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Abstract
Extrusion-based 3D concrete printing (3DCP) is one of the emerging techniques in the construction
industry, due to the numerous benefits for the construction of concrete elements. The use of 3DCP
has many benefits with the main goal to reduce concrete construction, economical and environmen-
tal impact. However most 3D printable mix designs contain a high amount of Portland cement (PC),
which partially reduces the benefits of 3DCP on sustainability, like material efficient construction work
and formwork-free designs. To enhance the sustainability of the concrete mixtures for 3DCP, supple-
mentary cementitious materials (SCMs) are added to the mixture. SCMs like fly ash, granulated blast
furnace slag, silica fume are used to reduce the PC content in cementitious mixtures. However some
of the conventional SCMs, which are produced as industrial byproducts, have a limited supply or a
high depletion rate. A continuously produced byproduct from the glass recycling industry is fine glass
dust (FGD). This fine glass dust consists of very fine glass particles and is captured in filters in the
recycling plant. This byproduct is difficult to recycle to glass cullet and is nowadays mainly incinerated
or disposed in landfill, due to a lack of industrial purposes.

The main goal of this thesis is to find a new utilization opportunity for recycled fine glass dust as
cement replacement in 3D Printed Concrete mixtures. This is beneficial for the circularity and recy-
cling of glass, but also advantageous for the concrete industry as more sustainable mixtures could be
developed for 3DCP. In order to investigate this new utilization opportunity for the recycled fine glass
dust, tests on fresh-state and hardened properties were performed for cementitious mixtures where
fine glass dust was used to replace Portland cement, because there could be a potential for pozzolanic
reactivity.

The first part of this thesis investigated different pre-treatment methods of the fine glass dust in or-
der to increase the reactivity when it was used as a cement replacement in cementitious mixtures. The
results showed that the optimal pre-treatment for the fine glass dust was a heat-treatment at 600∘C for
1 hour combined with a grinding treatment of 1 hour. The heat-treatment was efficient in removing the
organic compounds from the fine glass dust and the grinding treatment was efficient in reducing the
particle size of the fine glass dust.

The second part of this thesis investigated the influence of different cement replacement percent-
ages by pre-treated fine glass dust in cementitious mixtures. Results showed that higher FGD per-
centages resulted in a reduction in compressive strength. However at longer curing ages (between 28
and 90 days) a small increase in strength development was observed. This could be attributed to the
pozzolanic activity of the fine glass dust, which caused secondary strength development at later curing
ages. It was also shown that significant amounts of secondary products were formed in the mixture with
25% FGD, which caused volume instability of the mixture. For the mixture with 10% FGD no volume
instability was observed.

The third part of this thesis investigated the suitability of pre-treated fine glass dust for 3D Concrete
Printing using the set-on-demand printing technique. For the mixture with 50% FGD in the cementitious
mixtures it was found that a superplasticizer (SP) dosage of 0.4% was sufficient to develop a pumpable
cementitious mixture. For the mixture with 20% FGD, this SP dosage was found to be 0.35%. As a
combination of cementitious mixture with an accelerator slurry with 10% and 8% CaCl2, Mix FGD50-
SP0.35-Acc10% and FGD20-SP0.35-Acc8% provided promising results in terms of fast stiffness and
strength development. Due to volume instability of the FGD50mixture, only mix FGD20-SP0.35-Acc8%
was tested on printability. This mixture proved to be printable with a nozzle moving speed of 3600
mm/min and a time interval between layers of 18.8 seconds. Therefore a 20% replacement of Portland
cement with fine glass dust could be used to develop a printable cementitious mixture for 3DCP.

The fourth part of this thesis discussed the applicability of the developed mixture in practice. A
concrete bus shelter was used as a case study and it was shown that the mixture developed enough
strength to withstand the stresses of the designed structure. The developed mixture FGD20-SP0.35-
Acc8% was promising for implementation in 3DCP in terms of sustainable development of the concrete
industry and as a new utilization of a byproduct from the glass recycling industry.
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1
Introduction

1.1. General introduction
Concrete is the most used building material all over the world. The reason why concrete is preferred
over other building materials is because of its low cost, high fire resistance, durability and good strength.
The raw materials for concrete production can be easily obtained all over the world and concrete is a
flexible material before setting, which leads to freedom in shape for designers and architects [13][7].
Concrete mix consists of cementitious materials, water and sand or gravel as aggregates. Alternative
additives or admixtures are added to the concrete mix to achieve specific properties or behavior of the
concrete.
For the production of cement clinker (a substantial part of concrete) a lot of energy is used and large
quantities of greenhouse gases are emitted into the atmosphere. This means that the large production
and consumption of concrete causes a significant burden on the living environment and atmosphere.
Concrete production accounts for 5-7% of the global CO2 output [13]. There is no sign of a decrease
in the demand for concrete as primary construction material, so it is necessary to improve the sustain-
ability aspect of concrete to decrease the burden on the environment. The introduction of cement re-
placement by Supplementary Cementitious materials (SCMs) in the binder can reduce the high energy
consumption and the environmental damage regarding high CO2 emissions of concrete production.

Conventionally cast concrete has been facing challenges in the past few years. First of all high
injury rates and several accidents have been recorded, due to dangerous formwork and reinforcement
operations. Secondly high costs, dependence on labor, low efficiency and large amounts of waste are
issues that are associated with cast concrete. The formwork that is used for traditionally cast concrete
accounts for 30-50% of the construction time and construction costs [7] [128].

The future of the concrete construction industry can be very different due to the process of 3D con-
crete printing or additive manufacturing. Over the last few years, extrusion-based 3D Concrete Printing
technology has accelerated in growth in the construction industry, because of its efficient method of
constructing concrete elements. 3D concrete printing (3DCP) is a recently developed construction
technique, which produces construction elements by using material deposition in the form of layered
extrusion. The concrete is extruded from the nozzle of a concrete printer and is deposited in different
layers. This printing is done according to a digitally printing route, which is designed beforehand and
the printed layers are deposited without the need for any conventional formwork. This 3DCP technol-
ogy has several advantages, like high architectural freedom and efficiency, but also environmental and
economical benefits [85]. However due to the absence of traditional formwork, additional requirements
are needed for the concrete properties for this 3DCP technology.

