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ABSTRACT 
 

n spite of the fact that there are many advantages of alkali activated materials (also called 
geopolymers) over the cement-based materials, geopolymer concrete has been used in 

the past for construction purposes on a very limited level. Among the many advantages of 
geopolymers compared with the cement-based materials is less CO2 emission, it uses 
byproducts as a binder, less energy consumption during its production, more durable as a 
material, fast setting time and high strength development.  

This work is an attempt to exert some light on the usability and applicability of geopolymers 
in the field of construction with concentration on its use in the 3D printing. The main aim of 
this study is to propose a design methodology for geopolymer paste mixture to be used in 
3D printing process. 

For achieving this goal, one paste mixture design was selected among six ones on the bases 
of longer workability/flowability, suitable extrudability and specific setting time. These six 
designs have different binder ratios. The selected mixture design, named S20, was tested 
further to find out its suitability for 3D printing process. This S20 mixture was tested on 
compressive strength, setting time, rheological properties, open time, buildability and 28 
days tensile bonding strength of two layers.  

To find the best suitable design, modifications were done on the S20 mixture by changing 
the ratios between the used alkaline solutions Na2SiO3 and NaOH (0.25 was selected). These 
alkaline solutions played a major role in delaying the initial setting time for rheological tests 
(90 minutes were selected) and the extrudability for the 3D printing process. Another factor 
for the best design is the Acti-gel as an additive. This additive has a direct link with the 
buildability, extrudability and viscosity when added with different percentages. The best 
selected percentage of the Acti-gel was 0.75% for this mixture design. The open time and 
the 28 days tensile bonding strength tests were selected to be 33 minutes and 1.32 MPa 
respectively. Comparing the measured plastic viscosity to the open time test, the 
extrudability of the mixture is not anymore valid beyond 8.8 Pa.s plastic viscosity. This short 
open time of 33 minutes for such geopolymer mixture design needs a fast-performing 3D 
printer. This might help in achieving construction projects within short time. 
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Fig. 1.5: Embodied energy contribution of each material on OPC concrete. [36] 
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1 GENERAL INTRODUCTION 

1.1 BACKGROUND 
ollution is considered to be responsible of the destruction of the natural land which we 
live on, the water we drink and the air we breathe.  The rapid developments  in the  

technology is aimed to make our lives easier.  However, the rapid developments started to 
inflict negative affects in our globe environment by destroying the natural resources of the 
earth.  Many researchers have proven that the massive increase in pollution growth is due 
to the rapid growth of the technology and other areas. Based on the data collected from the 
European Commission (Figure 1.1), the total waste that is produced in Europe from the 
industry in the year 2014 was around 10.2%. [1] As for the CO2-emission from cement 
production and the use of fossil-fuel was in the year 2016 around 3.5 gigatons (Figure 1.2). 
[2]  

The data in Figure 1.2 shows that the largest CO2 emitting countries are China, United States 
and some countries in the middle east and North Africa. European countries standing on the 
fourth place of the largest CO2 producers. 

 

 

Fig. 1. 1: Waste production, broken down by economic activity and households in the Europe [1] 
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Fig. 1. 2: CO2 emission from cement production and fossil-fuel use, per country [2] 

 

Turning waste into a resource is fundamental to the economy. If it is possible, in the near 
future, to re-manufacture, re-use and recycle waste products than there is no need 
anymore to exhaust natural resources for human activities. Waste can be eliminated and re-
used in a sustainable and more efficient way. 

Among the byproducts that are produced every year by the industry are Fly-Ash (FA) and 
Blast furnace slag (BFS). Fly-Ash (FA) and Blast furnace slag (BFS) are applied as a partial 
replacement of cement. Cement is the primary ingredient in concrete that most structures; 
such as bridges, roads and buildings are made of. The most coming known cement types are 
given in the overview in Table 1.1.  

 

Table 1.1: Cement types [NEN-EN 197-1: 2011] 

Cement type 

CEM I Portland cement Portland cement + max. 5% of minor additional constituents 

CEM II Portland-composite cement Portland cement + max. 35% of other constituents (BFS, FA) 

CEM III Blast furnace cement Portland cement and higher percentage BFS 

CEM IV Pozzolanic cement Portland cement+ max 55% pozzolanic constituents 

CEM V Composite cement Portland cement+ BFS, FA and pozzolanic constituents 
 

 
Based on the data collected in the Netherlands for cement production and usage, about 50-
60% of CEM III cement, 35% of CEM I and the rest of cement CEM II are used for decades. [3] 

Before the end of the year 2018, around 5.000 kT will be consumed in the Netherlands as it 
is shown in Figure 1.3. 
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Fig. 1. 3: Cement consumption in the Netherlands 1998-2018 [3] 

The production of Ordinary Portland cement concrete (OPCC) is characterized with its high 
emission of carbon dioxide (CO2) due to calcination of limestone and combustion of fossil 
fuel, coupled with high energy consumption (kiln temperatures of 1450–1550 °C) for its 
production. [4] [7] Moreover, Portland cement consumption has grown nearly exponentially 
in the last two decades.   

To produce 2.0 billion tons of Portland cement, over 3.0 billion tons of raw materials (70% of 
which are limestone) are consumed. [7]

 As a result, the amount of CO2 released to the 
atmosphere increases due to the energy consumption for the production of cement. To 
minimize the depletion of natural resources, it is required to re-use and develop sustainable 
materials. The three pillars of sustainable development are economy and environmental 
protection as well as social development. The Earth's capacity to support people is 
determined by natural constraints and human priorities. [5] [6] 
Around the world, researchers are focusing on finding new types of concretes that have 
better or similar rheological and mechanical properties as cement-based concrete.  One of 
these concretes are the alkaline activated materials (also called geopolymers).  Geopolymer 
concretes (GPC) were eventually developed with the aim to reduce the CO2 footprint by 
eliminating the use of cement and reduce the costs by using industrial byproducts. [7] 

Geopolymer concrete, which is characterized by low permeability, high mechanical 
properties and excellent heat resistance, has been receiving increasing attention in the 
building industry. However, there are some challenges regarding the structural application, 
such as production costs, adjusting the fast setting time and tailoring the workability. [8] [9]   

 
 

1.2 GP CONCRETE VS. OPC CONCRETE  
In this paragraph, a comparison is made between OPC concrete and alkaline activated 
materials (geopolymers). This comparison is important for having a better insight into the 
properties differences and how to improve it as an alternative future construction material. 
A summation of these properties is shown in Table 1.2 and Table 1.3.  
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1.2.1 Environmental impact 
Greenhouse gasses emission, such as CO2 and CO are the main reason for the global 
warming. The production of one ton of Ordinary Portland Cement emits nearly one ton of 
CO2 in the atmosphere. [8] As reported, the cement industry contributes approximate a 5% 
to 8% global CO2 emission. [12] [37] [38] [39] [40] 

Based on researcher’s findings, the application of byproducts, such as FA and BFS as 
alternative binders does not affect the environment negatively. [10] [11] [13] [14]  

McLellan et al. (2011) proved a reduction of greenhouse gas emission by using Australian 
geopolymer products. The reduction in greenhouse gas was around 44%-64% compared 
with that of OPCC. [10] [11]  

Mclellan has mention that the main reason of the reduction in CO2 for geopolymer systems 
is due to the minimum processed natural minerals and industrial wastes are applied to form 
the binding agent. Besides Mclellan, Turner et al. mentioned in 2013 that GPC reduces 80% 
the production of CO2 compared to OPCC. [41]  

1.2.2 Compressive strength 
The chemical composition of the GPC plays an important role in having different mechanical 
and rheological properties.  The compressive strength of concrete is one of the most 
important characteristics. It depends on different factors such as liquid to binder ratio (l/b), 
coarse & fine aggregate ratio, type of binders, compaction of concrete, temperature, 
relative humidity and curing conditions. With addition to these factors, GPC is also affected 
by the molarity of alkaline activator solution(s) as well as the mixing ratios of both binders 
and alkaline activator solution(s).  

Based on the findings of Guo et al. (2010), Hardjito et al. (2004), Nasvi et al. (2012), Kong & 
Sanjyan (2008) and Yost et al. (2013), GPC can develop high strength in the early ages under 
high curing temperature. [15] [16] [17] [18] [19] However other researchers like Kumar et al. 
(2010), Li & Liu (2007) and Manjunath & Giridhar (2011) reached to the conclusion that the 
addition of slag to the mixture helps GPC in gaining its target strength at 28 days of curing 
under ambient condition. [20] [21] [22] Based on the research of Akhilesh et al. (2012) GPC 
showed 1.5 times higher compressive strength when compared to OPCC with the same 
mixture design. [23]  

1.2.3 Flexural and Tensile strength 
Besides the higher compressive strength, GPC has a higher tensile strength when compared 
to OPCC. A higher tensile strength improves the capacity of a section by decreasing the 
amount of required reinforcement and delays the crack development.  The work of Nikraz & 
Olivia (2012) reported that the tensile strength of GPC is about 8% to 12% greater than 
OPCC. [25] Furthermore Bhikshma et al. (2012) observed that the higher tensile strength of 
GPC is related to the chemical composition. [26] Based on the observation of their work 
shows that tensile strength can vary from 3.72 to 4.95 MPa for an alkaline liquid to FA ratio 
of 0.3 to 0.5. Another researcher (Hardjito et al. (2005)) found that the tensile and flexural 
strength is comparable to the OPCC. [27] 
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1.2.4 Modulus of elasticity 
Based on the work of Nath et al. (2017) for a similar compressive strength the elastic 
modulus of GPC is 25% to 30% lower than of the OPCC at a curing age of 28 days. In addition 
to that, the value of modulus of elasticity of GPC is not affected by the increase of 
temperature. [32] 

 

1.2.5 Fire resistance 
The strength capacity of concrete decreases when it is subjected to high temperatures. GPC 
is considered as a fire-resistant material. The observation of Mane and Jadhav (2012) shows 
that when OPCC and GPC exposed to a temperature of 500 °C, GPC has less reduction in the 
strength capacity than OPCC.  This reduction is due to the thermal expansion between 
aggregates and paste. [28] [29] 

In general, GPC has a good fire resistance with respect to OPCC when it is exposed to a 
temperature more than 800 °C. [29] [30] [31]  

 

1.2.6 Density and porosity 

In addition to the mechanical strength, the work of Mohd et al. (2013) showed that the 
density of FA based GPC was between 2290 kg/m3 and 2460 kg/m3 but still similar to the 
OPCC.  [24] whereas the work of Nath et al. (2017) found that the density of GPC is between 
2323 kg/m3 and 2400 kg/m3, which is similar to the OPCC density range. [32] 

For the porosity, Mohd et al. (2013) found in his work that the porosity of OPCC was around 
3.0% to 5.1% and that for the GPC was around 1.0% to 1.9%. [24] 

 
1.2.7 Shrinkage and creep 
The GPC has low shrinkage and creep properties. The Drying shrinkage strains are extremely 
small in the order of 100 micro strains after one year compared with the range of values of 
500 to 800 micro strains experienced by OPCC. Wallah et al. (2010) concluded that fly ash-
based geopolymer concrete undergoes low creep. [33] 

In fact, this behavior is caused by the lower amount of water used in producing GPC. [10] The 
value of creep deceases with the increase of compressive strength and it is estimated that 
GPC has not more than 0.4 compared with 0.7 for OPCC. [10] 

 

1.2.8 Corrosion resistance 
Shaikh et al. (2014) explained in his work that GPC exhibits better corrosion resistance than 
OPCC. The higher amount of the Sodium Silicate (Na2SiO3) and the higher concentration of 
Sodium Hydroxide (NaOH), gives better corrosion resistance of GPC. [34] Olivia et. al. (2011) 
concluded that after making a comparison with OPCC, FA based GPC take a long time to fail 
and has good corrosion resistance. [35] 

1.2.9 Energy consumption 
It is also important to make a comparison between the total embodied energy required to 
produce OPCC and GPC.  Bennet et al. (2013) explained in his work that embodied energy of 
FA and GGBFS based GPC is 40% less than OPCC. In OPCC the cement contributes to 94% of 
the total embodied energy.  While both Sodium Hydroxide (39%) and Sodium Silicate (49%) 
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together contribute a lion’s share to the embodied energy of GPC (Figure 1.4 and Figure 
1.5). [36] 

 

 

 

 

Fig.1. 4: Embodied energy contribution of each material on fly ash-GGBS based geopolymer concrete [36] 

 

 

Fig.1. 5: Embodied energy contribution of each material on OPC concrete. [36] 
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Table 1. 2: Properties comparison between GPC and OPCC 

Property GPC 
 

OPCC 
Emission of CO2 44 % to 80% reduction of 

human-generated 
atmospheric CO2 worldwide. 

Major contributor 5% to 8% of 
human-generated atmospheric 
CO2 worldwide.  

A major contributor to strength Alumina (Al2O3), Silica (SiO2) 
and calcium oxide (CaO). 

Alite (C3S) and Belite (C2S) in 
cement. 

Density GPC has a density between 2290 kg/m3 and 2460 kg/m3, but still 
comparable to the OPCC. 

Porosity The porosity of GPC is 
between 1.0% to 1.9%. 

The porosity OPCC is between 
3.0% to 5.1%. 

Water absorption GPC has a lower water absorption compared to OPCC. 

Durability of structures High durability due to low 
porosity. 

Lower durability due to higher 
porosity than GPC. 

Setting time Fast initial and final setting 
time. 

Can be much easier adjusted 
compared to GPC. 

Energy consumption for its production The embodied energy of FA and GGBFS based GPC was 40% less 
than OPCC. 

Hydration Temperature development 
at an ambient temperature  

Sets at room temperature. It 
has almost no temperature 

gain. 

For high cement content 
mixtures, the temperature can 

rise up to 58 ºC. [42] 

Strength gain Rapid strength gain. This 
depends also on the chemical 
reaction of the precursor(s) 

with the activator(s). 

Takes more time to reach its 
strength. Especially the first 

week of curing. 

Compressive Strength GPC has 1.5 times higher compressive strength than OPCC. 

Tensile strength & Flexural strength GPC has comparable tensile and flexural strength to 8% à 12% 
higher strength than OPCC. 

Elastic modulus GPC has around 25% to 30% lower E-modulus than of the OPCC 
by a comparable compressive strength. 

 Shrinkage and Creep GPC   has lower shrinkage of 100 micro strains compared to 500 
to 800 micro strains to that of OPCC.  

The creep value of GPC has not more than 0.4 compared with 0.7 
for OPCC. shrinkage. 

Corrosion resistance GPC has a greater corrosion resistance than OPCC. 

Fire resistance GPC has a good fire resistance compared to OPCC when exposed 
to more than 800 ºC. 
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Table 1. 3: Properties of GPC based on Davidovits research [43] 

Property GPC performance compared to OPCC 

Compressive Strength equivalent 

Tensile strength & Flexural strength 30% higher 

Early age strength Good 

Shrinkage  lower (average 300 μm) 

Acid resistance Higher 

Sulfate resistance Higher 

Chloride resistance Higher 

Heat of reaction Very low 

Fire resistance Higher 

 
1.3 RESEARCH AIM AND OBJECTIVE OF THIS WORK 
In recent years 3D printing has received more attention in various fields. One of these fields 
is concrete 3D printing.  The main advantage of 3D concrete printing is that it can 
manufacture non-standard geometries, complex and details rapidly using a printer that 
contains a pump, hosepipe and a nozzle. The manufactured object is printed layer by layer 
without the need of a formwork and with a specific printing speed depending on the 
mixture properties and object design. 
Even for cement-based concrete 3D printing concrete is still in its early stages of 
development, not much attention is paid to the development of 3D printing geopolymer 
concrete. 

