v 0.000155
m 0330
11:50 s 0.000176
¢ 9.81
Density 2127.16
Yield Stress (Pa) 1417.63
Slugs 30.00
Ls 0.13
v 0.000170
m 0365
12:00 B 0.000176
¢ 9.81
Density 2145.47
Yield Stress (Pa) 1531.09
Slugs 30.00
Ls 0.13
v 0.00019
m 0391
12:10 B 0.000176
¢ 9.81
Deasity 2111.08
Vield Stress (Pa) 1548.40
Shugs 30.00
Ls 0.14
v 0.000190
m 0.408
12:20 s 0.000176
¢ 9.81
Density 2145.26
Yield Stress (Pa) 1660.55
Shugs 30.00
Ls 0.14
v 0.000210
m 0456
12:30 s 0.000176
¢ 9.81
Density 2171.14
Yicld Stress (Pa) 1733.87
Shugs 28.00
Ls 0.15
v 0.00021
m 0.446
12:40 s 0.000176
¢ 9.81
Density 2125.86
Yield Stress (Pa) 1781.99
Shugs 20.00
Ls 0.16
v 0.000245
m 0518
12:50 s 0.000176
¢ 9.81
Density 2113.43
Yield Stress (Pa) 1951.12
Slugs 30.00
Ls 0.17
v 0.000280
m 0585
1:00 s 0.000176
¢ 9,81
Density 2089.46
Yield Stress (Pa) 198225
Slugs 30.00
Ls 0.14
v 0.00023
m 0.480
110 s 0.000176
g 9.81
Density 2133.11
Yield Stress (Pa) 1667.25

(b) B3IbCMO0.75 slug test



Appendix D: Flexural and Compressive
Strength Test Results

Table D.1: Flexural and Compressive Strength of Reference Sample

Ref Sample

Day 1 7 14 28

Flexural Strength 1 204 | 442 | 564 | 6.94
Flexural Strength 2 1.92 | 3.79 | 557 | 6.84
Flexural Strength 3 187 | 432 | 518 | 6.65
Average Flexural Strength (MPa) 1.94 | 418 | 546 | 6.81
Compressive Strength 1 7.24 | 26.02 | 32.11 | 43.91
Compressive Strength 2 717 | 26.40 | 38.21 | 38.75
Compressive Strength 3 7.48 | 25.89 | 36.08 | 44.21
Compressive Strength 4 7.70 | 26.11 | 34.83 | 41.07
Compressive Strength 5 8.17 | 26.71 | 38.93 | 40.07
Compressive Strength 6 7.73 | 25.76 | 33.87 | 41.74
Average Compressive Strength (MPa) | 7.58 | 26.15 | 35.67 | 41.62

Table D.2: Flexural and Compressive Strength of B3lb Sample

B3lb Sample

Day 1 7 14 28
Flexural Strength 1 1.20 | 2.78 | 3.71 5.36
Flexural Strength 2 1.36 | 267 | 3.98 | 523
Flexural Strength 3 150 | 2.86 | 3.67 | 5.09
Average Flexural Strength (MPa) 135 | 2.77 | 3.79 | 5283
Compressive Strength 1 439 | 15.16 | 21.03 | 32.29
Compressive Strength 2 3.86 | 14.85 | 23.82 | 31.13
Compressive Strength 3 425 | 14.25 | 20.45 | 30.68
Compressive Strength 4 437 | 15.05 | 23.17 | 30.42
Compressive Strength 5 422 | 16.95 | 21.00 | 29.21
Compressive Strength 6 4.34 | 14.80 | 20.87 | 30.69
Average Compressive Strength (MPa) | 4.24 | 15.18 | 21.72 | 30.74
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Table D.3: Flexural and Compressive Strength of B3IbA0.5 Sample

B3IbA0.5 Sample

Day 1 7 14 28
Flexural Strength 1 1.31 | 269 | 3.98 | 5.64
Flexural Strength 2 119 | 256 | 3.90 | 5.78
Flexural Strength 3 1.35 | 2.57 3.68 5.73
Average Flexural Strength (MPa) 1.28 | 2.61 3.85 | 5.72
Compressive Strength 1 3.98 | 14.01 | 22.10 | 29.72
Compressive Strength 2 3.93 | 13.72 | 20.37 | 30.60
Compressive Strength 3 412 | 13.89 | 20.94 | 32.48
Compressive Strength 4 4.02 | 13.60 | 20.24 | 28.90

Compressive Strength 5 4.09 | 13.38 | 21.87 -

Compressive Strength 6 3.76 | 13.97 | 21.30 -
Average Compressive Strength (MPa) | 3.98 | 13.76 | 21.14 | 30.42

Table D.4: Flexural and Compressive Strength in Vertical Direction of Printed B3IbA0.5 Sample

B3IbA.5 Printed Prism (Vertical Direction)
Day 7
Flexural Strength 1 3.93
Flexural Strength 2 4.07
Flexural Strength 3 3.05
Average Flexural Strength (MPa) 3.68
Compressive Strength 1 12.82
Compressive Strength 2 10.44
Compressive Strength 3 13.58
Average Compressive Strength (MPa) | 12.28

Table D.5: Flexural and Compressive Strength in Horizontal Direction of Printed B3IbA0.5 Sample

B3IbA.5 Printed Prism (Horizontal Direction)
Day 7

Flexural Strength 1 2.53

Flexural Strength 2 1.69

Flexural Strength 3 2.01

Average Flexural Strength (MPa) 2.08
Compressive Strength 1 19.33
Compressive Strength 2 19.54
Compressive Strength 3 15.52
Average Compressive Strength (MPa) | 18.13
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