The 3D printing process consists of different phases and requires contradictory rheological prop-
erties of the concrete mixture. During the pumping and extruding phase the concrete mixtures should
have high flowability to prevent high pumping pressures and possible damage to the printing equip-
ment. In contrast, after extrusion of the concrete mixture from the printing head the printed layer of
material should have high stability and strength in order to develop sufficient structural build-up and
to withstand the loads of the filaments that will be printed on top of that layer without collapsing. After
printing the filaments a very high stiffness and strength development is required to achieve stability and
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withstand vertical loads.
A concrete mixture for 3D printed concrete contains a high amount of Portland cement clinker com-

pared to cast in-situ concrete. To enhance the sustainability of the concrete mixtures, supplementary
cementitious materials (SCMs) are added to the mixture. SCMs like fly ash, granulated blast furnace
slag, silica fume, limestone powder or calcinated clay have cementitious properties in contact with wa-
ter and therefore can be used to partially replace the high amount of Portland cement in the concrete
mixture. SCMs are often byproducts from another industry or are naturally available, so implementation
of SCMs in concrete can help to develop a more eco-friendly mixture and reduce the CO2 emission
of concrete production significantly [79]. The eco-friendly mixture with SCM should still possess rapid
hardening with high stiffness development in order to be eligible for 3D concrete printing.

However some of the conventional SCMs have a limited supply or a high depletion rate, so this led
to the investigation of other potential materials which can be utilized as cement replacement. One of
these potential materials is glass powder, a byproduct or waste material of the glass recycling industry.
Glass powder contains high amounts of silica and exhibits possible pozzolanic reactivity, which means
it can potentially be used in the binder of concrete to partially replace Portland cement clinker.

A potential byproduct of the glass recycling industry is fine glass dust. This fine glass dust is captured
in filters in the recycling plant and is nowadays mainly disposed in landfill, due to a lack of industrial pur-
poses and limited recycling potential. The goal of the glass recycling industry and this thesis is to find a
useful utilization in the construction industry for this fine glass dust. Previous research [48] has shown
that fine glass dust can be used in conventionally cast in-situ concrete mixtures to replace Portland
cement, but that the untreated glass dust has too low reactivity without pre-treatment measurements
to effectively use in concrete.

This research aims to investigate the utilization and effect of fine glass dust in concrete mixtures for 3D
printed concrete. The reason why 3D Concrete Printing is investigated in this study will be assessed
in section 1.2. In the first part of the research the goal is to find the most optimal pre-treatment for the
fine glass dust, so that it provides optimal results if it is used to replace Portland cement in a concrete
mixture. The second part of this research focuses on the suitability and optimal mix design for using
fine glass dust for 3DCP and the effect of fine glass dust replacement on the 3D printability and build-
ability of printed concrete mortar. In this research the impact of fine glass dust on cementitious material
properties will be investigated for the fresh properties, cement hydration and hardened properties.

1.2. The problem and research relevance
The increasing demand for concrete structures worldwide induces a high amount of cement clinker that
needs to be produced. This large-scale clinker production causes large energy consumption and huge
quantities of CO2 that are emitted into the atmosphere, which negatively impacts the environment.
Using fine glass dust in the 3DCP mixtures would help to reduce the amount of cement consumption
and therefore reduce the high CO2 emissions for building concrete structures with 3DConcrete Printing.
The total amount of fine glass powder or fine glass dust production in the glass recycling industry in
Europe is around 200.000 tons every year, estimated based on the yearly production capacity of Maltha
BV (D. Timmers, personal communication, August 31, 2022). This fine glass dust consists of very small
glassy particles and is collected in filters in the recycling plant. Due to small particle sizes and high
amounts of impurities the fine glass dust is difficult to melt and therefore almost impossible to use for
the formation of recycled glass cullet. So achieving a closed-loop cycle with this material is difficult
and the formation of fine glass dust as a byproduct with limited applications is one of the problems of
recycling that the glass industry needs to deal with. Circularity of the glass recycling could be increased
when a new utilization for this fine glass dust is found, which would otherwise be mainly disposed as
landfill.

The fine glass dust production is very small compared to the yearly consumption of Portland cement
for the construction industry at 250 million tons per year [108]. Next to this comes the fact that the
material properties of the recycled fine glass dust fluctuate a lot, varying in mineral composition and
organic content between different batches of glass in the recycling plant. For a material to be used as
a new alternative SCM to replace Portland cement for cast in-situ concrete the material composition
should be constant andmaterial production should be in the same order as Portland cement production,
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however for the fine glass dust this is not the case. Therefore the objective of this thesis is not to find a
new alternative Supplementary Cementitious Material for Portland cement in the binder of cast in-situ
concrete mixtures, but the main objective is to find a new utilization opportunity for the recycled fine
glass dust in 3D Printed Concrete mixtures. The main reason for the utilization of fine glass dust for 3D
printed concrete is because of the low number of regulations for 3DCP. For cast in-situ concrete there
are very strict regulations for cement replacement materials. The fine glass dust has varying material
compositions between batches and with the fluctuating properties of fine glass dust it would be difficult
to measure up to these strict regulations for cast in-situ concrete. Therefore the utilization of fine glass
dust as cement replacement in cementitious mixtures for 3DCP would be a potential solution.

Fine glass dust contains small particles with a high amount of amorphous silica, which can poten-
tially contribute to strength development by pozzolanic activity when it is used in the binder of cemen-
titious mixture. Therefore the use of fine glass dust as a cement replacement in 3DCP mixtures could
be a promising utilization for this byproduct of the glass recycling industry, which is beneficial for the
recycling of glass but also advantageous for the concrete industry. This would reduce the Portland
cement consumption for cementitious mixtures, which has environmental benefits as this reduces the
CO2 that is emitted due to cement clinker production. Next to this comes the fact that the proposal of
this new application would contribute to the sustainability and circularity of the glass recycling industry
as utilization of recycled fine glass dust means that fewer byproducts have to be incinerated or dis-
posed as landfill. However up until this date, investigations on the applicability of fine glass dust or
waste glass powder in 3DCP mixtures are still not adequate enough. To investigate the utilization and
feasibility of fine glass dust for 3DCP, the effects of cement replacement by fine glass dust on fresh
properties, cement hydration and hardened properties need to be studied.