 

1.3.1 Research aim 
The overall aim of this project is to propose a design methodology of geopolymer concrete 
mix which can be used for 3D printing process. More specifically, an optimal ratio between 
the binder (FA: BFS) and the alkaline solution (NaOH: Na2SiO3) will be studied explicitly, to 
compile with the 3D printing processes. 

 

1.3.2 Objectives 
In order to reach the research goal, following objectives are defined:  

• To study the effect of binder ratio (FA: BFS) and alkaline ratio (NaOH: Na2SiO3) on 
specific setting time and mechanical strength development according to the 
technical specification of the 3D printing machine; 

• To optimization the workability, extrudability and buildability for 3D printing. The 
fresh mixture properties, such as shear yield stress τ0 and viscosity are considered; 

• To test the open time and tensile bonding strength of two layers/filaments. 

It is very important to point out that the fresh mixture has to be designed based on the type 
of 3D printer, because there are quite a few types of 3D printers with different kind of 
speeds, pressure and printing nozzles. 
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1.4  OUTLINE OF THESIS 
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2  LITERATURE REVIEW 

2.1 INTRODUCTION TO 3D PRINTING 
 Printing is successfully applied in wide range of industries such as aerospace and 
automotive manufacturing. 3D printing can be divided to three techniques; contour 

crafting (CC), extrusion and powder printing (Figure 2.3). [67] Structural application of 
contour crafting was developed by Dr. Behrokh Khoshnevis. [68] However, its application in 
concrete construction is still in its early stages. Some of the reasons are unsuitability of 
available automated fabrication technologies for large scale products, limitations in the 
materials that could be used by an automated system and the economic unattractiveness of 
expensive automated equipments.  On the other hand, construction industry is facing 
serious problems, such as: 

- Accidents rate at construction sites is high; 

- Labor efficiency is alarmingly low; 

- Work quality is low; 

- And controlled construction site is difficult and insufficient and skilled workforce 

is diminishing. 

Worldwide researchers are trying to study and improve 3D printing on concrete, because it 
is one of the most widely used man-made construction materials on the planet. This 
technique extrudes the premixed materials through a nozzle to build structural elements 
layer upon layer based on a computer design without the need of a formwork and produces 
a laminated structure. It has become more popular in the building industry due to its 
flexibility in architectural and construction design.   
Some of the known examples of 3D printed projects were executed are the five-story 
apartment 3D printed by WinSun [69] and the BigDelta project of a castle printed in situ [70] 
(Figure 2.1 and Figure 2.2). These projects have demonstrated a great potential and 
feasibility large-scale 3D printing of building components. For this growing innovative 
technique in the construction field, it is required to develop high performance building 
materials that are compatible with the 3D printers. Also, there are different types of small-
scale 3D printers for laboratory tests and small-scale construction designs. The discussion of 
the large-scale 3D printers is beyond the scope of this work.  
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Fig. 2. 3: Digital manufacturing additive Concrete 
[67] 

 

2.2 ADVANTAGES AND DISADVANTAGES OF 3D PRINTING IN CONSTRUCTION 

2.2.1 Advantages of 3D printing 
The main advantages of 3D printing technology are the reduction of project construction 
costs, flexibility in the structural design and possibility of applying more than one type of 
construction material. [71] 

 

Fig. 2. 1: WinSun China build world’s first 
tallest 3D printed apartment building [69] 

Fig. 2. 2: BigDelta project of a 3D printed 
castle [70] 
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2.2.2 Disadvantages of 3D printing  
The main disadvantages of 3D printing are: 
The size of the 3D printer is directly related to the scale and size of the printed structural 
design. Another limitation is the fact that multiple items cannot be simultaneously produced 
with one 3D printer and for the time being, the costs of buying and setting up a 3D printer is 
very high. Furthermore, large scale adoption of 3D printing will result in significant job loss. 
Nonetheless, new technologies almost always end up generating newer jobs. [72] 

2.3 PREVIOUS EXPERIMENTAL LABORATORY WORK IN 3D PRINTING 
Paul et al. (2017) examined in his work the fresh and hardened properties of 3D printed 
cementitious materials for building constructions. [75] Three mixture designs were examined 
on rheological properties, two mixtures contain cement as its binder and one mixture was a 
geopolymer mortar mixture, Table 2.1.  The later (Mixture 1) contains fly ash and slag as its 
binders.  To improve the workability and extrudability of Mix 1, Acti-gel as a rheological 
modifier and bentonite clay were used. Two alkaline solutions, Potassium Silicate (K2SiO3) 
and Potassium Hydroxide (KOH) were used to activate the binders. The workability of the 
mortars was examined by means of rheology test (Figure 2.4 and Figure 2.5). The plastic 
viscosity and shear stress where examined by applying the Bingham model for non-
Newtonian fluids. The plastic viscosity of mixture 1, shown in Table 2.2, was around 186 
Pa.s. Mixture 1 has a higher plastic viscosity than the cement-based mixtures 2 and 3.   

 

Table 2. 1: materials composition for 3D printed concrete [75] 

 
 

 

Fig. 2. 4: Applied rotation with time for rheology test 
[75] 

 

Fig. 2. 5: Calculated shears stress and shear rate of 

the three mortars using the Bingham model [75] 
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Table 2. 2: Rheological properties of the three mortar mixtures [75] 

 

 

Ma et al. (2018) work focused on different testing procedures of cementitious materials 
containing copper tailings for extrusion-based 3D printing. [68] In the fresh state, the mortar 
mixtures with different copper tailings are measured on open time, buildability and 
extrudability. The open time stands for the time interval of the mixture to have good 
workability/extrudability and printability without disruption of the printed filaments.  The 
extrudability of the fresh mixture is evaluated by the continuity and stability of the filament 
from a printing nozzle of 8* 8 mm2. There should be no liquid drainage and no blockage of 
the nozzle during the extrusion process of the fresh mixture.  

The results in Figure 2.6 and Figure 2.7 show that the structural stability of the printed 
structures was decreased significantly with the increase of tailing dosage, especially the 30% 
and 40% of tailing.  One of those mixtures was examined on open time test, see Figure 2.8 
and Figure 2.9. In this test, the width of the filaments was measured every 5 minutes time 
interval. The data show that the optimal width of the filaments is obtained after (25- 80) 
minutes of mixing time and the optimal buildability was between (30-80) minutes. The 
mixture showed disruption of the filament after 90 minutes of mixing time.  

 

 

Fig. 2. 6: Image of structure built-up wit 20 layers of filament in a single process [68] 
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Fig. 2. 7: Average vertical strain (εd) and average layer thickness of the mixtures with different ratios of copper 

tailing [68] 

 

 

Fig. 2. 8: open time of R40 mixture [68] 

 

 

 

Fig. 2. 9: Open time of R40 mixture [68] 
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2.4 CONCLUDING REMARKS 
As it is mentioned before, the work of Paul et al. (2017) and Ma et al. (2018) gave 
preliminarily hint how to approach the procedure which has been adopted in this work for 
3D printing.  It is important to mention here that Paul et al. (2017) applied Acti-gel in his 
geopolymer mortar design. This Acti-gel was used in this experimental work because one of 
the properties of the Acti-gel provides shape stability to a mixture. It can be considered as 
an anti-settling agent and rheological modifier which it can results in lowering the shear 
stress during the extruding process through a nozzle and improving the buildability of the 
extruded mixture.  

Therefore, combination of both types of experimental procedures are quite recommended 
to be adopted in the testing procedure of this work, such as testing the rheological 
properties (plastic viscosity and shear stress) and the open time test of a mixture design. By 
testing the rheological properties of a mixture, especially the plastic viscosity, with different 
time intervals and comparing it to the open time test, can give information about the values 
of the maximum time required for good extrudability.  
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3  GEOPOLYMERS AS A MATERIAL 

3.1 INTRODUCTION 
he term geopolymer was first introduced by Davidovits in 1979 to describe a family of 
mineral binders that gave a chemical composition similar to zeolites but with an 

amorphous microstructure. [7]  Geopolymers do not form calcium-silicate hydrates (CSHs) 
like the OPC to gain its strength but utilize the polycondensation of silica (SiO2), alumina 
(Al2O3) to attain its structural strength. The known binders should be rich in Aluminium (Al), 
Silicon (Si), such as fly ash (FA) and metakaolin (MK). A third known binder is the blast 
furnace slag (BFS), which is rich in calcium (Ca) and silicon (Si).  FA and BFS are known as 
supplementary cementitious materials (SCM) and are the most common applied 
cementitious components for concrete. [46] 
Binders rich in Aluminum and Silicon can only be activated using alkaline solutions. 
According to Deventer and Provis in 2009 the alkaline activation first started when Purdon 
demonstrated in 1940 the synthesis of construction materials by alkaline activation of BFS 
that contains a high amount of calcium. [7] However, Shi et al. (2011) gave this credit to the 
achievements of the German cement chemist and engineer Kuhl in 1930. [7] [44]  
In the year 1908 one of Kuhl patent was recognized as the first one that applied alkali 
activation of aluminosilicate binders in order to obtain an alternative binder material 
instead of OPC. [7] [39]   

Except the work of Glukhovsky on alkaline cement, not much attention was paid to the field 
of alkali activation in the last few decades (Table 3.1).  
According to the research of Davidovits, geopolymers generates around 0.184 tons of CO2 
per ton of binder. Duxson et al. (2007) stated that the production of disodium oxide (Na2O) 
generates high amount of CO2, whereas the alkaline activated materials generates lower 
amount of CO2 than the production OPC. Based on the work of Duxson and van Deventer in 
2009 alkaline activated materials shows 80% reduction in CO2 emission compared to OPC. [7] 
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Table 3. 1:  Bibliographic listing of some important events in the history of AAB [7] 

Author Year Significance 
Khul 1908 alkali activation of aluminosilicate binders 

Khul 1930 alkaline activation of BFS 

Feret 1939 Slags used for cement 

Purdon 1940 Alkali-slag combinations 

Glukhovsky 1959 Theoretical basis and development of alkaline cements 

Glukhovsky 1965 First called ‘alkaline cements’ 

Davidovits 1979 ‘Geopolimer’ term 

Malinowski 1979 Ancient aqueducts characterized 

Forss 1983 F-cement (slag-alkali-superplasticizer) 

Langton and Roy 1984 Ancient building materials characterized 

Davidovits and Sawyer 1985 Patent of ‘Pyrament’ cement 

Krivenko 1986 DSc Thesis, R2O − RO − SiO2 − H2O 

Malolepsy and Petri 1986 Activation of synthectic melilite slags 

Malek et al. 1986 Slag cement-low level radioactive wastes forms 

Davidovits 1987 Ancient and modern concretes compared 

Deja and Malolepsy 1989 Resistance to chlorides shown 

Kaushal et al. 1989 Adiabatic cured nuclear wastes forms from alkaline mixtures 

Roy and Langton 1989 Ancient concretes analogs 

Majundar et al. 1989 C12A7 − slag activation 

Talling and Brandstetr 1989 Alkali-activated slag 

Wu et al. 1990 Activation of slag cement 

Roy et al. 1991 Rapid setting alkali-activated cements 

Roy and Silsbee 1992 Alkali-activated cements: an overview 

Palomo and Glasser 1992 CBC with metakaolin 

Roy and Malek 1993 Slag cement 

Glukhovsky 1994 Ancient, modern and future concretes 

Krivenko 1994 Alkaline cements 

Wang and Scrivener 1995 Slag and alkali-activated microstructure 

Shi 1996 Strength, pore structure and permeability of alkali-activated slag 

Fernández-Jiménez and 
Puertas 

1997 Kinetic studies of alkali-activated slag cements 

Katz 1998 Microstructure of alkali-activated fly ash 

Davidovits 1999 Chemistry of geopolymeric systems, technology 

Roy 1999 Opportunities and challenges of alkali-activated cements 

Palomo 1999 Alkali-activated fly ash – a cement for the future 

Gong and Yang 2000 Alkali-activated red mud-slag cement 

Puertas 2000 Alkali-activated fly ash/slag cement 

Bakharev 2001 
2002 

Alkali-activated slag concrete 

Palomo and Palacios 2003 Immobilization of hazardous wastes 

Grutzeck 2004 Zeolite formation 

Sun 2006 Sialite technology 

Duxson 2007 Geopolymer technology: the current state of the art 

Hajimohammadi et al. 2008 One-part geopolymer 

Provis and van Deventer 2009 Geopolymers: structure, processing, properties and industrial 
applications 
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3.2 ALKALINE ACTIVATED BINDERS (AAB) 
In the last few decades, a wide range of aluminosilicate and calcium rich binders have been 
developed. Some of these binders are formed by nature, other are industrial products and 
waste products, as illustrated in the pictures below. 

 

- Natural  products (metakaolin MK); 

- Industrial by-products (FA , BFS); 

- Wastes (Waste glass (WG); 

- A mixture of them with or without OPC. 

Alkaline activated components can be divided into pozzolanic and cementitious materials 
(Figure 3.2). However, the focus of this project will be on fly Ash (FA) and blast furnace slag 
(BFS). These components can be activated individually or in a combination of two or more. It 
is important to mention that the chemical composition, particle size and particle shape of 
the components influences the mechanical and rheological properties of the concrete. In 
Figure 3.3 a range of chemical composition of FA, BFS, SF, MK and OPC are shown. 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. 2: Alkali activated binders (AAB) [45] 

 

Metakaolin 
(MK)

Blast furnace 
slag (BFS)

Fly Ash (FA) Waste Glass 
(WG)

Silica Fume 
(SF)

Or a 
combination of 

two or more

 alkaline activated components

Alkali Activator
Cementitious 
components

Cementitious 
materials:

steel and Blast 
Furnace Slag,

Phosphorus slag, 
Portland

cement, CAC, etc.

Pozzolanic materials

Artificial puzzolan: rice husk
Ashes

Industrial by-products: Fly 
Ash,

Silica Fume, Paper sludge, 
Copper, Slag

Natural puzzolans: 
Volcanic

glasses, Volcanic ashes, 
Siliceous materials 

(Opal), Diatomaceous 

earth, etc.)
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Fig. 3. 3: Range of compositions of the raw materials used to manufacture alkaline cements on a CaO-SiO2-
Al2O3 diagram [45] 

3.2.1 Blast Furnace Slag (BFS) 
Blast Furnace Slag is a pozzolanic by-product that is formed when iron ore or iron pellets, 
coke and flux (limestone or dolomite) are melted together in a blast furnace (Figure 3.4). 
During the melting of the raw materials, the lime in the flux is chemically combined with the 
aluminates and silicates of the ore and coke ash to form a non-metallic product called blast 
Furnace Slag (BFS). This non-metallic product can be cooled in several ways to form 
different types of blast furnace slag products. 
 

 

 

 

BFS that comes from a particular furnace is fairly consistent with similar physical and 
chemical properties. [50]  
The shape of the BFS particles are irregular with a glassy surface (Figure 3.5). The main 
requirement for BFS to be applied as supplementary cementitious materials (SCM) is to have 
CaO + MgO/SiO2 ratio >1. It must be ground to specific surface of 400 - 600 [m2/kg].  Specific 
surface plays an important role in the rate and intensity of the activation process. 
Furthermore, BFS can vary in composition between different furnaces and ores.  
For this study BFS was supplied from ORCEM in the Netherlands.  To understand the 
chemical composition, crystalline and amorphous phases and the fineness of the particles, 
the BFS was analysed by an X-ray fluorescence (XRF), X-ray powder diffraction (XRD) and 
laser particle analyser (LPA).  
 

Fig. 3. 4: Raw components for the formation of BFS [47] [48] [49] 
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3.2.2 Fly Ash (FA) 
Fly Ash is a pozzolanic by-product that is formed during coal 
combustion (heated to 1500±200 ºC) and is driven out of the coal 
fired boilers together with flue gases. The ash that falls to the 
bottom of the boiler is called bottom ash. The FA is captured by 
special filters from the rest of the flue gases before it reaches the 
chimneys. Depending on the source and composition of the burned 
coal, the components of the FA vary considerably. However, all the 
type of fly ashes contains substantial amounts of silica (SiO2) 
(both crystalline and amorphous phases), aluminium oxide (Al2O3) 
and lime (CaO).  
The fly ash contains smaller amount of magnesia (MgO), sulphur oxide (SO3), alkalis (Na2O 
and K2O) as well as traces of titanium, vanadium, manganese,   
phosphorus, germanium and gallium. The particles of fly ash have a spherical glassy shape 
(Figure 3.6).  [53] The ash has specific surface ranges from 2500 [cm2/g] to 5000 [cm2/g] and 
has a density from 2.2 [g/cm3] to 2.8 [g/cm3].  
According to (ASTM C618-08a) fly ash is divided into type F and C depending on the lime 
content:   

• Type F fly ash: with lime (CaO) content lower than 7%. The majority oxides in this 

type of ash are SiO2, Al2O3 and iron oxides. It is most abundant type of ash and 

frequently re-used. The material is basic with a pH over 10. This ash is added to OPC. 

Another alternative is activating the ash with an alkaline activator to form a gel that 

hardens in time (also called geo-polymerization/ alkaline activation). Class F fly ash is 

most widely used in geopolymer synthesis. 

• Type C fly ash: Class C contains more than 20% of lime (CaO). In the presence of 

water, Class C fly ash hardens and gets stronger over time. It does not need any 

alkaline activators to form a gel that hardens in time.  

Fig. 3. 5: Microstructure of blast furnace 
slag through field emission scanning 

electron microscope (FESEM) [52] 

Fig. 3. 6: Fly Ash spherical particles 
though the scanning electron 

microscope (SEM) [54] 

https://www.sciencedirect.com/topics/chemistry/titanium
https://www.sciencedirect.com/topics/chemistry/vanadium
https://www.sciencedirect.com/topics/chemistry/manganese
https://www.sciencedirect.com/topics/chemistry/germanium
https://www.sciencedirect.com/topics/chemistry/gallium


 

24 

 

For this study FA was supplied from VLIEGASUNIE BV in the Netherlands.  To understand the 
chemical composition, crystalline and amorphous phases and the fineness of the particles; 
an X-ray fluorescence (XRF), X-ray powder diffraction (XRD) and laser particle analyser (LPA) 
was applied on FA. 
 

3.3 ALKALINE ACTIVATOR SOLUTIONS 
The second essential component in the geopolymer concrete is the alkaline activator 
solutions.  Glukhovsky et al. (1994) classified six groups of activators by their chemical 
composition (Figure 3.7). [62] The most common alkaline activators used in the BFS and FA 
are alkaline hydroxides (caustic solutions), alkaline silicates or blends of the two to generate 
high alkalinity. The anions and cations play different roles in the alkaline activation. The 
anions in the activator solution are important in the geo-polymerization process and 
consequently in the mineralogical and microstructural characteristics of the materials. There 
are four different types of anions that are normally mixed with the raw materials. The most 
common used is the hydroxides, silicates and carbonates and to lesser extent the sulfates. 
 

 

Fig. 3. 7: Alkaline activators [62]  

 

3.3.1 Sodium hydroxide (NaOH) 
Sodium hydroxide (NaOH) is an inorganic white solid compound (in a powder or pallets 
form) that consists of Na+ and OH- ions.  It is a commonly used alkaline activator due to its 
availability, low price and low viscosity.  
Sodium hydroxide is easy soluble in water that produces exotherm heat release [1].  
Glukhovsky mentioned in his work that the OH- ions catalyze the dissolution of Si4+ and Al3+ 
in the SCM by inducing the hydrolysis of Si-O-Si and Si-O-Al bonds.  This OH- ions catalysis 
the hydrolytic reaction in all the stages of the alkaline activation, but also raises the pH level 

Activator

caustic 
solutions: 

MOH

slightly acid, 
non-siliceous 

salts: 
M2CO3, M2SO3, 

M3PO4, MF;

non-siliceous, 
highly acid 

salts: 

M2SO4.

aluminosilicates: 
M2O.Al2O3.SiO2;

silicates:
M2O.nSiO2;

aluminates: 
M2O.nAl2O3;
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that is required in the dissolution of the SCM and subsequent condensation reaction. In 
scientific articles, the liquid NaOH is written as Na2O and H2O. When the concentration of 
Na2O is around 4.8% C-A-S-H gel is formed. A concentration of 8% or higher, C-A-S-H gel is 
formed and possible some Ca (OH)2 might appear. The concentration of the sodium 
hydroxide (molarity) influences the reaction degree and the mechanical strength 
development of the mixture.  

𝑵𝒂𝑶𝑯 (𝒔) + 𝑯𝟐𝑶 (𝒍) → 𝑵𝒂+ + 𝑶𝑯− +𝑯𝟐𝑶+𝑯𝒆𝒂𝒕   [1] 

3.3.2 Sodium Silicate (Na2Sio3) 
The second most commonly used activator is the sodium silicate (also called waterglass ). It 
is easy soluble compound that contains Disodium Oxide (Na2O) and Silica (SiO2) with 
chemical formula (Na2xSiO2+x) or  
(Na2O) x·SiO2. The Disodium Oxide content (Na2O) is required for the geo-polymerization 
process because it affects the pH level. A solution which contains more Na2O, the higher is 
the pH level. In addition to Na2O, Silica (SiO2) provides a denser matrix. Soluble silicate 
affects the workability, mechanical strength development and shortens the setting time of 
the mixture. [45] 
The higher the concentration of SiO2 and Na2O, the more viscous the solution is. The 
viscosity is a product of the formation silicate polymers that consists of (Silicon (Si) and 
Oxygen (O)) atoms. These atoms are linked by covalent bonds into large negatively charged 
chains or ring structure that takes in the positively charged Na+ and water-molecules H2O. 
[63] It is believed that the waterglass contributes to formation of high Silica primary gel 
during the activation of the BFS. This gel is formed when soluble silicates reacts with the 
Ca2+ ions in the BFS to form C-A-S-H gel. For the purpose of this project a waterglass solution 
is used for the alkaline activation process. The solution contains a mol-ratio between SiO2: 
Na2O of 3.3: 3.5. The density and viscosity vary at a temperature of (20°C) between 1.34 -
1.36 kg/l and 80 -100 cp (Table 3.2 and Appendix C). 

 

Table 3. 2: Sodium silicates (Na2SiO3) composition 

SiO2 27.5% 

H2O 64.25% 

Na2O 8.25% 

3.4 ADDITIVES  

3.4.1 Retarder 
Depending on the required mechanical properties of a geopolymer mixture, the setting time 
can be adjusted from 5 minutes to more than 2 hours. The admixtures in the market are 
designed for cement-based materials and most of these admixtures are not suitable to 
geopolymer concrete.  The setting time of a geopolymer paste mixtures can be delayed by 
adding Barium Chloride dehydrate retarder (BaCl2.2H2O).  This retarder has a fine white 
power form that is easy soluble in water. When it is added to the paste mixture, it absorbs 
part of the moist which can reduce the workability and more liquid activator is required to 
improve it. Furthermore, the chloride is known to have corrosive effect on the steel 
reinforcing in a structure. More research is required on geopolymer paste mixture to be 
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able to understand the retardation process and how this can affect the formation of C-A-S-H 
and N-A-S-H gels in the matrix.   

3.4.2 Acti-Gel ® 208 
Acti-Gel® 208 is a highly purified clay based powdered product 
which can be made into a slurry suspension (Figure 3.8). It is a 
rheology modifier and anti-settling agent that stabilizes 
mixtures, provides superior aggregate suspension, and 
dramatically improves the performance and paste quality of 
concretes (Appendix D). The Acti-Gel consists of rod-shaped 
Magnesium Aluminium Silicate particles with pseudo-nano 
dimensions (Figure 3.10 and Table 3.3). The average particle size 
is between 1.5 to 2.0 microns and average diameter of 30 
Angstroms (30* 10−10 meter) and are positively charged on the 
ends and negatively charged along the axis (Figure 3.9). This 
electrical interaction is what allow Acti-Gel® 208 to gel. When fully 
dispersed the particles form a unique lattice ‘microstructure’ that supports slightly higher 
yield stress and thixotropy (Figure 3.11). Under conditions of shear, flow conditions are 
enhanced resulting in improved pumpability and workability (lower viscosity upon shear 
force).  Water-based liquids, slurries and suspensions with ions and/or solids (with charge) 
can become highly pseudo plastic by addition of 0.1-3.0% (wt.%) of Acti-Gel ® 208. 

 

On removal of shear, the rate of thixotropic rebuilding of the lattice structure is 
exceptionally fast, which provides: 

- Superior cohesion; 

- The rapid development of green strength; 

- Shape stability; 

- Excellent anti-washout properties; 

- Reduction in hydrostatic pressure. 

 

The most important properties of the Acti-Gel 

are: 

• Non-reactive; 

• Non-swelling; 

• Non- shrinking; 

• Non-retarding; 

• Temperature stable; 

• pH tolerant between pH=2 to pH=13); 

• Shear stable and bio-stable. 

 

Table 3. 3: Acti-Gel chemical composition 

SiO2 49.57% 

Al2O3 9.44% 

Fe2O3 3.31% 

 MgO 8.81% 

CaO 1.88% 

 Na2O 0.59% 

 K2O 0.66% 
 

Fig. 3. 8: Acti-Gel Slurry 
Suspension 

https://nl.wikipedia.org/wiki/Meter
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Fig. 3. 9: Acti-Gel particle positively charged on the 

ends and negatively charged along the axis  

 

Fig. 3.10: Acti-Gel rod-shaped magnesium aluminium 

silicate particles 

 

Fig. 3. 11: Ionic interaction of Acti-gel particles with and without shear force 

3.5 ALKALINE ACTIVATION PROCESS 
Alkaline activation of materials is relatively a new field compared to OPC. [50] [57] [58] [59] Based 
on the nature of BFS and FA that contain (CaO-SiO2-Al2O3 system),  BFS and FA are grouped 
into two main categories: (I) high Calcium and (II) low Calcium binders. The activation 
pattern differs in each when they are activated seperately. [56] 

• (Na,K)2O-CaO-Al2O3-SiO2-H2O system, Model I: In this model the binders that are 

rich in Calcium and Silicon such as BFS (SiO2 + CaO > 70%) are activated under 

moderate alkaline conditions. The main product is C-A-S-H gel. The C-A-S-H gel 

differs slightly from the C-S-H gel that is formed in Portland cement paste, because it 

has a lower C/S- ratio (C/S= 0.9 to 1.2) and takes aluminium in its structure.  The C-A-

S-H gel provides the geopolymer concrete its mechanical strength and a room 

temperature curing without the need of external heating. [56]   
• (Na,K)2O-Al2O3-SiO2-H2O system, Model II: In this model the binders  are rich in 

Aluminium and Silicon (Al2O3 + SiO2). The binders used in this second alkaline 

activation procedure, such as MK and FA have low CaO content. The main reaction 

product formed in this case is a three-dimensional inorganic alkaline polymer, a N-A-

S-H (alkaline aluminosilicate hydrate) gel. Because of the low CaO content, more 

aggressive working conditions (highly alkaline media and curing temperatures of  

60–200 °C) are required to fasten the reaction process. [56]  
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• Blended or hybrid alkaline system, Model III: A combination of model I and model II. 

The binder is the result of alkaline activation of CaO, SiO2 and Al2O3 contents > 20%.  

The main reaction products formed in this case is C-A-S-H and N-A-S-H gels. [56] 

It is important to mention that the Calcium rich mixtures have a fast-early age strength 
development compared to the low calcium mixtures. Nedeljcovic et al. (2016) mentioned 
that the amorphous phases of BFS increases dissolution rate and consequently the 
hardening process is faster, favoring high amount of the products forming within first few 
days of the reaction. [74] The reaction products based on the used binder is shown in Table 
3.4. 

 

Table 3. 4: Products precipitating in different types of binders [56] [77] 

Binder type OPC Alkaline materials 

(Na,K)2O-CaO-Al2O3-SiO2-H2O (Na,K)2O-Al2O3-SiO2-H2O 

Reaction 
product 

Primary C-S-H C-A-S-H N-A-S-H 

Secondary Ca (OH)2 
AFm 
AFt 

Hydrotalcite 
[Mg6Al2CO3(OH)16•4H2O] 

C4AH13 CASH8 
C4AcH11 C8Ac2H24 

Zeolites: hydroxysodalite, zeolite P, 
Na-chabazite, zeolite Y, faujasite 

C = CaO, S = SiO2, A = Al2O3, N = Na2O, H = H2O, C = CO2 

 

3.5.1 Fundamentals of alkaline activation in calcium-rich systems: 
[(Na, K)2O-CaO-Al2O3-SiO2-H2O] 

Number of research studies have shown that the phase of the components and their 
structure in the BFS effects the reactivity in alkaline conditions.  It is believed that the C-A-S-
H gel and C-S-H gels have a similar tobermorite structure (Figure 3.12). [60] The BFS reactivity 
is described by a parameter known as the degree of polymerisarion (DP) (Eq. 1). [61] 

𝑫𝑷 = 𝒏(𝑪𝒂𝑶) − 𝟐𝒏(𝑴𝒈𝑶) − 𝒏(𝑨𝒍𝟐𝑶𝟑) −
𝒏(𝑺𝑶𝟑)

𝒏(𝑺𝒊𝑶𝟐)
− 𝟐𝒏(𝑴𝒈𝑶) − 𝟎. 𝟓𝒏(𝑨𝒍𝟐𝑶𝟑) 

[1] 

The ranges of DP are from 1.3 - 1.5. The higher the number of DP, the higher is the degree 
of polymerization of BFS and thus the more material is reacted. [61] Glukhovsky and Krivenko 
proposed a model that would give an explanation to the alkaline activation of SiO2 and CaO 
as shown in Eq. 2: [61] 

 

Fig. 3. 12: The chains have a kinked pattern where some silicate tetrahedra share O–O edges with the central 

Ca–O layer (called ‘paired’ tetrahedra, P) and others that do not (called ‘bridging’ tetrahedra, B). [60] 

https://www.sciencedirect.com/topics/materials-science/silicates
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[2] 

In the initial phases of activation process, the alkaline cation 1 (R+) acts as a catalyzer via 
cationic exchange with the Ca2+ ions. As the reactions advance, the alkaline cations are 
taken up into the structure. [61] 

Garcia-Lodeiro et al. (2011) found that the presence of sufficient Calcium and a high pH 
values (pH ≥ 12), the  
C-A-S-H gel is favored over N-A-S-H gel formation (see Figure 3. 13). [61] [66] The type and 
amount of liquid activator effects the structure and composition of the C-A-S-H gel and the 
presence of secondary phases. Simultaneously the particle size and structure (amorphous or 
crystalline) of the binder that is Calcium rich and the curing conditions plays an important 
role in the formation of the gel structure.   A theoretical model for the reaction mechanism 
in alkaline activated slag is shown in Figure 3.14. [61] 

 

 
Fig. 3. 13:  Formation of C-A-S-H and N-A-S-H gels 

depending of the pH value [61] 

 
Fig. 3. 14: Theoretical model for the reaction mechanism in 

alkaline activated slag [61] 