1.3. Research objectives
The main objective of this thesis is to find a new utilization opportunity for recycled fine glass dust by
replacing Portland cement in the binder of cementitious mixtures for 3DCP. In order to reach the goal
of this study, different research objectives are formulated.

-Investigate the effect of different pre-treatment methods for the fine glass dust (heat-treatment and
grinding treatment) on the fresh state and hardened properties of mortar when fine glass dust is used
to replace Portland cement in the binder.

-Investigate the effect of variable fine glass dust percentages on the fresh state and hardened proper-
ties of concrete mortar.

-Study the suitability of fine glass dust for 3D concrete printing when set-on-demand printing tech-
nique is used and propose an optimized 3D concrete printing mixture when fine glass dust is used to
replace Portland cement in the binder.

1.4. Research questions
The main research question of this MSc thesis was: ”What is the utilization of recycled fine glass dust
as a Portland cement replacement for 3D concrete printing with set-on-demand printing technique?”. In
order to give a substantiated answer to this research question, the main research question was divided
into the following sub-questions:

1. What is the influence of heat-treatment on the fresh state and hardened properties of fine glass
dust mortar?
2. What is the influence of grinding treatment on the fresh state and hardened properties of fine glass
dust mortar?
3. What is the influence of variable replacement percentages on the fresh state and hardened proper-
ties of fine glass dust mortar?
4. What is the optimal superplasticizer amount for achieving a pumpable cementitious mixtures with
fine glass dust?
5. What is the optimal accelerator dosage for the accelerator slurry to achieve fast stiffness develop-
ment when a cementitious mixture with fine glass dust and accelerator slurry are combined?
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6. What is the impact of fine glass dust on the hydration, buildability and compressive strength devel-
opment of 3D printed concrete mixture with set-on-demand printing?
7. What is the practical applicability and feasibility of a 3D printable mixture with fine glass dust?

1.5. Research scope
This research mainly investigated the optimal pre-treatment method for fine glass dust and the feasi-
bility of using fine glass dust as a replacement for Portland cement for 3D Concrete Printing. The 3D
concrete printing instrumentation with set-on-demand printing technique was not within the scope of
this research. It would be very complicated and large amounts of work to include all concrete proper-
ties for the investigation of fine glass dust as Portland cement replacement for 3DCP. Therefore this
research only studied some of the fresh-state properties, cement hydration properties and hardened
properties related to concrete mixtures. Workability and flowability of the mixtures were evaluated,
because these properties are important for 3D printable mixtures during the pumping phase, but also
directly after extrusion from the printing nozzle. Initial setting time was assessed, because this property
could investigate the stiffness development of the mixtures and for 3DCP fast stiffness development is
important to ensure stability of the printed filaments. Hydration heat was evaluated to complement the
initial setting time investigation. Hydration heat is important for 3D printable mixtures to investigate the
hydration reaction rate at an early age after mixing. Buildability of the printable mixtures was studied
to determine the shape stability and layer stacking ability of the printed filaments to withstand the loads
from the filaments that are placed on top without collapsing. Finally compressive strength development
was assessed for different curing ages, to investigate the effect of pre-treatment on the fine glass dust,
to indicate the possibility of pozzolanic activity of the fine glass dust and to determine the strength de-
velopment of the 3D printed samples. The concrete properties that fall within the scope of this research
are summarized in Table 1.1.

A limitation for all chapters of this study was that for the mix designs of the pre-treatment investigation
of the fine glass dust only mortar mixtures were investigated and no mixtures with large aggregate
fractions were studied. The knowledge gained by this study could be broadened by investigating the
interaction between the fine glass dust and the large aggregate particles and whether this differs from
the fine aggregates in the mortar mixtures.

Another general limitation of the research profile was that the binder of the studied mixtures only
consisted of a combination of Portland cement and fine glass dust. No other supplementary cementi-
tious material was used to replace a part of the Portland cement to form a ternary binder. The study
could be improved by investigating the interaction between the fine glass dust and other SCM’s and
the properties of the mortar mixtures could potentially be enhanced if a ternary binder is used, when
the constituents are mixed in the optimal proportions.

Also the investigation of possible alkali-silica reaction (ASR) was not considered during this study.
There was awareness for the fact that the fine glass dust consisted of silica particles that could possibly
react with the alkali particles of the cement to cause unwanted expansion after hardening of the mortar
mixtures. However this was not included within the scope of this research.

Fresh properties Cement hydration Hardened properties

Workability (Slump) Hydration heat Compressive strength
Flowability (Slump flow) Pozzolanic activity

Initial setting time
Buildability

Table 1.1: Investigated properties that are included in this research
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Literature Research

This chapter aims to provide an overview of the implementation and utilization of waste glass powder
in concrete mixtures and a systematic review of the available printing strategies for concrete. A high
ordinary Portland cement (OPC) content is not beneficial for the sustainability of the concrete. Nowa-
days it becomes more important to partially replace the ordinary Portland cement in the mixture with
supplementary cementitious materials (SCM). A new and challenging possibility is to try and use fine
glass dust, a by-product from the glass recycling industry in the cementitious binder as a cement re-
placement. The fine glass dust that was used for this study was produced by Maltha Glass BV, but is
produced by the entire glass recycling industry and a short overview of the previous research on the
use of fine glass dust in concrete mixtures will be given in section 2.1. Furthermore, the use of waste
glass powder or glass particles in conventional concrete mixtures is reviewed in section 2.2.

A potential application for using recycled fine glass dust in concrete mixtures will be 3D Concrete
Printing. It will be explained what 3D concrete printing (3DCP) is and what are the different available
techniques for concrete printing in section 2.3. Furthermore a review on the properties of a printable
mixture will be given. For a mixture to be suitable for 3D concrete printing it is important to look at the
printability and the fresh-state behavior. For set-on-demand concrete printing, a new printing technique
that is recently developed, two different mixtures are mixed just before printing and this printing tech-
nique will be explained in more detail in section 2.3.2. Finally section 2.4 describes some terminology
regarding 3D Concrete Printing and the fresh-state properties of concrete.

2.1. Previous research on the fine glass dust
In this section an overview is given of the previous research that was performed on the recycled fine
glass dust that was used in this thesis. Fine glass dust has a relatively small particle size and a high
amount of silica, so it can possibly be a good and sustainable replacement of OPC in cementitious ma-
terials. Previous studies have investigated the material composition of fine glass dust and investigated
the influence of using this powder in the binder as a cement replacement. These investigations were
performed for traditionally cast concrete.