 
 

3.5.2 Fundamentals of alkaline activation in low-calcium systems: 
[(Na,K)2O-Al2O3-SiO2-H2O] 

Fly ash and metakaolin are low Calcium materials mostly used in the manufacturing of 
concrete, although the higher cost of metakaolin constrains its use in concrete industry. This 
type of binders induces the precipitation of an amorphous alkaline aluminosilicate hydrate, 
known as N-A-S-H gel, during the alkaline activation. [56]  
Palomo et al. (2005) introduced a structural model of N-A-S-H gel formation. It has been 
revised by various authors. [56] [64]  
When a rich aluminosilicate source comes into contact with an alkaline solution, it starts to 
dissolve into several species with primary Silica and Alumina monomers. These monomers 
interact to form dimers, which in turn react with other monomers to form trimers, 
tetramers etc. The first intermediate reaction product which is rich in Aluminum, called gel 
1, is formed when the solution has reached saturation.  The Aluminum dissolves more 
quickly than the Silicon, because the Al-O bonds are weaker than Si-O bonds. When the 
reaction progresses, more Si-O groups dissolve raising the Silicon concentration in the 
reaction medium and increases its proportion in gel 2 (the N-A-S-H gel). 
_________________________ 
1 the alkaline cation (R+) can be Na+ or K+ depending on the activator composition and raw materials 
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The N-A-S-H gel (that is formed from low Calcium materials) has a three-dimensional (3D) 
structure that differs from the structure of the gels formed in the alkaline activation of 
Calcium-rich materials (Figure 3.15). [56] 

 

 

Fig. 3. 15: Model proposed for N-A-S-H gel formation [56] [64] 

 
Another model of Fernández-Jiménez et al. (2005) was executed based on the scanning 
electron microscopy (SEM) that described the alkaline activation of FA, Figure 3.16.  This 
model explains the chemical attack on the surface of the particles, Figure 3.16 (a). The 
alkaline activation process starts when the surface of the FA is chemically attacked by the 
alkaline solution, Figure 3.16 (a). This causes the formation of small cavities in the big 
spherical particle exposing the smaller inside particles to the alkaline solution, Figure 3.16 
(b). The particles continue to dissolve from both inside and outside, which makes the 
reaction goes faster and reaction products would precipitate, Figure 3.16 (c). Not all the 
particles would be dissolved due to the precipitation of the reaction products, which causes 
the hindering of their contact with the alkaline solution, Figure 3.16 (d). The reaction would 
continue but in a slower phase and the unreacted particles can only be attacked through 
diffusion mechanism. The formed paste would have different morphologies (unreacted 
particles and reaction products (N-A-S-H, zeolites, etc.). [56] 

 

Fig. 3. 16: Model for the alkaline activation of fly ash over time [56] 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/B9781782422761500022#bb0135
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3.5.3 Fundamentals of alkaline activation in hybrid systems: 
(Na,K)2O-CaO-Al2O3-SiO2-H2O]−[(Na,K)2O-Al2O3-SiO2-H2O]  

The hybrid system is a combination of model I and II. Two or more binders are mixed 
together to activate CaO, SiO2 and Al2O3.  According to Provis and Bernal (2014), combining 
low and high Calcium rich binders together in a specific concentration, helps in achieving a 
good mechanical strength and more durable concrete. [65]  

Nedeljcovic et al. (2016) mentioned that combination of FA and BFS, as a binder, gives more 
uniform development of the microstructure and counterbalance their properties. [74] 

Due to the lack of reactivity of low Calcium binders (model II), the addition of rich Calcium 
binder improves the reactivity under ambient curing conditions. The curing conditions, the 
type of alkaline solutions and the concentration of both binder and alkaline solutions, 
affects the formation of the C-A-S-H and N-A-S-H gels.  Recent research revealed that the C-
A-S-H and N-A-S-H gels do not act as separate gels, but interact and undergo structural and 
composition change. [66] 

A hybrid system of both low and high Calcium binders (Model III), are more beneficial for 
the development of stable microstructure and better mechanical properties. It can result in 
the reduction of the porosity and brittleness of a Calcium rich systems. 

 

3.6 CONCLUDING REMARKS 
From what is mentioned above, combination of Calcium (BFS), Aluminium and Silicon rich 
materials (FA) were selected for this work, model III. This results in early age mechanical 
strength development of a mixture and simultaneously a room temperature curing without 
a need for external heating. This is due to the alkaline activation of CaO, SiO2 and Al2O3 
which forms the C-A-S-H and N-A-S-H gels.   

This selected model is more beneficial for the development of stable microstructure, 
reduction of the porosity and brittleness of a calcium rich systems. 
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4  GEOPOLYMER PASTE MIXTURE DESIGN FOR 3D PRINTING  

4.1 INTRODUCTION 
his chapter presents preliminary geopolymer paste mixture for 3D printing. In the first 
part, the physical and chemical properties of raw materials (FA and BFS) are examined 

by means of X-Ray fluorescence (XRF), X-Ray diffraction (XRD) and laser particle analyser 
(LPA). In the second part, the mixture designs are presented.  

Compressive strength and setting time tests of the selected paste mixture designs are 
discussed for choosing the most suitable paste mixture compatible with the technical 
specifications of the specific 3D printer and ram extruder test 

4.2 MATERIALS AND EXPERIMENTAL METHODS 

4.2.1 Blast furnace slag (BFS) 

4.2.1.1 BFS XRF- analyses 
The used BFS consists of 30.72% Silica (SiO2), 42.62% Lime (CaO), 13.32% Aluminum Oxide 
(Al2O3) and smaller concentrations of other compounds. The BFS is known to be a Calcium 
and Silicon rich material, Table 4.1 and Figure 4.1.  
 

      Table 4. 1: XRF- analyses of BFS 

Compound Concentration 
% 

MgO 9.31 
Al2O3 13.32 
SiO2 30.72 
SO3 1.45 
K2O 0.36 
CaO 42.62 
TiO2 1.05 
V2O5 0.02 
MnO 0.34 
Fe2O3 0.56 
SrO 0.07 

Y2O3 0.01 
ZrO2 0.04 
SnO2 0.02 
BaO 0.08 

 

 

 

 

            Fig. 4. 1: XRF-analyses of BFS 

 

T 
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4.2.1.2 BFS XRD- analyses 
The X-ray diffraction analyses (XRD) is used for the analyses and identification of the 
different crystalline phases of a material. It can be considered as a versatile non-destructive 
analytical technique. Identification is achieved by comparing the X-ray diffraction pattern 
obtained from unknown sample with internationally recognized database containing 
reference patterns for more than 70,000 phases.   
The BFS contains mostly amorphous phases. However, it can contain crystalline peaks such 
as Gehlenite (2CaO.Al2O3.SiO2) and Akermanite (2CaO.MgO.2SiO2) (Figure 4.2). [55] 

The XRD analyses of the BFS is shown in Figure 4.3. BFS contains mostly amorphous phases. 
The crystalline peaks are very small that the X’Pert highscore program could not identify 
them. 

 

  

       Fig. 4. 2: XRD analyses of BFS [55] 
 

             Fig. 4. 3: XRD analyses of BFS 

 

4.2.1.3 BFS Particle size distribution (PSD) 
The particle size of BFS influences the reactivity for the alkaline activation process. The 
reactivity of the big particles is less than the fine particles. Based on the research work of 
Wan in the year 2004, [51] the strength of the mortar is related to the surface area and PSD. 
When BFS, that is applied in the mortars, has the same surface area and contains more fine 
particles (diameter <3 μm), it shows a higher early mechanical strength development. 
Comparing these results to mortars that contain particles (diameter 3-20 μm), mortars with 
particles between 3.0 to 20 μm show higher long-term strength. [51]  

Based on this information it can be concluded that the composition of the BFS and the 
particle size have a major influence on the alkaline activation process, setting time, 
workability and mechanical strength development. In Appendix A, the BFS volume 
percentage and cumulative undersize is shown by applying laser particle analyzer (LPA). The 
mean particles size of the BFS is 16.94 μm with a standard deviation (STD) of 9.75 μm. 
Furthermore, the particles size diameter ranges between 3.81 μm and 29.87 μm. From the 
obtained grain size results, it can be concluded that the general trend of the grain size of BFS 
goes towards the coarse size. This might influence the speed of alkaline activation reaction 
in a way that the coarse grains, which are the majority ratio in the BFS, would react much 
slower than the small grains.    
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4.2.2 Fly ash (FA) 

4.2.2.1 FA XRF- analyses 
The used FA in this work consists of 55.06% Silica (SiO2), 26.74% Aluminum-Oxide (Al2O3), 
8.09% Iron (III)Oxide (Fe2O3) and smaller concentration of other compounds. The FA is 
known to be an Aluminum (Al) and Silicon (Si) rich material (Table 4.2 and Figure 4.4).  This 
FA can be classified as type F.  To activate this type of FA an alkaline activator solution is 
required.  
 

4.2.2.2 FA XRD- analyses  
Fly ash composition is expressed as bulk elemental oxide content that is determined by the 
XRF. However, this XRF-analyses does not show the crystalline and the highly reactive 
amorphous phases. To understand the phases of the class F FA, an X-ray powder diffraction 
(XRD) analyses is executed on a fine grinded sample. A comparison is made between the 
class F FA used in this work and the FA that is used in the research of Ma et al. (2013) [78]. 
The XRD results show mostly amorphous phases. Based on X’Pert highscore program, 
almost similar results were obtained in this work with that of Ma et al. (2013), see Figure 
4.5. The intensities stand for Quartz (SiO2), Mullite (3Al2O3. 2 SiO2) and possibly Merwinitite 
(Ca3Mg (SiO4)2) crystals. Based on Ma et al. (2013) work, the active amorphous Silica (SiO2) 
and Alumina (Al2O3) are 34.9 wt.% and 16.2 wt.%. [78] These two percentages values might 
be close or similar to that of the Class F FA analyzed in this work.  
 

Table 4. 2: XRF- analyses of FA 

Compound Concentration % 
MgO 1.25 
Al2O3 26.74 
SiO2 55.06 
P2O5 0.23 
SO3 0.73 
K2O 1.54 
CaO 4.67 
TiO2 1.18 
MnO 0.05 
Fe2O3 8.09 
ZnO 0.02 
SrO 0.12 
ZrO2 0.05 
BaO 0.12 

 

 

 

 

 

 Fig. 4. 4: XRF-analyses of FA 
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Fig. 4. 5: XRD analyses of FA 

4.2.2.3 FA Particle size distribution (PSD) 
In Appendix B, the laser particle analyzer (LPA) shows that the mean particle size of the FA is 
54.30 μm, with a standard deviation (STD) of 34.25 μm. The particles size diameter ranges 
between 11.31 μm and 98.42 μm.  
The mean particle size of FA of this work is larger than that of Ma et al. (2013) by 28.84 μm. 
[78] This would be inflicted negatively on the alkaline activation reaction speed of the FA 
grains. Larger particles would be slower reacted to the alkaline solutions.  

4.2.2.4 Comparison between FA and BFS  
Comparing the average particle size of BFS and FA, the BFS is finer than the FA by 37.5 μm, 
see Figure 4.6. Furthermore, both materials have reactive amorphous phases. However, the 
BFS particles reacts much faster than the FA due to its smaller grain sizes and amorphous 
phases although it requires more liquid activator for its workability. 

 

 

 

Fig. 4. 6: Cumulative volume percentage of BFS (blue line) and FA (pink line) 
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4.3 PASTE MIXTURE DESIGNS AND TEST RESULTS 
A mixture design suitable for 3D printing applications should have specific specifications. 
These specifications have direct link with the type of 3D printer machines, the type of 
construction to be built and the site construction environment. To fulfill these many 
conditions, a mixture should be designed carefully on many bases among which a suitable 
mechanical strength development, setting time, open time, buildability, extrudability and 
rheological properties (plastic viscosity) etc. 

Having in mind the above-mentioned criteria about the different conditions that influence 
the mixture design to obtain the acceptable output from the specific 3D printer, many tests 
should be done to find a suitable mixture as follows: 

 

4.3.1 Compressive strength and setting time of paste mixtures with 
different binder ratios 

Six paste mixtures with different binder ratios between FA and BFS were tested on 
compressive strength and setting time. The mixture designs are presented in Table 4.3 and 
Table 4.4.  
 

Table 4. 3: Geopolymer paste mixture designs S0, S10, S20, S30, S40 and S50 

Mixture  S0 S10 S20 S30 S40 S50 

 Density Mass Mass Mass Mass Mass Mass 

   
[gram/cm3] 

[gram] [gram] [gram] [gram] [gram] [gram] 

FA 2.44 1000 900 800 700 600 500 

BFS 2.89 0 100 200 300 400 500 

NaOH (4 M)  175 175 175 175 175 175 

WGS 1.35 175 175 175 175 175 175 

l/b-ratio  0.35 0.35 0.35 0.35 0.35 0.35 

Ratio FA: BFS   100: 0   90: 10   80: 20   70: 30   60: 40   50: 50  

Ratio NaOH: Na2SiO3  50: 50 50: 50 50: 50 50: 50 50: 50 50: 50 

 

Table 4. 4: Mixture compositions of the pastes (with respect to 1 kg of binder (FA+BFS)) 

SiO2 Na2O H2O l/b SiO2/Na2O 

[mol] [mol] [gram] [-] [-] 

0.80 0.53 350 0.35 1.51 
 

4.3.1.1 Compressive strength  
The compressive strength results of the mixture designs in Table 4.3 and Table 4.4 shown in 
Figure 4.7. The compressive strength of the geopolymer paste mixtures were performed 
according to the [NEN 5988] on cubes with dimensions of 40 *40 *40 mm3. The cubes were 
sealed in plastic bags and cured in a fog room with 20°C and 99% relative humidity until 
testing age of 1, 3, 7 and 14 days. Sealing the cubes in plastic bags prevents moisture 
exchange with the environment and limits the possibility of undesirable chemical reactions 



 

38 

 

in the specimens, for example a change in the formation of C-A-S-H and N-A-S-H gels or 
formation of micro-cracks in the paste.   
The purpose of these different tests is to choose the most suitable paste mixture to be used 
in the 3D printing process. The basis of this choice depends on a longer workability and the 
most suitable extrudability of the mixture to be extruded with a 3D printer.  
One of the main pillars to achieve that is by adopting the proper ratio of FA and BFS.  For 
this project the NaOH molarity was kept constant at 4 mol/liter. 

 

Fig. 4. 7: Compressive strength of S0, S10, S20, S30, S40 and S50 paste mixtures cured in fog room with 20°C 
and 99% relative humidity 

As it is mentioned in section 3.5, the alkaline activation of higher concentration of BFS (more 
CaO content) forms more C-A-S-H gel, which in return causes the mixture to harden in 
ambient room temperature and develops early age mechanical strength. A higher 
percentage of BFS causes a linear increase in compressive strength of the tested specimens, 
see Figure 4.7. Among the different six selected paste mixtures, the S0 displayed a 
compressive strength of less than 5MPa on 14 days of curing. This mixture contains 0% of 
BFS and less than 5% CaO from the FA, Table 4.2. The S20 and S30 pastes, cured for 1 and 7 
days, exhibited a difference of 15.6 MPa and 19.5MPa. Furthermore, comparing the S20 to 
the S10; the S20 has higher strength development with time than the S10, especially on the 
3, 7 and 14 days of curing. The S20 displayed a compressive strength of 5.34 MPa for 1-day 
cured specimens.  
 

4.3.1.2 Setting time  
The main purpose of testing the setting time of the mixtures, is to find an optimized mixture 
with an initial setting time of 90 minutes that is compatible with the technical specifications 
of the specific 3D printer and ram extruder. This step will be discussed in chapter 5. 

Meanwhile, the selected paste mixtures in Table 4.3 were examined on initial and final 
setting time. The setting time of the pastes is measured under a constant temperature of 
(20 ± 2) °C and relative humidity (RH) of (55.0± 2) % according to [NEN-EN 196-3]. The ratio 
between FA and BFS is examined on the setting time by using Vicamatic needle test. In 
Figure 4.7 and Figure 4.8, a relationship is noticed between the compressive strength and 
the setting time of the paste mixtures. The initial and final setting time has an exponential 
decrease. The initial setting time and final setting time between 30% and 50% of BFS is 3 
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and 6 minutes. An increase in the percentage of BFS beyond 45% would result in no drastic 
change in the setting time. 

 

Fig. 4. 8: Geopolymer paste mixtures setting time with different binder ratios 

 

From what is concluded from section 4.3.1.1, the S20 paste mixture will be chosen for 
further optimizing to be used later for 3D printing. The main reasons for choosing the S20 
are: 

- The binder contains 80% more spherical particles from the FA. This allows for lower 

l/b-ratio and it is better for extrudability due to the rolling of the spherical particles 

over each other; 

- Comparison between the S10 and S20, the S20 gave a higher strength development 

between 3, 7 and 14 days of curing time. This mixture has a 1-day compressive 

strength of 5MPa.  
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4.3.2 Compressive strength and setting time of S20 paste mixtures with 
different percentage of retarder 

Three S20 paste mixtures with 0.5%, 1% and 1.5% of Barium Chloride dehydrate retarder 
were compared to the S20 paste mixture with 0% of retarder on compressive strength and 
setting time, see Table 4.5. The percentage of the retarder is calculated with respect to the 
total binder weight. 

 

Table 4. 5: S20 paste mixtures with 0%, 0.5%, 1% and 1.5% BaCl2. H2O retarder with respect to the total binder 
weight 

Mixture S20 S20 S20 S20 

 Mass Mass Mass Mass 

  [gram] [gram] [gram] [gram] 

FA 800 800 800 800 

BFS 200 200 200 200 

NaOH (4 M) 175 175 175 175 

WGS 175 175 175 175 

Retarder (BaCl2. H2O)  0 
 (wt.% of 

the binder) 

 5 
(0.5 wt.% of 
the binder) 

10 
 (1 wt.% of 
the binder) 

15 
(1.5 wt.% of 
the binder) 

l/b-ratio 0.35 0.35 0.35 0.35 

FA: BFS  80: 20   80: 20   80: 20   80: 20  

NH: WG 50: 50 50: 50 50: 50 50: 50 

 

 

4.3.2.1 Compressive strength 
The compressive strength of the S20 paste mixtures were performed according to the [NEN 
5988] on cubes with a dimension of 40 * 40 * 40 mm3. The cubes were sealed in plastic bags 
and cured in a fog room with 20°C and 99% relative humidity for the testing age of 1, 3 and 
7 days. The compressive strength results are shown in Figure 4.9.  
The early age strength of the hardened mixtures is dramatically lowered when the 
percentage of retarder increases. Addition of 0.5% of Barium Chloride dehydrate retarder 
lowered the 1-day cured specimens to 1.33 MPa. Specimens with 1% and 1.5% of retarder 
showed a compressive strength less than 1 MPa after 7 days of curing. The Barium Chloride 
dehydrate absorbs the moisture from the mixtures which results in reduction in the 
workability, especially for using it for 3D printing purposes. Furthermore, for early age 
mechanical strength development, it is not recommended to add more than 0.5% of Barium 
Chloride dehydrate to a mixture design. Therefore, there are two main reasons not to use 
the Barium Chloride dehydrate as a retarder to delay the setting time. 
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Fig. 4. 9: Compressive strength of S20 paste mixtures with the addition of BaCl2. H2O retarder (RT) 
 cured in fog room with 20°C and 99% relative humidity 

 

4.3.2.2 Setting time  
The setting time of the S20 paste mixtures are measured under a constant temperature of 
(20 ± 2) °C and relative humidity (RH) of (55±2) % according to [NEN-EN 196-3]. The setting 
time results are shown in Figure 4.10. Depending on the percentage of added Barium 
Chloride dehydrate, the setting time can be delayed, however the compressive strength is 
negatively affected, as can be seen in Figure 4.9. The addition of 0.5% Barium Chloride 
dehydrate delays the initial setting time to 57 minutes and reduced the compressive 
strength from 5.34 MPa to 1.33 MPa.  
In section 4.3.3, S20 paste mixtures will be further tested on compressive strength and 
setting time by changing the ratio of the alkaline activator solutions (NaOH and Na2SiO3). 

 

 

Fig. 4. 10: Setting time of S20 paste mixtures with 0%, 0.5%, 1% and 1.5% BaCl2. H2O retarder 
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4.3.3 Compressive strength and setting time of S20 paste mixtures with 
different concentration of alkaline activator solutions. 

The concentration of the alkaline solutions has a major role in the formation of the C-A-S-H 
and the N-A-S-H gels. In section 3.3 is mentioned that the OH- ions catalyze the dissolution 
of Si4+ and Al3+, as well as the Ca2+ ions in the binders to form C-A-S-H gel.  Furthermore, the 
Sodium Silicate solution (Na2SiO3) influences the dissolution of the Ca2+ ions in the BFS to 
form C-A-S-H gel and affects the workability and the setting time.  

In Table 4.6, six S20 paste mixtures were tested on compressive strength and setting time. 
The differences between the mixtures are the ratios of the Sodium Hydroxide (NaOH) and 
Sodium Silicate (Na2SiO3) solutions. The studied Na2SiO3/NaOH ratios are 0, 0.25, 0.43, 1, 
2.33 and 4. For each mixture the amount of mol SiO2 and Na2O is calculated with respect to 
1 kg of binder and a l/b-ratio of 0.35.  
The concentration of the Silica (SiO2) influences the density of the matrix. More SiO2 in the 
binder and/or alkaline activator solution makes the matrix more dense and higher 
mechanical properties can be obtained. 
As it is mentioned before in section 4.3.1.2, the main reason of this step is to find a paste 
mixture with an initial setting time of around 90 minutes.  
The results of the S20 paste mixture are shown in Table 4.6 and Figure 4.11. From all the six 
tested mixtures, mixture 5 and 6 displayed initial setting time of 85 and 125 minutes. The 
higher is the SiO2/Na2O ratio, the faster is the setting time. Based on the theoretical 
understanding, a greater SiO2/Na2O ratio should give a higher mechanical strength property. 
However, it has been noticed that mixture 3 exhibited a higher early strength development 
compared to mixture 1 and 2. This can be explained due to the fact of abundance of 
entrapped air in the mixture, which cannot be avoidable in the extruding process as in the 
case of conventional compaction method on mortars and concrete.  Mixture 5 is chosen for 
further testing on rheological properties and 3D printing.  The initial setting time of mixture 
5, with Na2SiO3/NaOH and SiO2/Na2O ratio of 0.25 and 0.82, is around 85 minutes. The 
compressive strength of 1, 3 and 7- days cured specimens is around 0.77, 9.22 and 20.55 
MPa. The compressive strength of 5MPa was obtained after 3 days of curing.  
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Table 4. 6: S20 paste mixtures with different ratios of NaOH and Na2SiO3 solutions with respect to 1 kg of total 
binder 

 

 

Mix       

 

Alkaline    
solution                             

ratio 

 
WGS/NH 

 
SiO2 

 
Na2O 

 
SiO2/ 
Na2O 

 
l/b 

 
Setting time  

 
Compressive strength  

[MPa] 
  

[-] [mol] [mol] [-] [-] Initial  
[min]  

Final 
[min] 

1  
[day] 

3  
[days] 

7 
 [days] 

1 4M NH: WGS= 
  20: 80 

4.0 1.28 0.67 1.91 0.35 23 37 6.68 11.26 19.86 

2 4M NH: WGS=   
30: 70 

2.33 1.12 0.63 1.78 0.35 31 40 2.85 13.71 27.71 

3 4M NH: WGS=  
 50: 50 

1.0 0.80 0.53 1.51 0.35 26 43 5.34 22.95 36.21 

4 4M NH: WGS=   
70: 30 

0.43 0.48 0.44 1.1 0.35 75 180 0.64 4.87 14.90 

5 4M NH: WGS=  
 80: 20 

0.25 0.32 0.39 0.82 0.35 85 190 0.77 9.22 20.55 

6 4M NH: WGS= 
  100: 0 

0 0.00 0.30 0 0.35 125 245 0.53 7.88 12.55 

NH: Sodium hydroxide solution (NaOH) 
WGS: Sodium silicate solution (Na2SiO3) / Waterglass 

 

 

Fig. 4. 11: Compressive strength of S20 paste mixtures with different ratios of NaOH (NH) and Na2SiO3 (WGS) 
solutions 

 cured in fog room with 20°C and 99% relative humidity 
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4.4 CONCLUDING REMARKS 
In this chapter, different experimental tests were carried out on the binders (FA and BFS), 
compressive strength and setting time of the selected mixture designs to choose a suitable 
mixture for 3D printing and rheological properties using a ram extruder. 
From these tests, it has been concluded that, the BFS is amorphous and consists of 42,62% 
lime (CaO) and 30.72% Silica (SiO2). The mean particle size of BFS is 16.94 μm. It can be 
considered to have coarse grains size. 
The FA has crystalline phases of Quartz (SiO2), Mullite (3Al2O3. 2 SiO2) and possibly 
Merwinitite (Ca3Mg (SiO4)2). It is a Class F fly ash (FA) and consists mainly of 55.06% Silica 
and 26.74% Aluminium Oxide. The mean particle size of the FA is 54.30 μm. It can be 
considered coarse grains size. The grain size of BFS is finer than the FA by 37.5 μm. This 
might lead to slower reaction of FA than the BFS in the alkaline medium. 

 
Six paste mixture designs with different ratios between FA and BFS were tested on 
compressive strength and setting time. The obtained results show higher percentage of BFS 
in the total binder which causes a linear increase of the early age compressive strength and 
an exponential decrease in the setting time. An increase in the percentage of BFS beyond 
45% might results in no drastic change in the setting time. The S0 paste mixture with 0% BFS 
displayed, after 14 days of curing, less than 5MPa in compressive strength whereas the S20 
(with 20% BFS) displayed a compressive strength of 5.34 MPa for 1-day cured specimens. 
The S20 paste mixture was chosen for further optimization to be more suitable in the 3D 
printing process and rheological tests.  
The early age strength of the hardened S20 paste mixtures are dramatically lowered when 
the percentage of Barium Chloride dehydrate retarder increases. However, in spite of the 
fact that the Barium Chloride dehydrate is delaying the setting time, it is not recommended 
to be used in the mixture because of its absorption to the moisture of the mixtures. This 
results in the reduction of the workability by using it for 3D printing purposes. 

The S20 paste mixture was further tested on compressive strength and setting time by 
changing the ratios between Sodium Hydroxide (NaOH) and Sodium Silicate (Na2SiO3) 
solutions. The selected Na2SiO3/NaOH ratios are 0, 0.25, 0.43, 1, 2.33 and 4. Therefore, from 
the six S20 paste mixtures, mixture 5 has been chosen for further testing on rheological 
properties and 3D printing. This is due to the fact that mixture 5, with ratios of 
Na2SiO3/NaOH and SiO2/Na2O of 0.25 and 0.82, has an initial setting time around 85 
minutes. This mixture has a compressive strength of 0.77, 9.22 and 20.55 MPa for 1, 3 and 
7- days cured specimens. The compressive strength of 5MPa was obtained after 3 days of 
curing.  
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5 RHEOLOGICAL PROPERTIES AND 3D PRINTING OF GEOPOLYMER 

PASTE MIXTURES 

5.1 INTRODUCTION 
n this chapter, the rheological properties of selected paste mixtures will be discussed. Two 
kinds of rheology measurements were carried out using a plate rheometer and a ram 

extruder. A chosen mixture was further optimized to be suitable for the specific 3D printer 
and examined on mixture fresh state 4 layers buildability, open time and 28 days tensile 
bonding strength tests. 

5.2 RHEOLOGICAL PROPERTIES OF PASTE MIXTURES  

5.2.1 Introduction 
Rheology is the study of flow and deformation of materials under applied forces which can 
be measured by using a rheometer or a ram extruder. The geopolymer pastes can be 
considered to be a non-Newtonian material. [75] For the rheological properties of the 
mixtures (plastic viscosity and shear yield stress τ0), the Bingham model was adopted for the 
plate rheometer test. [75] The rheological properties of the fresh geopolymer mixtures are 
important for selecting the processing conditions and enabling a smooth extrusion process 
for 3D printing. The ability of the first layer to support itself and subsequent layers is a link 
to its rheological properties, more precisely its yield stress. [73] Therefore, geopolymer 
mixture must be designed to meet certain criteria that have direct relationship with the 3D 
printer. It is critical to ensure a complementary connection between the designs of the 
mixture and the printing machine on the following bases: 

- The mixture should be easy extrudable, workable and at the same time it should 

have maximum buildability upon pouring; 

- Maintaining an appropriate setting rate to ensure bonding with the subsequent layer 

and 

- The mixture should have low percentage of pores (high density) and a fast-early age 

strength development. 

Geopolymer paste mixtures have a sticky texture, which indicates possible good bonding 
strength depending on the time gap of extrusion between two successive layers during the 
3D printing process. A successive extrusion process is highly dependent on the fresh paste 

I 
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properties, the equipment wall and the forming system (nozzle). The paste is forced to flow 
in a certain conveying system to be extruded out of the nozzle.   
 
For the purpose of this work, the selected S20 paste mixture was examined on rheological 
properties by using the plate rheometer and the ram extruder.   
 

5.2.2  Plate rheometer  

5.2.2.1 Testing procedure 
The rheological measurements were carried out with a plate rheometer. The test setup is 
shown in Figure 5.1.   
Six S20 paste mixtures were measured on shear stress versus shear rate by applying the 
Bingham model, Table 5.1. The difference between the mixtures is the percentage of added 
Acti-gel, calculated with respect to the total binder weight.  
The pastes are mixed with a mechanical stirrer for 5 minutes (2 minutes binder and 3 
minutes alkaline activator solutions) and immediately moved to the rheometer plate. The 
experiments are conducted in a constant room temperature of 20 °C. The test procedure 
used for the mixtures is shown in Figure 5.2.   
Every 10 seconds the shear rate is changed by 20 s-1. From 0 to 50 seconds, the shear rate is 
gradually increasing to a maximum of 100 s-1, then gradually decreases to the original value 
of 20 s-1. The gradual increase of the shear rate refines the shear stress, apparent viscosity 
and plastic viscosity. The apparent viscosity of non-Newtonian fluids depends on the shear 
rate. For a specific shear rate, the shear stress is measured and the slope of the two values 
gives the apparent viscosity (Figure 5.3 a). The apparent viscosity clarifies that when the 
shear rate increases, the analyzed material has a shear thickening behavior and vice versa. 
The plastic viscosity η is the slope of the shear stress and shear rate line above the 
shear yield stress τ0 (Figure 5.3 b).  