SGS Intron [48] performed a study in which the materials were analyzed in terms of their mineralogical,
chemical and physical characteristics and also the performance as a Portland cement replacement in
concrete mixtures. Elemental compositions of the fine glass powder, cyclone powder and larger glass
waste particles were determined with XRF analysis and the results can be seen in Figure 2.1.

The total weights that were determined by the XRF analysis were less than 100%, which means that
there are organic materials present in the products. Organic material consists of carbon compounds
that cannot be detected by XRF, because it is lighter than Fluorine. These organic materials can be
seen as impurities and are not beneficial for cement replacement by the glass dust in the binder of con-
crete mixtures. XRD analysis was performed for the fine glass powder to determine the mineralogical
composition and the results showed that the largest percentage of elements was present in amorphous
phase (see Figure 2.2) [48]. The largest amount of silica-oxide was present in the glassy state.

7
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Figure 2.1: X-ray fluorescence of fine glass dust [48]

Figure 2.2: X-ray diffraction of fine glass dust [48]

For the fine glass powder and the cyclone powder the particle density was determined and the results
are shown in Figure 2.3.

Figure 2.3: Density of fine glass dust [48]

Due to the fineness and the high amount of amorphous silica in the fine glass dust, it was tested if the
material was suitable as a reactive filler for partial Portland cement replacement in concrete binder.
K-value tests were performed by SGS INTRON in order to determine the suitability of the fine glass
powder. Fine glass powder replacement of 10, 20 and 30% binder mass were investigated, but after 24
hours of curing none of the samples were ready for demoulding. Due to a lack of reactivity, the k-value
tests failed for all replacement percentages [48]. Pre-treatment or material processing of the fine glass
powder was needed to increase the reactivity and shorten the initial setting time of the mixtures.

Organic compounds in the fine glass powder were responsible for the retarding effect if it was used
as a cement replacement. It was investigated that soluble phosphates and sugars (both known to be
strong retarders for concrete) were present in small quantities in the fine glass dust to cause the re-
tarding effect on the hydration reaction. Other found components that had a retarding effect on the
hydration reaction of the glass powder were: alginic acids, fatty acids and mineral oils. Thermogravi-
metric analysis (TGA) was performed to determine the temperature at which the organic materials in
the fine glass powder combusted. Also it can be investigated which mass fraction of organic materials
combust at specific temperatures. With TGA the influence of heat-treatment on the fine glass dust
could be found and the results are shown in Figure 2.4.

The fine glass powder was heat-treated by SGS INTRON at 400 and 600 ∘C in an oven for 24 hours
[48]. After 24 hours the weight change was negligible and it was assumed that all organic materials
were combusted (which combust in that temperature range). The heat-treated fine glass powder was
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Figure 2.4: Weight loss of fine glass dust [48]

used for 20 and 30% mass binder replacement and the setting time was measured (see Figure 2.5).

Figure 2.5: Effect of thermal treatment on fine glass dust [48]

From Figure 2.5 it can be seen that thermal treatments proved to be effective in reducing the initial
setting time of the mixtures with fine glass powder. Suggestions for further research were that the fine
glass powder may require a higher heat-treatment temperature (in the region of 780 ∘C) to remove
more organic materials.

Research from University of Leuven (Belgium) [66] showed different possibilities for removing the re-
tarding materials from the fine glass powder. The goal was to increase the reactivity of the fine glass
powder and to decrease the initial setting time. The focus of this research was on the extraction of min-
eral oils and fatty acids from the fine glass powder. Supercritical CO2 extraction was used to remove
the impurities, specifically the fatty acids from the fine glass powder. Results showed a significant rise
in measured compressive strength of concrete which had a replacement percentage of 15 M% treated
glass powder. The compressive strength of the treated glass powder was 56-64% higher than for the
untreated glass powder. Extracting the fatty acids from the glass powder with critical CO2 extraction
had a positive influence on the compressive strength of the concrete.

Utilization of fine glass dust in cementitious mixtures
The objective of this thesis was to find a practical implementation or utilization for this recycled glass
dust, because a large amount of this dust is collected each year and currently this has to be disposed
as landfill. The objective of this thesis is not to find a new alternative Supplementary Cementitious
Material (SCM) to replace Portland cement, because the yearly production of fine glass dust is not in
the same order as the yearly consumption of Portland cement, as described in Section 1.2.

Because the fine glass dust consists of small glassy particles (with high amounts of silica) the goal
of this was to find a utilization for this powder as a Portland cement replacement for 3D printed con-
crete. For cast in-situ concrete there are strict regulations that have to be met for SCM’s and this would
be difficult to achieve with the fluctuating properties of the recycled fine glass dust. However for 3DCP
there are fewer regulations and recycled fine glass dust could potentially be used as a cement replace-
ment in 3DCP mixtures.

The clinkering phase of cement production causes large amounts of greenhouse gas emissions, which
have a severe impact on the environment in the case of global warming. This use of recycled fine glass
dust as cement replacement in 3DCP mixtures reduces the consumption of Portland cement, which
reduces the CO2 emission by cement production, prevents the depletion of natural resources and is a
practical utilization of the recycled fine glass dust for the glass recycling industry that would otherwise
be incinerated or disposed in landfills.

2.2. Use of glass powder or glass particles in concrete
In section 2.1 it is shown that the recycled fine glass dust has the potential to be used as cement
replacement in concrete mixtures and that the performance can be increased by pre-treatment. This
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section gives an overview of previous research and experimental investigations on recycled glass par-
ticles or glass powder in concrete. Subsection 2.2.1 describes recycled glass cullets that are used as
aggregate replacement and subsection 2.2.2 describes waste glass powder that is used as cement
replacement in the binder for both conventionally cast concrete and 3D printed concrete. Subsection
2.2.3 describes the potential for dangerous ASR when glass cullets or waste glass powder particles
are used in concrete mixtures.

2.2.1. Recycled glass cullets as aggregate replacement
Ting et al. [117] studied the effect of recycled glass cullets as fine aggregates for 3D printing concrete
mixture. The reference mixture used natural river sand as fine particles and recycled glass cullets were
used to replace 25, 50, 75 and 100% by mass.

The results of this investigation showed that a higher glass content for the aggregates resulted in a
slight decrease in static yield stress. Static yield stress is often related to the buildability of the printed
material and the ability to withstand the weight of subsequent layers.

An increase in recycled glass cullets content increased the dynamic yield stress and viscosity. This
was because of the angular shape and the sharp edges of the glass particles. The increased dynamic
yield stress led to a lower material pumpability, because more effort was required to pump the material
through the delivery system for 3DCP[117][119]. The printed concrete specimens had lower compres-
sive strength for higher recycled glass content, as illustrated in Figure 2.6.

Figure 2.6: Compressive strength for different amounts of recycled glass cullets [117]

This was caused by the weaker adhesion of the glass particles to the cement matrix during hydration.
The hydrophobic nature of the glass particles caused more free water in the binder matrix, which re-
sulted in segregation of the glass particles. Not only the compressive strength, but also the interlayer
bond strength was found to be lower for higher recycled glass content. This can also be explained
by the decrease in adhesion between the printed filaments and the hydrophobic behavior of the glass
cullets.

Khan et al. [60] found that crushed glass particles could be used as fine aggregate replacement
up to 50% as long as the particle size of the crushed glass was lower than 1 mm. This fine aggregate
replacement gave comparable results in terms of compressive and flexural strength as compared to
standard reference mortar.

2.2.2. Waste glass powder as cement replacement
As described in chapter 1 and section 2.1, the use of glass powder in concrete as a cement replacement
can result in important energy, environmental, cost and performance benefits [82].

When glass powder was used in the binder of cementitious material as cement replacement, the
consistency of the fresh state of the mixture was improved [15]. In the hardened state the use of glass
powder in the binder increased the porosity and led to a decrease in compressive strength. It was found
by Boukhelf et al. that by 30% glass powder cement substitution, the compressive strength at 28 days
was 36-41 MPa and at 91 days was 40-45 MPa (see Figure 2.7). This was a reduction in comparison
with the reference mixture, but satisfactory performance for structural application.
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Figure 2.7: Glass powder in concrete binder [15]

If glass powder was used in a sustainable concrete that was produced from a quaternary blend of
Portland cement, glass powder, metakaolin and silica fume (volume ratio was 60:20:05:15), the com-
pressive strength of the hybrid concrete was 13,42% higher compared to the control mix after 28 days
[21].

Kamali et al. [53] found that glass powders showed to enhance the hydration of cement based on
chemical shrinkage measurements. Glass powders in concrete were also found to possess pozzolanic
behavior and to improve the cement paste hydration at higher ages. The pozzolanic behavior of glass
powder in the cement paste improved the microstructure of the concrete, which enhanced the concrete
performance [53].

During the pozzolanic reaction the amorphous silica is detached from the glass powder by the hy-
droxyl ions in the pore solution during hydration and combines with calcium hydroxide (C-H) from the
cement to form calcium silicate hydrate (C-S-H gel) [112]. The additional C-S-H gel that is formed by
the pozzolanic reaction can improve the microstructure and mechanical properties of the concrete in
the long term [77].

According to Tamanna et al. [113] a pozzolanic material needs three important material characteristics:
A large surface area, a high amount of silica and the material should be amorphous. Glass contains
sufficient silica and is also amorphous in nature. The surface area of the glass can be increased by
grinding the material to a fine glass powder, which activates the pozzolanic behaviour.

The mechanical properties of concrete containing glass powder were strongly influenced by the
curing duration, size of the glass powder particles and the content of glass powder [60][30]. Concrete
with glass powder had relatively lower strength during the early age, but higher strength in later age
compared to standard reference mixture. The slow pozzolanic reaction could enhance the mechanical
properties of glass powder concrete in the long term [73][30]. The slump value and workability of glass
powder concrete directly after mixing were found to be increased according to Rahman et al.[93] and
Vasudevan et al. [121]. This increase in workability for glass powder concrete could be attributed
to low water absorption of glass powder and smoother surfaces, which increased the fluidity of the
mixtures [46]. On the other hand, research by Nyantakyi et al. [86] showed decreasing slump values
with increasing portions of glass powder.

On a durability aspect, it was also shown that when glass powder was incorporated into the binder
there was an increase in resistance tomoisture absorption [82], acid attack, sulphate attack and chloride
penetration [8][73][30]. The pozzolanic potential of glass powder was an advantage to limit concrete
degradation and improve durability in the long term, according to Belebchouche et al. [8].

Ahmadah et al. [4] and Kamali et al. [53] showed that improved properties of the concrete oc-
curred when glass powders with extremely fine particle sizes were used. Very fine glass powders were
found to possess higher pozzolanic behavior and to improve the hydration of cement paste at early and
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later curing ages. Microstructure evaluation indicated pore refinement in the microstructure of cement
pastes modified with fine glass powders [52]. The finer the glass powder, the earlier pozzolanic reac-
tions will be activated which resulted in more pozzolanic reactivity [45]. The activation of the pozzolanic
reactivity could also be accelerated by increasing the curing temperature [103].

When ground waste glass was blended with Portland cement and lime, an increase in the strength
of mortar, more resistance to chloride penetration and higher resistance to sulfate attack could be
found in comparison to natural pozzolana and fly ash [112][20]. Due to the high pozzolanic properties,
the ground glass could contribute to the hydration of the cement paste and could affect the refinement
of the pore structure. When blended cement with glass powder was used, the glass chemical compo-
sition played an important role in developing pozzolanic activity [10]

Mirzahosseini et al. [76] studied the reaction kinetics of finely crushed glass powder at different tem-
peratures. Mortar compressive strength and water absorption of the samples at different temperatures
and ages were used to give a relation between reaction degree and performance. It was shown that
glass behaved pozzolanically if it was fine enough, with a surface area that was larger than 300𝑚2/𝑘𝑔.
The pozzolanic reaction occurred between the amorphous silica in the glass powder, calcium hydrox-
ide (C-H) from the cement reaction and water to form additional calcium silicate hydrate (C-S-H) in the
cement paste. It was found that finely ground glass powder (< 25 µm) showed significant pozzolanic
behavior at temperatures of 50∘C. This was evidenced by a reduction in C-H content in the samples
and an increase in the heat of hydration of the samples with temperatures of 50∘C [76].