 

Table 5. 1: S20 geopolymer paste mixtures with different percentage Acti-gel with respect to total binder 
weight 

 Mix 

1 2 3 4 5 6 

Mass Mass Mass Mass Mass Mass 

[gram] [gram] [gram] [gram] [gram] [gram] 

FA  400 400 400 400 400 40 

BFS  100 100 100 100 100 100 

Total Binder 500 500 500 500 500 500 

NaOH  126 126 126 126 126 126 

WGS 31.5 31.5 31.5 31.5 31.5 31.5 

Total liquid activator 157.5 157.5 157.5 157.5 157.5 157.5 

l/b-ratio 0.315 0.315 0.315 0.315 0.315 0.315 

Acti-gel % 0 0.2 0.5 0.75 1 1.5 

Acti-gel in gram 0 1 2.5 3.75 5 7.5 

Total Solids 500 500 500 500 500 500 

FA: BFS- ratio 80:20 80:20 80:20 80:20 80:20 80:20 

NH: WGS- ratio 80:20 80:20 80:20 80:20 80:20 80:20 

https://www.glossary.oilfield.slb.com/Terms/s/shear_stress.aspx
https://www.glossary.oilfield.slb.com/Terms/s/shear_rate.aspx
https://www.glossary.oilfield.slb.com/Terms/y/yield_point.aspx
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.  

                                                 (a) 

 

       

                                (b) 

Fig. 5. 1: Rheometer test setup (a) and (b) 

 

 

Fig. 5. 2: Shear rate versus time for the plate rheometer test 

 

 

 

(a)                                                                                           (b) 

Fig. 5. 3: Apparent viscosity and plastic viscosity for non-Newtonian material 
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5.2.2.2 Rheometer results 
Tables E.1 to E.24, Appendix E and Figures 5.4 to Figure 5.9 show the rheometer test results 
of the six S20 paste mixtures samples.  Each mixture was tested four times with a time 
interval of 10 minutes subsequently. The obtained results from the plate rheometer show, 
for similar value of shear rate, that the values of the shear stress increase linearly with time. 
It has also been noticed that for each specific time interval, the mixtures exhibited a shear 
thinning behavior. This is due to a slightly decrease in the apparent viscosity μ with the 
increase of the shear rate.  
When comparing the shear stress and plastic viscosity of all the six mixtures on time interval 
of 30 minutes, the plastic viscosity and shear stress slightly decreases by increasing the 
concentration of Acti-gel. In addition to that, the shear yield stress τ0 on the four-time 
intervals (shown in the rheo-grams) starts gradually to have similar shear yield stress.  When 
the shear rate equals zero, it gives an indirect indication of the value of the shear yield 
stress. Even though the value of the shear yield stress is quite small, close to zero value, it is 
important to obtain the shear yield stress and the plastic viscosity to characterize the flow 
properties of any specific material.  This means that such kind of material requires very 
slight stress to make it flowable which inflict its applicability in the extruding process for the 
purpose of 3D printing.  

 

 

 

Fig. 5. 4: Mixture 1 S20 with 0% Acti-gel and l/b-ratio of 0.315 (shear stress vs shear rate) 
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Fig. 5. 5: Mixture 2 S20 with 0.2% Acti-gel and l/b-ratio of 0.315 (shear stress vs shear rate 

 

 

 

Fig. 5. 6: Mixture 3 S20 with 0.5% Acti-gel and l/b-ratio of 0.315 (shear stress vs shear rate) 
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Fig. 5. 7: Mixture 4 S20 with 0.75% Acti-gel and l/b-ratio of 0.315 (shear stress vs shear rate) 

 

 

 
Fig. 5. 8: Mixture 5 S20 with 1% Acti-gel and l/b-ratio of 0.315 (shear stress vs shear rate) 

 

0

200

400

600

800

1000

1200

0 20 40 60 80 100

Sh
e

ar
 s

tr
e

ss
  τ

 [
P

a]

Shear rate ẏ [s-1]

S20 0.75% Acti-gel

S20 0.75% Actigel l/b=0.315 (0min) S20 0.75% Actigel l/b=0.315 (10min)

S20 0.75% Actigel l/b=0.315 (20min) S20 0.75% Actigel l/b=0.315 (30min)

0

200

400

600

800

1000

1200

0 20 40 60 80 100

Sh
ea

r 
st

re
ss

  τ
 [

P
a]

Shear rate ẏ [s-1]

S20 1% Acti-gel

S20 1% Actigel l/b=0.315 (0min) S20 1% Actigel l/b=0.315 (10min)

S20 1% Actigel l/b=0.315 (20min) S20 1% Actigel l/b=0.315 (30min)



 

52 

 

 
Fig. 5. 9: Mixture 6 S20 with 1.5% Acti-gel and l/b-ratio of 0.315 (shear stress vs shear rate) 

 

5.2.3 Ram extruder 
A ram extruder system with a rigid barrel having smooth surface and capillary dies with 
different lengths was developed to study the extrusion properties of fresh paste mixtures. 
The setup of the ram extruder is shown in Figure 5.10. The ram extruder in Figure 5.10 and 
5.11 consists of an assembly, barrel, die’s and a piston. It is assembled on the Instron 
universal testing machine. The ram extruder can be used in the laboratory as a form of 
rheometer to provide a means of characterizing the bulk yield stress (σ0) and shear yield 
stress(τ0) of paste- like materials. The total extrusion pressure gives an indication of the 
rheology of semi-solid pastes because a higher pressure will be required to extrude stiffer 
paste. For this type of ram extruder, an initial setting time of 90 minutes is required for a 
mixture design.  

 

Fig. 5. 10: Ram extruder test setup 
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Fig. 5. 11: Ram extruder components 

 

 

The ram extrusion mechanism can be illustrated by the Benbow-Bridgewater model (Eq. 3) 
based on the assumption of plastic deformation in the die entry and die land, as it is shown 
in Figure 5.12 and Figure 5.13. [76] 
The ram extruder has been applied for cementitious mortars. However, until now no 
geopolymer pastes was tested with the ram extruder.  

 

Fig. 5. 12: Ram extrusion and pressure drops 

 

Fig. 5. 13: Example of Ram extruder paste extrusion  

    𝑷𝒆 = 𝑷𝟏 + 𝑷𝟐 = 𝟐 𝒍𝒏 (
𝑫𝟎

𝑫
) (𝝈𝟎 + 𝜶𝑽𝒎) +

𝟒𝑳

𝑫
(𝝉𝟎 + 𝜷𝑽𝒏)  [3] 

Piston

Diameter: 38.3 ± 0.1 mm

Barrel

diameter: 38.4 ± 0.1 mm

Length: 125 mm

Die 1

Diameter: 12.8 mm

Length: 12.8 mm

Die 2

Diameter: 12.8 mm

Length: 51.8 mm

Die 3

Diameter: 12.8 mm

Length: 102.4 mm

Assembly

Width: 100 mm

Height: 212 mm
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Pe: total Pressure drop [kPa] 

P1: die entry pressure [kPa] 

P2: die land pressure [kPa] 

D0: barrel diameter [mm] 

D: die diameter [mm] 

L: die Land length [mm] 

V: Extrusion velocity of the paste [mm/s] 

σ0: initial bulk yield stress [kPa] 

τ0: initial wall shear yield [kPa] 

α: factor characterizing the effect of velocity on bulk yield strength. It is a measure for 
the dependence of the flow resistance to the extrudate velocity in the die entry. 

β: factor characterizing dynamic behavior of the sliding stresses and it shows some 
velocity or shear rate 
    dependent properties of the pastes. 

n & m: flow index to calibrate the pseudo-plasticity of the pastes 

 

5.2.3.1 Testing procedure 
The paste mixture is mixed with a mechanical stirrer for 5 minutes (2 minutes binder and 3 
minutes alkaline activator solutions) and immediately move to the ram extruder. The fresh 
mixture is then lumped into the barrel. To remove air bubbles, each lump is tamped down 
by hand with a steel tamper. After the barrel is completely filled with the fresh mixture, the 
experimental procedure is then initiated. The average piston pressure during extrusion is 
taken as the total extrusion pressure. Each mixture is tested with the three dies shown in 
Figure 5.11.  The piston speed is changed on a specific position, as it is shown in Figure 5.16. 
The piston speed is changed from 2 mm/s, 1 mm/s, 0.5 mm/s to 0.25 mm/s. 

5.2.3.2 Experimental results 
The ram extruder gives a better understanding of the total pressure on the piston and the 
buildability of the paste. Due to limited knowledge about the extrusion of geopolymer paste 
and how to improve the extrudability and buildability for 3D printing, four S20 paste 
mixtures were examined with different percentage of Acti-gel, see Table 5.1.  Mixture 1, 3, 4 
and 5 with 0%, 0.5%, 0.75% and 1% of Acti-gel are tested. The Acti-gel, with rod-shaped 
magnesium aluminum silicate particles, is examined on geopolymer pastes to find out if it 
can help in improving the extrudability and simultanously the buildability. 
The volumetric flow rate of the barrel and die is illustrated in Figure 5.14. The volumetric 
flow rate of the barrel and the die are not similar because both have different diameters. 
The fluid speed in the barrel depends on the piston speed and the fluid speed in the die can 
be calculated using Eq. 4- 8. 
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Fig. 5. 14: Volumetric flow rate in barrel (Q) and die (q) 

 

𝑸𝒃𝒂𝒓𝒓𝒆𝒍 = 𝒒𝒅𝒊𝒆                          [4] 

𝑉𝑏 ∗ 𝐴𝑏𝑎𝑟𝑟𝑒𝑙 = 𝑉𝑑𝑖𝑒 ∗ 𝐴𝑑𝑖𝑒        [5] 

𝑉𝑏𝑎𝑟𝑟𝑒𝑙 ∗
𝜋∗𝐷2

4
= 𝑉𝑑𝑖𝑒 ∗

𝜋∗𝑑2

4
     [6] 

𝑉𝑏𝑎𝑟𝑟𝑒𝑙 ∗ 𝐷
2 = 𝑉𝑑𝑖𝑒 ∗ 𝑑

2          [7] 

𝑉𝑑𝑖𝑒 =
𝑉𝑏𝑎𝑟𝑟𝑒𝑙∗𝐷

2

𝑑2
                        [8] 

Q: volumetric flow rate in barrel 

[mm3/s] 

q: volumetric flow rate in die 

[mm3/s] 

Vbarrel: piston speed/fluid speed 

[mm/s] 

Vdie: fluid speed in die [mm/s] 

D: barrel diameter [mm] 

d: die diameter [mm/s] 

Abarrel: area barrel [mm2] 

Adie: area die [mm2] 

 

Due to the fast-alkaline activation process of the binders, the rheological properties of the 
S20 mixture, with 80% of NaOH solution and 20% NaSiO3 solution, are changing rapidly. It is 
not possible to compare the average pressure of three successive tests with 5 to 7 minutes 
interval time between each extruding test. Because of this, only the first test (time interval 
of 0 min after mixing) of each mixture is taken for the calculation of the initial shear yield 
stress (τ0) and the initial bulk yield stress(σ0). The graphs of the tested mixtures with the 
three different die lengths are shown in Figure 5.17 to Figure 5.19. From the obtained 
results, for each tested S20 mixture, the most stable total pressure is selected of three 
different fluid flow speeds in the barrel, see Table 5.2. For the three-fluid flow speeds the 
average of the total pressure was determined. This average pressure was plotted against 
the die length to die diameter ratio (L/D), see Figure 5.20 to Figure 5.23. The purpose of this 
step is to simplify Equation 3 by assuming m and n as 1 to obtain the initial wall shear yield 
stress (τ0), initial bulk yield stress (σ0), the die entry P1 and die land pressure P2. By 
assuming m and n as 1, Equation 3 can be seen as a linear function, see Figure 5.15. The a 
and b values of the linear function are calculated as follows Eq. 9-1 0: 

𝒂 = 𝟒(𝛕𝟎 + 𝛃𝑽)                        [9] 

𝐛 = 𝟐 𝐥𝐧 (
𝐃𝟎

𝐃
) (𝛔𝟎 + 𝛂𝑽)         [10] 
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Fig. 5. 15: Linear function average total pressure vs. L/D ratio 

The nature of the results obtained from the ram extruder shows an increase in the pressure 
with a time interval of 5 to 7 minutes between each test performed on a mixture (see 
Appendix F). An increase in the die length of the ram extruder results in accumulative 
increase in the piston pressure during the process of extruding the mixtures. It is very 
important to point out here that this paste mixtures are sticky without the Acti-gel because 
more extrusion pressure is required to be exerted when the die length increases, see Figure 
5.17 to Figure 5.19. The addition of Acti-gel gives more stable flowability of the mixture with 
increasing the piston pressure of the ram extruder. This behavior confirmed the logical 
approach which stated that the Acti-gel, under conditions of shear, improves the flow 
conditions which in turn enhances the pumpability and workability (lower viscosity upon 
shear force) of the mixture, see section 3.4.2.  This gives a positive advantage to use the 
Acti-gel in such kind of applications. 
As a preliminary approach, the flow index parameters n and m of Benbow-Bridgewater 
model were selected to be as 1. However, all the mixtures behaved non-linearly, see Figure 
5.20 to Figure 5.23.  This assumption for n and m to be 1 needs more refinement to obtain 
better values for the shear yield stress (τ0) and initial bulk yield stress (σ0). This might be 
achieved by repeating the tests of each mixture at least 5 times.  
 

 

Table 5. 2: Fluid flow speed in barrel and die 

Fluid flow speed in barrel [mm/s] Fluid flow Speed in die [mm/s] 

1 9 

0.5 4.5 

0.25 2.25 
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Fig. 5. 16: Ram extruder Position vs. piston speed 
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Fig. 5.17: S20 paste mixture with 0%, 0.5%, 0.75% and 1% of Acti-gel tested with small die on 0 min time 
interval 

 

 

 

Fig. 5. 18: S20 paste mixture with 0%, 0.5%, 0.75% and 1% of Acti-gel tested with medium die on 0 min time 
interval 
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Fig. 5.19: S20 paste mixture with 0%, 0.5%, 0.75% and 1% of Acti-gel tested with large die on 0 min time 
interval 

 

 

 

Fig. 5. 20: Average total pressure vs. L/D S20 paste mixture with 0% of Acti-gel  

  

-250

-200

-150

-100

-50

0

50

100

-45 -35 -25 -15 -5 5 15 25 35 45

To
ta

l p
re

ss
u

re
 [

kP
a]

Displacement [mm]

Large die

S20 - 0% Acti-gel- L die S20 - 0.5% Acti-gel- L die

S20 - 0.75% Acti-gel- L die S20 - 1% Acti-gel- L die

0

5

10

15

20

25

30

35

40

45

50

55

0 2 4 6 8

A
ve

ra
ge

 t
o

ta
l p

re
ss

u
re

 [
kP

a]

L/D

S20 0% Acti-gel 9 [mm/s]
S20 0% Acti-gel 4.5 [mm/s]
S20 0% Actigel 2.25 [mm/s]



 

60 

 

 
Fig. 5.21: Average total pressure vs. L/D S20 paste mixture with 0.5% of Acti-gel 

 
 
 

 
Fig. 5.22: Average total pressure vs. L/D S20 paste mixture with 0.75% of Acti-gel 
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Fig. 5. 23: Average total pressure vs. L/D S20 paste mixture with 1% of Acti-gel 

 

5.3 3D PRINTING OF A PASTE MIXTURES 

5.3.1 Introduction 
Mixture 1, 3, 4 and 5 in Table 5.1 were further examined on extrudability and buildability in 
a small 3D printer, as shown in Figure 5.24. Due to the fact that there is no Eurocode for 3D 
printing materials, it is necessary to create and adopt a special protocol for the process of 
examining the paste mixtures to be used in 3D printing process and for each specific 3D 
printer. The 3D printer which has been used in this work is specialized for laboratory 
applications. The technical specification of this 3D printer is stated in Table 5.3. Moreover, 
the nozzle of this printer can only be adjusted manually in the vertical direction and the 
platform in the horizontal direction.  
 