Decreasing the glass powder size from 100 µm to approximately 10 µm led to an increase in poz-
zolanic activity by 49% [43] [2]. It was found that the size of the glass powder played an important
role in the pozzolanic behavior of this material. If the glass powder particles are finer, more pozzolanic
reactivity and better properties of concrete can be achieved [2] [58].

At a high cement replacement level of 30% with glass powder Carsana et al. [20] showed that the
long-term pozzolanic activity of the blended mortar was superior to natural pozzolans and comparable
with fly ash. Du et al. [33][32] found that concrete with 30% glass powder as SCM showed lower
compressive strength before 28 days, but increased strength at 90 days due to the pozzolanic activity
of the glass powder [73]. Glass powders with decreasing particles size and higher curing temperature
exhibited more pozzolanic activity. Concrete with cement replacement of 15 and 30% fine glass pow-
der formed compact and homogeneous microstructures, but beyond a replacement level of 30%, the
available calcium hydroxide (C-H) became insufficient for the pozzolanic reaction of the glass powder
and a reduction in material properties can be observed [32][86]. These observations were also backed
by Khan et al. [57] who found that the optimal replacement ratio for cement replacement with fine
glass powder was 25%. At higher replacement percentages a reduction in strength and workability
was observed [57]. Khan et al. [60] found significant improvement in mechanical properties compared
to control samples for up to 25% of cement replacement after 90 days when the average particle sizes
of the glass powder were less than 45 µm.

Mejdi et al [75] and Islam et al. [49] found that mortars with glass powder up to 20% replacement
showed comparable compressive strength results as standard mortar mixture, after 90 days. Re-
finement of the microstructure due to the pozzolanic activity of the fine glass powder resulted in the
formation of secondary C-S-H gel and improved mechanical properties for the concrete mortar [26].

Aliabado et al. [5] stated that the use of glass powder as cement replacement up to 15% enhanced
the properties of the concrete with blended cement after 28 days. A higher replacement percentage
led to a decrease in compressive strength compared to the reference mixture. Belebchouche et al. [8]
considered 15% replacement of cement by glass powder as the optimal dosage when the compressive
strength at 7 and 28 days was taken into account.

According to Gupta et al. [41], the use of glass powder as cement replacement up to 30% en-
hanced the compressive strength after 90 days, compared to the control mix. It was also found that
water absorption and permeability for glass powder concrete were lower than the control mixture [46].
This could be attributed to the filler effect of the fine glass powder and the formation of a more dense
microstructure with reduced porosity, caused by the pozzolanic reaction [8] [41].
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Khmiri et al. [61] investigated the compressive strength of mortars with waste glass powder as
cement replacement in the size ranges 100–80 µm; 80–40 µm; <40 µm and < 20 µm fineness. The
results showed that pozzolanic activity was low for coarse particle sizes [3] and that the most finely
grounded waste glass powder (< 20 µm) showed optimal compressive strength properties and could
reach 82%, 95% and 102% of standard mortar strength at 7, 28 and 90 days respectively.

Li et al. [68] showed that 20% waste glass powder with particle sizes 20-44 µm exhibited high
fluidity, good cohesion and water retention performance. It was found that the compressive strength
was lower than the reference mixture at 7 days, but it was 3.5% and 9.6% higher at 28 and 90 days
respectively. These results were backed by TGA-DSC results, which showed that the increase in
calcium silicate hydrate gel (C-S-H gel) content increased the most in the period between 28 and 90
days. This indicated high pozzolanic activity and strength gain at later ages [82]. It was also found that
a further increase in fineness of the waste glass powder to 15-20 µm did not lead to better results [68].

Lu et al. [69] investigated the fresh properties of cement pastes and mortars with incorporated
glass powder. The use of glass powder as cement replacement resulted in a reduction of the heat of
hydration at the early stage and an extension of the setting time. This could be attributed to the low
reactivity of the glass powder at early ages [69]. These less reactive fine glass particles prevented
the contact between unhydrated cement particles and water during the early hydration and therefore
reduced the hydration speed. It was also found that the flowability of the glass powder cement mixture
could be reduced by increasing the fineness of the glass powder [69].

Ting et al. [119] investigated the rheological and mechanical properties of 3D printed concrete with
recycled glass in the binder. It was found that the concrete mixture with recycled glass aggregates
demonstrated better flow properties compared to the reference mixture with fine river sand as aggre-
gates. However the buildability and the mechanical performance were lower for the recycled glass
particles compared to the reference material. If recycled glass was used in the binder for 3DCP the
flow properties were better, because of the lower early hydration reaction rate and thus a slower stiff-
ness development. For 3DCP this can be beneficial, because better flow properties lead to a longer
open time, better pumpability and better extrudability of the mixture (see Section 2.3).

In summary, using a specific range of waste glass powder particle size and glass powder content
to replace cement in the binder can lead to improvements in the mechanical properties of conventional
cast concrete. Owing to the diversification of the different waste glass powder particle sizes, sources
and different production lines, the results that were found by previous investigations were diverse and it
is difficult to give clear conclusions on the optimal cement replacement percentage. The main findings
for glass powder incorporation for conventional cast concrete by different researchers were:
- Decrease of compressive strength at early curing ages
- Increase of compressive strength at long-term curing ages
- Increased pozzolanic activity for fine particle sizes
- Reduction of porosity and water absorption
- Increase of microstructural packing due to C-S-H gel formed by pozzolanic reaction
- Increased durability and resistance against chloride penetration, sulphate attack and acid attack.
- For 3DCP the higher flowability of glass powder concrete can lead to beneficial results for the printing
process.

2.2.3. Potential for dangerous ASR when using glass particles in concrete mix-
tures

Glass powder or glass particles that were used in the concrete mixture contained high amounts of amor-
phous silica [111]. This increased the risk of Alkali-silica reaction (ASR). ASR is a chemical reaction
that occurs between alkalis in cement and reactive amorphous silica in the presence of moisture [36].
This reaction caused unwanted expansion which could lead to cracks and deterioration in hardened
concrete over time [36].

The high amount of amorphous silica in glass powder is dissolved under alkali attack and ASR gel
is formed [31]. This ASR gel can take up water and therefore expand, which leads to tensile stresses.
If these tensile stresses exceed the tensile strength of the concrete, then cracks will occur [36]. These
initial cracks will allow opening of the internal structure, accelerating ASR and further widening the
cracks. With this mechanism ASR can degrade the concrete quality [31].

If glass powder or glass particles are used in concrete as cement replacement or fine aggregates
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then it is important to mitigate the ASR expansion. A possible solution for the glass products is to
perform a pre-treatment with a mixture of Ca(OH)2 and NaOH at 80 °C for 7 days [110]. This can re-
duce the ASR expansion by approximately 50% in comparison with untreated glass particles or glass
powder. According to Sun et al. [110], glass aggregates were pre-treated with three different solutions:
Ca(OH)2, NaOH and a mixture of Ca(OH)2 and NaOH. The time-dependent effect was investigated by
treatment times of 1, 3 and 7 days. The results showed that ASR was mitigated in all pre-treatments
but the best results were shown with a mixture of Ca(OH)2 and NaOH for 7 days.

It was also found that the size of the fine glass particles has an influence on mitigating ASR. Glass pow-
der with finer particles had an increased ability to mitigate ASR when the glass powder or glass cullets
were used as a Portland cement replacement or as an aggregate replacement material [112][2][65].

The fine glass powder particles act as sacrificial particles that react with the alkaline pore solution in
the matrix and consume the available alkalis during the pozzolanic reaction [3]. The pozzolanic reaction
causes the amorphous silica in the glass powder to react with C-H in the binder to form additional C-S-H
gel [73]. This reaction occurs earlier than ASR and will reduce the available alkalis for the aggregates
to react with, therefore reducing the ASR potential in the mixture [49][111]. Glass powder also controls
ASR by increasing aluminium concentration in the pore solution and therefore reduce the dissolution of
amorphous silica from glass particles or reactive aggregates [132]. This was found to be the foremost
mechanism of the fine glass powders to mitigate ASR with aggregate particles stated by Matos et al.
[73] and Afshinnia et al. [2].

Du et al. [32] found that fine glass powder could be used for suppressing ASR in concrete with glass
cullets as aggregates. The mitigation of ASR occurs by reducing the alkalinity in the pore solution and
decreasing the permeability and porosity of the cement paste [19][30].

It was found that no deleterious ASR would occur once the glass particles are sufficiently fine (be-
low 75 𝜇m) [33][32]. Replacement of Portland cement with finely ground glass powder reduces the
expansion due to ASR in the concrete mixture because of enhanced pozzolanic activity, densified mi-
crostructure and reduced porosity [30][103]. A higher fineness of glass powder particles in concrete or
mortar leads to lower potential ASR activity [30][36].

2.3. 3D Concrete Printing
In this section the 3D concrete printing (3DCP) process is introduced and described. The differences
between 3DCP and conventionally cast concrete are reviewed and the different possible printing tech-
niques for 3DCP are reviewed in section 2.3.1. Set-on-demand concrete printing is a recently devel-
oped technique that will be elaborated in section 2.3.2. For set-on-demand printing the role of accel-
erating mixtures is of high importance and the possibilities for accelerators in set-on-demand printing
are given in section 2.3.3.

2.3.1. Differences of 3DCP with conventionally cast concrete
3DCP can be considered as a sustainable replacement of conventionally cast concrete in which layers
of cementitious material are printed on top of each other from the printing nozzle. The use of 3DCP
has many benefits with the main goal to reduce concrete construction, economical and environmental
impact. Elimination of formwork in 3DCP compared with conventionally cast concrete reduces waste
generation, costs, material use, labor, construction time and provides new architectural possibilities.
This leads to environmental and financial benefits for this new manufacturing technique for concrete.
3DCP also allows for optimization in the design methods for structures, so that 3DCP can become a
more sustainable and practical fabrication method for concrete structures. [23]

Construction process differences
The design and building process of 3DCP structures has many differences in comparison with con-
ventionally cast concrete. First of all the formwork, which is almost always used for the construction of
traditionally cast concrete, can be removed from the construction process for 3DCP structures [89][7].
Normally formwork is created from timber, steel or other materials and is used to withstand the weight
of the cast concrete until the concrete has developed enough load-carrying capacity for its own weight.
Then the formwork can be removed. If the used formwork is suitable for recycling or reusing depends
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on the form of the cast concrete element and the repetition factor of the cast element in a construction.
If the formwork is very specific or customized, the chance is very small that the formwork can be reused
for other construction activities. For 3DCP no formwork is required, because layers of high stiffness
cementitious material are played on top of each other (see Figure 2.8.

Figure 2.8: 3D printed concrete layers [126]

The absence of formwork for 3DCP contributes to the financial and environmental difference between
3DCP and cast concrete and leads to an increase in efficiency and safety for construction workers
[128][7].

Next to this comes the fact that freedom in shape allows for more possibilities and complex forms
when using 3D printed concrete [64]. An important disadvantage of 3D printed concrete in the con-
struction process is regarding the stacking of the printed layers, also called filaments. These filaments
are printed on top of each other and have limited shape stability during the printing process. If a fil-
ament is printed it should already have enough early-age strength to be able to withstand the weight
of the filaments that are placed on top. To reach this high early-age strength directly after depositing
the filaments, changes can be made in the mix design which leads to faster stiffness and strength de-
velopment of the filaments after printing. Even though these changes in the mix design can cause an
improvement in early-age strength, there will be a limit to the stacking ability of the filaments [64].

The implementation of 3D concrete printing in the construction industry is dependent on the accu-
racy of the printing jobs, the costs of the printing process, the printing time and the availability of the
printing materials [127]. Because not many large-scale tests are performed and no design standards
are present for 3DCP it is difficult to already use large-scale implementation in constructions. Prior to
acceptance of 3D printing for large-scale construction, standards for material and construction process
are required [89][59].

For large-scale production of construction elements with 3DCP in the industry, there are two main
types of processes that can be used: 3D printing prefab elements and assembly on-site or monolithic
3DCP on-site [128] (see Figure 2.9).

The printability and open time for large-scale on-site 3DCP processes have higher requirements than
3D printed concrete that is produced in a lab for testing only. This is mainly because of the large pump-
ing distance, size of the printing elements and the amount of printed concrete. It is important that the
mix design or printing method allows for high printability for as long as possible for large-scale 3DCP
in the construction industry [128].

Environmental differences
3D concrete printing is a sustainable construction method with a lower environmental impact in compar-
ison with traditionally cast concrete. For 3DCP the optimized material consumption and the controlled
manufacturing process reduce the construction waste and minimize material use [101] [9] [88].