To choose the best S20 paste mixture for 3D printing purpose on the bases of buildability 
and extrudability, the four mixtures were tested in the fresh state on 4 layers structure 
using the above-mentioned 3D printer. From these tests, one mixture was chosen to be 
examined on open time and 28 days tensile bonding strength of two layers. 
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Fig. 5. 24: 3D printer 

 

Table 5. 3: Specifications of concrete pastes 3D printer 

Maximum speed Minimum 
speed 

Nozzle size Maximum sample size 

1.6 cm/s > 0 cm/s Ø18 mm 
Length (L) =28 mm 

250mm* 70mm 

 

5.3.2 4 layers buildability of S20 paste mixtures  
The S20 paste mixtures with 0%, 0.5%, 0.75% and 1% of Acti-gel, with respect to the total 
binder weight, are examined on 4 layers buildability with time interval of 2 minutes 
between each layer. The l/b- ratio could be lowered to 0.315 for a good flowability to fulfill 
the technical requirements of the used 3D printer. The layers have a total length of 20 cm. 
One of the properties of Acti-gel is that it provides the mixtures with shape stability and 
more creamy texture. The 4 layers were evaluated on the bases of the layer/Filament width 
and total height. 
The reason for such test is to choose one of these four mixtures to be examined further on 
open time test and 28 days tensile bonding strength between two filaments.  
It has been noticed that the buildability is noticeably improved when the percentage of Acti-
gel becomes higher, see Tables 5.4 to Table 5.7 and Figure 5.25 to Figure 5.28.   
The lower specific layer showed a support to the layers above in the fresh state. However, 
when comparing 0.75% and 1% of Acti-gel, more than 0.75% of Acti-gel showed no 
improvement to the buildability during the extruding process. Furthermore, due to the fact 
that the Acti-gel has surface water adsorption, the width of the layers started to decrease. A 
comparison between the different cases of tests, shown in Tables 5.4 to Table 5.7, with 
respect to the filament width and total height, it is quite clear that the increase of Acti-gel 
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has positive impact on the filament width as well as the height development. This positive 
impact was valid until the percentage of Acti-gel reached the value of 1%.  
This leads to choose 0.75% Acti-gel to be the optimal percentage for maximum buildability 
and extrudability of the S20 paste mixture because the width of the filaments persists the 
value of 5.5 cm and no real change in the average total height of the 4 layers, see Table 5.6. 
This can be considered to be another evidence to reflect the stable buildability and 
extrudability. 
The S20 paste mixture is composed of 80% 4M NaOH, 20% Na2SiO3 alkaline solutions and l/b 
ratio of 0.315.  

 

Table 5. 4: S20 paste mixture with 0% Acti-gel 

0% Acti-gel 

Time 
 [min] 

Filament width 
 [cm] 

Filament Length 
 [cm] 

Average height of 4 layers 
 [cm] 

7 5.3 20 

3.3  
9 3 20 

11 3 20 

13 2.5 20 

 

  
 

 
Fig. 5. 25: 4 layers of S20 paste mixture with 0% Acti-gel 
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Table 5. 5: S20 paste mixture with 0.5% Acti-gel 

0.5% Acti-gel 

Time 
[min] 

Filament 
width [cm] 

Filament 
Length [cm] 

Average height of 4 
layers [cm] 

7 5.5 20 

4.5  
9 4.5 20 

11 3.75 20 

13 2.9 20 

 

 
 
 

 

Fig. 5. 26: 4 layers of S20 paste mixture with 0.5% Acti-gel 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

S20 paste 
mixture  

0.5% Acti-gel 
l/b=0.315 
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Table 5. 6: S20 paste mixture with 0.75% Acti-gel 

0.75% Acti-gel 

Time 
[min] 

Filament 
width [cm] 

Filament 
Length [cm] 

Average height of 4 
layers [cm] 

7 5.5 20 

4.7  
9 5.5 20 

11 5.5 20 

13 5.5 20 

 

 
 
 

 

Fig. 5. 27: 4 layers of S20 paste mixture with 0.75% Acti-gel 
 
 
 

  

S20 paste 
mixture  

0.75% Acti-gel 
l/b=0.315 
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Table 5. 7: S20 paste mixture with 1% Acti-gel 

1% Acti-gel 

Time 
[min] 

Filament 
width [cm] 

Filament 
Length [cm] 

Average height of 4 
layers [cm] 

7 5.5 20 

4.7  
9 4.5 20 

11 4 20 

13 3.5 20 

 

 
 
 

 

Fig. 5. 28: 4 layers of S20 paste mixture with 1% Acti-gel 
 

5.3.3 Open time test of chosen S20 mixture 
The open time is identified as the time interval required for the mixture to maintain its good 
printability. Once disruption occurs during the extrusion process, open time is assumed to 
be ended. The chosen S20 paste mixture with 0.75% of Acti-gel and l/b-ratio of 0.315 was 
tested on open time. The test was performed every 5 minutes and the results are shown in 
Table 5.8 and in Figures 5.29 to Figure 5.30. The distance of the nozzle was 1 cm with plate 
speed of 1.6 cm/s. The preparation of the mixture till the extruding process took 8 minutes 
of time. The results show that the width of the filaments is changing every 5 minutes with 
0.5 cm. The open time was examined till the mixture could not be extruded anymore on 43 
minutes after mixing. The disruption of the filament started 33 minutes after mixing, which 
means the open time for good printability has ended.  
Based on the setting time of the S20 paste mixture of 85 minutes (Table 4.5) and the open 

S20 paste 
mixture  

1% Acti-gel 
l/b=0.315 
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time test; the 85 minutes setting time reflects the hardening of the casted mixture, whereas 
the open time test reflects the workability and extrudability for this specific 3D printer. 

 

Table 5. 8: Open time test results of S20 paste mixture with 0.75% Acti-gel and l/b-ratio of 0.315 

 

Time 
 [min] 

Filament width 
 [cm] 

Filament 
Length [cm] 

0 5 20 

5 4 20 

10 3.5 20 

15 3 20 

20 2.5 20 

25 2 20 

30 1 20 

35 0 20 

Total open time 33 minutes 

 
 
 

 
Fig. 5. 29: S20 paste mixture with 0.75% Acti-gel and l/b-ratio of 0.315 
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Fig. 5. 30: Filament width of S20 paste mixture with 0.75% Acti-gel and l/b-ratio of 0.315  

5.3.4 Tensile bonding strength test for the S20 paste mixture 
The tensile bonding strength of two layers of S20 paste mixture was examined on 28 days of 
cured specimens with specimens’ dimension of 7mm * 35 mm. The test was performed on 
10 minutes time gap between the two filaments/ layers. From Figure 5.31 it can be seen 
that the crack did not start at the adhesion location of the two layers. All the tested samples 
cracked near the glue. This might be due to the fact that the sticky nature of the geopolymer 
paste provides a good adhesion between the two layers. It is important to note that one of 
the properties of the Acti-gel is that it provides a superior cohesion of the mixtures. This can 
also influence the adhesion between the layers.  Another reason is that the glue heats up 
the specimens, which causes extra tensile stresses at the glue location, see Figure 5.32. The 
specimen cracks at the weakest spot, which can be seen in Figure 5.31. However, the 
average tensile strength of three tested specimens cured for 28 days displayed a strength of 
1.32 MPa, see Figure 5.33.  

  

Fig. 5. 31: Tensile bond strength of two layers with a time gap of 10 minutes 
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Fig. 5. 32: Tensile stresses on the tested specimens (7mm* 35 mm)  

 
 

 

 

Fig. 5. 33:  Tensile bonding strength test of 28 days cured specimens (7mm* 35mm) with a 10 minutes time gap 

between the two layers 

 

 
 
 
 
 

 

 

 

1.32

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

10

2
8

 d
ay

s 
te

n
si

le
 s

tr
e

n
gt

h
 [

M
p

a]

Time gap between two filaments 
[min]



 

70 

 

5.4 CONCLUDING REMARKS 
For the selected paste mixtures S20, a rheometer tests were carried out. The obtained 
results from these tests show, for similar value of shear rate, that the values of the shear 
stress increase linearly with time. It has also been noticed that for each specific time 
interval, the mixtures exhibited a shear thinning behavior. As it is illustrated in Figure 5.4 to 
Figure 5.9, the shear yield stress is quite small. This means that this material requires very 
slight stress to make it flowable, which inflicts its applicability in the extruding process for 
the purpose of 3D printing. 
 
Results from another rheological test on the S20 paste mixtures, the ram extruder, showed 
an increase in the extruding pressure between time intervals of 5 to 7 minutes. Increasing 
the die length of the ram extruder results in accumulative increase in the pressure during 
the extruding process of the mixtures. However, the added Acti-gel improved the stability of 
the flow conditions, with an increase in piston pressure, which in turn enhanced the 
pumpability and workability.  This gives a positive advantage for using the Acti-gel to 
enhance the rheological properties of the mixtures for the purpose of 3D printing.  
 
The S20 paste mixtures with 0%, 0.5%, 0.75% and 1% of Acti-gel, with respect to the total 
binder weight, are examined on 4 layers buildability with time interval of 2 minutes 
between each layer by using a specific 3D printer. 
The buildability of the 4 layers is improved with 0.75% percentage of added Acti-gel and the 
width of the layers persists the value of 5.5 cm with no real change in the average total 
height of the 4 layers structure. This can be considered to be another evidence to reflect the 
stable buildability and extrudability. 
 
The open time test can be considered as another factor to evaluate the workability and 
extrudability of the mixture for a specific 3D printer. The S20 mixture with 0.75% added 
Acti-gel and l/b-ratio of 0.315 showed a disruption of the extruded filament after 33 
minutes during the open time test. This open time were achieved without adding any 
additives to the mixture. Comparing the results of the plastic viscosity to the open time test, 
the extrudability of the mixture is not anymore valid beyond 8.8 Pa.s plastic viscosity. This 
short open time of 33 minutes for such geopolymer mixture design needs a fast-performing 
3D printer. This might help in achieving construction projects within short time.  

 
A tensile bonding strength of two layers of S20 paste mixture was examined on 28 days of 
cured specimens. This test shows 1.32 MPa of tensile strength and a good adhesion 
between the two layers. This might be due to the sticky nature of the geopolymer mixture 
and/ or the positive influence of the Acti-gel which gives a superior cohesion to the used 
mixture in the 3D printer. 
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6 CONCLUSIONS 
ne of the main objectives of this work is to find out the feasibility of using two kinds of 
byproducts (BFS and FA), as a construction materials, in the field of 3D printing. The aim 

was to find a paste mixture design that can be optimized for this purpose. Experiments were 
carried out to study the influence of the binders and alkaline solutions (NaOH and Na2SiO3) 
ratios on the early age mechanical strength development and the setting time. Six mixtures 
were tested by adjusting the ratio between the FA and BFS and keeping all the other 
parameters constant. The addition of a higher percentage of BFS of the total binder amount 
linearly increased the compressive strength of the tested specimens. However, the setting 
time decreased exponentially as more BFS was added to the total binder amount. 

For this work and based on the specifications of the 3D printer, the rheological properties, 
setting time and mechanical strength development were adjusted to be more applicable for 
3D printing. This has been achieved by changing the ratio of the alkaline solutions of the 
paste mixtures.  
Among the different selected paste mixtures, the S20 (80% FA and 20% BFS) was chosen for 
further optimization to be tested on rheological properties (ram extruder test) that requires 
an initial setting time of 90 minutes. The selected alkaline solution ratios (Na2SiO3/NaOH) 
were 0, 0.25, 0.43, 1, 2.33 and 4. The 90 minutes setting time was achieved with 
(Na2SiO3/NaOH) and (SiO2/Na2O) ratios of 0.25 and 0.82. The compressive strength of 5MPa 
of this mixture was obtained after 3 days of curing the specimens.  

This mixture was further investigated on rheological properties with a plate rheometer and 
a ram extruder by adding 0%, 0.5%, 0.75% and 1% of Acti-gel with respect to the total 
binder amount. 
The obtained results from the rheometer show, for similar value of shear rate, that the 
values of the shear stress increase linearly with time. However, the shear yield stress is quite 
small. This means that this material requires very slight stress to make it flowable. This has a 
direct relation to the added Acti-gel which lowers the shear stress when a load is applied to 
the mixture. The effect of the Acti-gel was noticeable even for addition of small quantities. 
This would inflict its applicability in the extruding process for the purpose of 3D printing.  
 

Results from another rheological test on the S20 paste mixtures, the ram extruder, showed 
an increase in the extruding pressure between time intervals of 5 to 7 minutes. Increasing 
the die length of the ram extruder results in accumulative increase in the pressure during 
the extruding process of the mixtures. However, the added Acti-gel improved the stability of 
the flow conditions, with an increase in piston pressure, which in turn enhanced the 
pumpability and workability.  This gives a positive advantage for using the Acti-gel to 
enhance the rheological properties of the mixtures for the purpose of 3D printing.  
 
The S20 paste mixtures with 0%, 0.5%, 0.75% and 1% of Acti-gel was tested on fresh state 4 
layers buildability with a time interval of 2 minutes between each layer. For these mixtures, 
the lowest l/b-ratio was obtained for good extrudability has a value of 0.315. Based on the 
results, the Acti-gel improved the buildability especially by the addition of 0.75% Acti-gel. 
This mixture had no noticeable changes in the width of the subsequent layers. This can be 
considered to be another evidence to reflect the stable buildability and extrudability by 
adding Acti-gel to the mixture. 

O 
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The open time test was carried out on the S20 mixture with 0.75% Acti-gel. This test showed 
a disruption of the extruded filaments after 33 minutes. This open time were achieved 
without adding any additives to the mixture. Comparing the results of the plastic viscosity to 
the open time test, the extrudability of the mixture is not anymore valid beyond 8.8 Pa.s 
plastic viscosity. This short open time of 33 minutes for such geopolymer mixture design 
needs a fast-performing 3D printer. This might help in achieving construction projects within 
short time.  

 

A tensile bonding strength of two layers of S20 paste mixture was examined on 28 days of 
cured specimens. This test shows 1.32 MPa of tensile strength and a good adhesion 
between the two layers. This might be due to the sticky nature of the geopolymer mixture 
and/ or the positive influence of the Acti-gel which gives a superior cohesion to the used 
mixture in the 3D printer. 
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7 RECOMMENDATIONS 
he 3D printing in the field of construction is still in its innovative stages. The obtained 
results from this project gave better insight on some important aspects with respect to 

3D printing. Therefore, few recommendations might in light researchers in this field to 
improve future research projects: 

 

• Two types of extrusion 3D printers (for pastes and mortars) are recommended to test 

the buildability, extrudability (flowability) and open time of the mixtures. 

•  The printers need to have different nozzle diameter and different nozzle shapes to test 

the mixture designs.  

• Depending on the mixture designs a plate rheometer and cylindrical rheometer is 

recommended to test at least 3 times the rheological properties of each mixture design.   

• If the mixtures cannot be tested with the rheometer due to wall slip forming, ram 

extruder can be an alternative for testing the rheological properties of the mixture 

designs. However, it is important to mention that it requires allot of time compared to 

testing the mixtures with the rheometer. 

• To test the tensile bonding strength of two layers, a new type of glue is necessary that 

does not produce exotherm heat release. 

• Different type of additives to improve the buildability, setting time and open time of 

geopolymer mixture designs is required for future research. 

• Addition of fibers to the paste mixture can help improve the strength development as 

well as the buildability of the geopolymer mixture designs. 
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Appendix B: FA Particle size distribution (PSD) 
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Appendix C: Waterglass (Na2SiO3)  
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Appendix D: Acti-gel properties 
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Appendix E: Rheometer test results 
Mixture 1: 
 

Table E. 1: Rheometer results of mixture 1 with 0% Acti-gel at 0 minutes after mixing   

S20 0% Acti-gel l/b=0.315 (0 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 135.2 6.8 

6.1 

415 

40 252.9 6.3 775.9 

60 376.6 6.3 1155 

80 501.7 6.3 1539 

100 624.8 6.2 1919 

 
 
 

Table E. 2: Rheometer results of mixture 1 with 0% Acti-gel at 10 minutes after mixing   

S20 0% Acti-gel l/b=0.315 (10 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 161.9 8.1 

7.7 

496.2 

40 319.1 8.0 979.1 

60 483.8 8.1 1483 

80 617.1 7.7 1894 

100 780.2 7.8 2393 

 
 
 

Table E. 3: Rheometer results of mixture 1 with 0% Acti-gel at 20 minutes after mixing   

S20 0% Acti-gel l/b=0.315 (20 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 199.8 10.0 

9.2 

612.9 

40 371.5 9.3 1139 

60 551 9.2 1690 

80 727.2 9.1 2231 

100 939.1 9.4 2878 
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Table E. 4: Rheometer results of mixture 1 with 0% Acti-gel at 30 minutes after mixing   

S20 0% Acti-gel l/b=0.315 (30 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 204.7 10.2 

10.2 

627.6 

40 418.8 10.5 1284 

60 602.7 10.1 1850 

80 804.9 10.1 2470 

100 1024 10.2 3140 

 
 

 

Mixture 2:  

  
Table E. 5: Rheometer results of mixture 2 with 0.2% Acti-gel at 0 minutes after mixing   

S20 0.2% Acti-gel l/b=0.315 (0 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 188.3 9.4 

7.0 

577.5 

40 334.8 8.4 1027.3 

60 467.6 7.8 1437 

80 601.3 7.5 1844 

100 746.9 7.5 2292 

 
 
 

Table E. 6: Rheometer results of mixture 2 with 0.2% Acti-gel at 10 minutes after mixing   

S20 0.2% Acti-gel l/b=0.315 (10 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 113.99 5.7 

6.2 

349.7 

40 245.5 6.1 752.8 

60 324.9 5.4 996 

80 472.7 5.9 1449 

100 609.6 6.1 1871 
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Table E. 7: Rheometer results of mixture 2 with 0.2% Acti-gel at 20 minutes after mixing   

S20 0.2% Acti-gel l/b=0.315 (20 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 190.4 9.5 

9.1 

584.1 

40 372.7 9.3 1144 

60 545.3 9.1 1673 

80 728.6 9.1 2236 

100 919.4 9.2 2820 

 
 

Table E. 8: Rheometer results of mixture 2 with 0.2% Acti-gel at 30 minutes after mixing   

S20 0.2% Acti-gel l/b=0.315 (30 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 200.4 10.0 

9.1 

614.6 

40 377.9 9.4 1160 

60 547.5 9.1 1682 

80 724.8 9.1 2223 

100 930.5 9.3 2855 

 

  

Mixture 3: 
 

Table E. 9: Rheometer results of mixture 3 with 0.5% Acti-gel at 0 minutes after mixing   

S20 0.5% Acti-gel l/b=0.315 (0 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 179.3 9.0 

7.4 

550.1 

40 319.7 8.0 981.5 

60 453.5 7.6 1391 

80 612.6 7.7 1879 

100 771.4 7.7 2366 

 
 

Table E. 10: Rheometer results of mixture 3 with 0.5% Acti-gel at 10 minutes after mixing 

S20 0.5% Acti-gel l/b=0.315 (10 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 201.7 10.1 

8.4 

619.2 

40 381.1 9.5 1168 

60 551.9 9.2 1694 

80 709.1 8.9 2176 

100 871.1 8.7 2673 
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Table E. 11: Rheometer results of mixture 3 with 0.5% Acti-gel at 20 minutes after mixing 

S20 0.5% Acti-gel l/b=0.315 (20 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 192.9 9.6 

8.1 

591.5 

40 364.3 9.1 1118 

60 527.8 8.8 1618 

80 680.3 8.5 2087 

100 838.3 8.4 2572 

  
 

Table E. 12: Rheometer results of mixture 3 with 0.5% Acti-gel at 30 minutes after mixing 

S20 0.5% Acti-gel l/b=0.315 (30 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 204.5 10.2 

8.6 

626.5 

40 391.4 9.8 1201 

60 558.8 9.3 1715 

80 731.1 9.1 2242 

100 890.5 8.9 2732 

 
 
 

Mixture 4: 
 

Table E. 13: Rheometer results of mixture 4 with 0.75% Acti-gel at 0 minutes after mixing 

S20 0.75% Acti-gel l/b=0.315 (0 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 181 9.1 

6.0 

556 

40 327 8.2 1004 

60 446 7.4 1368 

80 554 6.9 1698 

100 663 6.6 2034 
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Table E. 14: Rheometer results of mixture 4 with 0.75% Acti-gel at 10 minutes after mixing 

S20 0.75% Acti-gel l/b=0.315 (10 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 161.7 8.1 

6.8 

496 

40 299.7 7.5 919.6 

60 441.1 7.4 1352 

80 600.8 7.5 1843 

100 707.6 7.1 2171 

 
 

Table E. 15: Rheometer results of mixture 4 with 0.75% Acti-gel at 20 minutes after mixing 

S20 0.75% Acti-gel l/b=0.315 (20 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 196.8 9.8 

8.0 

603.9 

40 362.5 9.1 1111 

60 510.7 8.5 1567 

80 667.4 8.3 2048 

100 835 8.3 2562 
 

 

 

Table E. 16: Rheometer results of mixture 4 with 0.75% Acti-gel at 30 minutes after mixing 

S20 0.75% Acti-gel l/b=0.315 (30 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 177.3 8.9 

8.8 

544.6 

40 343 8.6 1053.3 

60 498.4 8.3 1527 

80 725.1 9.1 2224 

100 881.1 8.8 2704 
 

Mixture 5: 
 

Table E. 17: Rheometer results of mixture 5 with 1% Acti-gel at 0 minutes after mixing 

S20 1% Acti-gel l/b=0.315 (0 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 168.1 8.4 

5.3 

515 

40 302.6 7.6 928.6 

60 368.2 6.1 1131 

80 487.8 6.1 1497 

100 596 6.0 1830 
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Table E. 18: Rheometer results of mixture 5 with 1% Acti-gel at 10 minutes after mixing 

S20 1% Acti-gel l/b=0.315 (10 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 182.6 9.1 

7.9 

560.3 

40 330.8 8.3 1015.3 

60 498.3 8.3 1528 

80 644.4 8.1 1978 

100 811.4 8.1 2491 

 
 
 

Table E. 19: Rheometer results of mixture 5 with 1% Acti-gel at 20 minutes after mixing 

S20 1% Acti-gel l/b=0.315 (20 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 197.2 9.9 

7.3 

604.7 

40 348.6 8.7 1070 

60 492.8 8.2 1511 

80 620.7 7.8 1906 

100 777.9 7.8 2387 

  
 
 

Table E. 20: Rheometer results of mixture 5 with 1% Acti-gel at 30 minutes after mixing 

S20 1% Acti-gel l/b=0.315 (30 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 195.6 9.8 

8.2 

599.7 

40 340.9 8.5 1045.2 

60 512.3 8.5 1569 

80 717.5 9.0 2200 

100 852.6 8.5 2615 
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Mixture 6: 
 

Table E. 21: Rheometer results of mixture 6 with 1.5% Acti-gel at 0 minutes after mixing 

S20 1.5% Acti-gel l/b=0.315 (0 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 153.5 7.7 

4.9 

471.2 

40 266.3 6.7 817.5 

60 359.6 6.0 1102 

80 449.9 5.6 1379 

100 547.6 5.5 1680 
 
 
 

Table E. 22: Rheometer results of mixture 6 with 1.5% Acti-gel at 10 minutes after mixing 

 

S20 1.5% Acti-gel l/b=0.315 (10 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 160.2 8.0 

6.0 

492 

40 283.4 7.1 869.3 

60 426.7 7.1 1310 

80 556.2 7.0 1707 

100 642.7 6.4 1971 

 
 

Table E. 23: Rheometer results of mixture 6 with 1.5% Acti-gel at 20 minutes after mixing 

S20 1.5% Acti-gel l/b=0.315 (20 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 179.8 9.0 

6.5 

551.2 

40 301.6 7.5 925.3 

60 429 7.1 1316 

80 558.1 7.0 1710 

100 703.3 7.0 2159 

 
 

Table E. 24: Rheometer results of mixture 6 with 1.5% Acti-gel at 30 minutes after mixing 

S20 1.5% Acti-gel l/b=0.315 (30 min) 

Shear rate Shear stress (τ) Apparent viscosity (μ) Plastic viscosity (η) Torque 

[1/s] [Pa] [Pa·s] [Pa·s] [µNm] 

20 130.5 6.5 

6.3 

400.3 

40 224 5.6 686.8 

60 324.6 5.4 995.9 

80 507.6 6.4 1556 

100 637.4 6.4 1956 
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Appendix F: Ram extruder test results 
 

 

Speed L/D Pressure [kPa]

9 1.0 27.3

4.5 1.0 27.4 Fluid speed in die

2.25 1.0 28.8 2.25 mm/s a 1.651

2.25 mm/s b 27.325

4.5 mm/s a 1.5427

4.5 mm/s b 26.041

Speed L/D Pressure [kPa]

9 4.0 29.9

4.5 4.0 32.7 τ0 0.44

2.25 4.0 34.2 β -0.01

α -0.26

σ0 13.00

Speed L/D Pressure [kPa]

9 8.0 42.0

4.5 8.0 38.2

2.25 8.0 40.4

Fluid speed in barrel

Diameter [mm] D0 38.4 P1 27.43103051 2

Height [mm] 125 p1 27.99527778 1

Radius [mm] 62.5 P1 28.27740142 0.5

Area [mm2] 12271.8 p1 28.41846324 0.25

Volume [mm3] 471238.9

P2 1.66 2

Dies D [mm] 12.8 P2 1.708 1

Radius R [mm] 6.4 P2 1.732 0.5

P2 1.744 0.25

L (S die) [mm] 12.8

L (M die)  [mm] 51.8 Fluid speed in barrel

L (L die) [mm] 102.4 P2 6.7178125 2

P2 6.9120625 1

Volume Die S [mm3] 1647.1 P2 7.0091875 0.5

Volume Die M [mm3] 6665.6 P2 7.05775 0.25

Volume Die L [mm3] 13176.8

Fluid speed in barrel

Ln D0/D 1.10 P2 13.28 2

2*ln (D0/D0 2.20 P2 13.664 1

P2 13.856 0.5

L (S die) [mm] 12.8 P2 13.952 0.25

L (M die)  [mm] 51.8

L (L die) [mm] 102.4

Dies D [mm] 12.8

L/D S die 1

L/D M die 4.0

L/D L die 8

S20 0% Acti-gel 

L/B= 0.315

Large  die
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Fluid speed in die

Speed L/D Pressure [kPa] 2.25 mm/s a 2.53

9 1 31.1 2.25 mm/s b 31.03 Fluid speed in barrel

4.5 1 31.7 P1 31.13599 2

2.25 1 33.6 4.5 mm/s a 1.99 p1 31.73957 1

4.5 mm/s b 29.67 P1 32.04136 0.5

p1 32.19225 0.25

Speed L/D Pressure [kPa] Ln D0/D 1.10 τ0 0.77

9 4.0 39.9 2*ln (D0/D0 2.20 P2 2.59 2 β -0.06

4.5 4.0 37.7 P2 2.83 1 α -0.27

2.25 4.0 41.3 L (S die) [mm] 12.8 P2 2.95 0.5 σ0 14.72

L (M die)  [mm] 51.8 P2 3.01 0.25

L (L die) [mm] 102.4

Speed L/D Pressure [kPa] Dies D [mm] 12.8

9 8.0 36.0 L/D S die 1 Fluid speed in barrel

4.5 8.0 35.0 L/D M die 4.046875 P2 10.48141 2

2.25 8.0 36.7 L/D L die 8 P2 11.45266 1

P2 11.93828 0.5

P2 12.18109 0.25

Fluid speed in barrel

P2 20.72 2

P2 22.64 1

P2 23.6 0.5

P2 24.08 0.25

S20 0.5% Acti-gel 

L/B= 0.315

Large  die

0.5% Acti-gel S die

0.5% Acti-gel M die

0.5% Acti-gel L die

Small  die

Medium die
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Fluid speed in die

Speed L/D Pressure [kPa] 2.25 mm/s a 2.82

9 1 28.8 2.25 mm/s b 27.47

4.5 1 30.9

2.25 1 33.0 4.5 mm/s a 2.45

4.5 mm/s b 27.26

Speed L/D Pressure [kPa]

9 4.0 40.0 Ln D0/D 1.10

4.5 4.0 35.0 2*ln (D0/D0 2.20

2.25 4.0 34.0

L (S die) [mm] 12.8

L (M die)  [mm] 51.8

L (L die) [mm] 102.4

Speed L/D Pressure [kPa] Dies D [mm] 12.8

9 8.0 50.09 L/D S die 1

4.5 8.0 47.83 L/D M die 4.046875

2.25 8.0 52.15 L/D L die 8

Fluid speed in barrel

P1 27.49164 2

p1 27.58492 1

P1 27.63156 0.5

p1 27.65488 0.25 τ0 1.54

β -0.37

P2 3.19 2 α -0.04

P2 4.67 1 σ0 12.58

P2 5.41 0.5

P2 5.78 0.25

Fluid speed in barrel

P2 12.90953 2

P2 18.89891 1

P2 21.89359 0.5

P2 23.39094 0.25

Fluid speed in barrel

P2 25.52 2

P2 37.36 1

P2 43.28 0.5

P2 46.24 0.25

S20 0.75% Acti-gel 

L/B= 0.315
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Fluid speed in die

Speed L/D Pressure [kPa] 2.25 mm/s a -0.222

9 1 33.2 2.25 mm/s b 37.296 τ0 -0.13

4.5 1 33.9 β 0.03

2.25 1 37.3 4.5 mm/s a 0.06 α -0.61

2 1 48.1 4.5 mm/s b 34.28 σ0 18.32

Speed L/D Pressure [kPa]

9 4.0 36.9 Ln D0/D 1.10

4.5 4.0 35.3 2*ln (D0/D0 2.20

2.25 4.0 36.1

L (S die) [mm] 12.8

L (M die)  [mm] 51.8

L (L die) [mm] 102.4

Speed L/D Pressure [kPa] Dies D [mm] 12.8

9 8 36.0 L/D S die 1

4.5 8 34.4 L/D M die 4.047

2.25 8 35.7 L/D L die 8

2 8 47.6

Fluid speed in barrel

P1 37.63104 2

p1 38.97148 1

P1 39.6417 0.5

p1 39.97681 0.25

P2 -0.25334 2

P2 -0.37867 1

P2 -0.44133 0.5

P2 -0.47267 0.25

Fluid speed in barrel

P2 -1.02522 2

P2 -1.53242 1

P2 -1.78602 0.5

P2 -1.91282 0.25

Fluid speed in barrel

P2 -2.02669 2

P2 -3.02934 1

P2 -3.53067 0.5

P2 -3.78134 0.25

S20 1% Acti-gel 

L/B= 0.315

Large  die

1 % Acti-gel S die

1 % Acti-gel M die

1 % Acti-gel L die

Small  die

Medium die
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