3DCP creates almost zero waste, because efficient material printing requires less transportation
during the construction process and this results in a lower carbon footprint for 3D printed concrete
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Figure 2.9: 3D printed concrete in practice

in comparison with traditionally cast concrete. Also the absence of formwork for 3DCP reduces the
number of trees that have to be cut for timber formwork and reduces the post-construction waste.
A cast-in-situ concrete building produces 25% more CO2 emissions than the same building that is
constructed with 3DCP, according to Batikha et al. [7].

In order to increase the sustainability of 3DCP and contribute to the circular economy, it is important
that there is a shift toward the use of SCMs, geopolymers, recycled aggregates or waste materials in
the concrete mixtures for 3D printed concrete [99].

Economical differences
As described in the previous paragraph for 3DCP there is no formwork required. This is a major differ-
ence compared to traditionally cast concrete, where for every concrete element that is created formwork
is needed. The costs of this formwork can be up to 35-50% of the total construction costs and the prepa-
ration and removal activities regarding formwork can take up to 50-70% of the total construction time
[7][80]. The construction time can be reduced by up to 95% compared to the cast-in-situ concrete con-
struction method [7]. It can be stated that thematerial for the formwork itself is a large financial expense,
but also the labor costs for all activities regarding formwork are significant. The total project costs can
be decreased if the use of formwork is not needed, as is the case for 3DCP [59][99]. Furthermore
with 3D concrete printing there is more freedom in the placement of the deposited filaments and thus
ultimately in the products that can be realized [59]. Because of the precise placement of the filaments,
optimization of structural elements is possible which reduces material waste and over-dimensioning
[29].

On the other hand, the use of 3D printed concrete does not only lead to cost reductions. The ini-
tial and operating costs of a good 3D concrete printer and printable mix design cannot be neglected
[7] [85]. The printing equipment consists of expensive components and the mix design for 3DCP will
bemore expensive, because of the use of admixtures to make themix design suitable for 3D printing [7].

Mix design differences
Traditionally cast concrete mix designs consist of water, cement and aggregates. Normal strength con-
crete can be obtained by mixing these materials in the right proportions and with the right compaction.
For 3DCP the material for the concrete mix consists of high cement content mortar, with a maximum
aggregate particle size of approximately 2mm [16]. The use of fine aggregates in the mix for 3DCP is
preferred so that no damage is caused to the printing nozzle [99]

The difference for a 3D printed concrete is that the mixture has to be pumpable and buildable [118].
This means that in the pumping phase the concrete mixture has high flowability and low yield stress,
to ensure continuous extrusion from the concrete printer without defects on the surface of the filament
[118]. Yield stress can be described as the stress at which the material starts flowing. As soon as the
filaments are deposited from the printing nozzle the concrete mixture needs to have high yield stress
and stiffness to prevent too much deformation and to support the weight of the upper layers without
failure [101][99]. These are two contradicting rheological requirements that are difficult to obtain with a
regular concrete mixture. In order to fulfill these contradicting rheological properties, only fine aggre-
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gates are used and admixtures are added to the mixture for 3DCP.

Superplasticizer is a chemical admixture that increases the flowability of the concrete mixture, which
results in a lower water-cement ratio and thus a higher strength concrete [99]. The mechanism of the
superplasticizer is the dispersion of cement particles in the mixture, which improves the flow character-
istics of the mixture. These good flow characteristics are needed for 3DCP to create a pumpable and
extrudable mix design. On the other hand shape stability is essential once the filaments are deposited
from the printer. Viscosity Modifying Admixture (VMA) can be used in 3DCP mixtures to increase
the shape stability after extrusion. VMA changes the plastic viscosity of the mixture by binding water
molecules from polymer chains [99], which can lead to an increase in yield stress and plastic viscosity.
The chains of VMA form an intertwined particle structure which gives high shape stability. VMA can
positively influence the buildability of a printable mix design. High viscosity of the 3DCP mixture is also
needed during the pumping phase to prevent segregation to occur [7].

For 3DCP the rheological behavior of the fresh mix will have a significant influence on the ability of
the pumpability and extrudability of the mixture before printing, while the mechanical response of the
fresh concrete will influence the buildability of the stacked filaments with bonded interfaces after print-
ing [59][99]. Material selection for the mix design is an important parameter to provide the desired
properties of the concrete mixture before and after extrusion. The type of material and dosage that is
used for 3DCP, has a large effect on the performance of the mixtures[99].

Mechanical properties differences
Concrete elements that are created by 3DCP have anisotropic properties. This means that the prop-
erties of the printed material are not equal in all directions [59]. This is caused by the fact that 3D
printed elements are built layer by layer which means that there is an interface between two adjacent
layers. This interface between filaments causes deviating element properties in different directions, be-
cause the bond strength between these two filaments will be the critical parameter for the mechanical
properties of the printed material [125]. These different mechanical properties occur in three different
directions: Perpendicular, lateral and longitudinal to the printing direction (see Figure 2.10).

Figure 2.10: Perpendicular (I), lateral (II) and longitudinal (III) directions [125]

Often the interface properties (the bond strength between two filaments) causes the directional depen-
dence of material properties and a reduction of strength can be found [89]. The interaction and bonding
between two filaments are mainly dependent on the state of hydration and the time interval between
printing the filaments [126]. C-S-H formation due to ongoing hydration on the printed layers results in a
higher stiffness over time. Because there is a time interval between two subsequent printed filaments
there is a difference in stiffness and this reduces the interlayer bonding. Also at the interface air voids
might be present which also weakens the interlayer bonding, which can be seen in Figure 2.11. Be-
cause of the time interval between two subsequent printed filaments, air can be entrapped between
the two layers. a longer time interval between printing two subsequent layers increases the air void
content at the interface zone and this reduces the interlayer bonding. A reduction in interlayer bonding
means that the strength of the printed material will be decreased.
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Figure 2.11: Interlayer air voids at 10 sec, 1 min and 10 min intervals [50]

The mechanical properties of 3D printed concrete specimens are also controlled by different param-
eters than the interlayer interval time. Printing parameters like the shape of the nozzle, complexity of
the printed objects, nozzle standoff distance and curing regime of the printed layers can influence the
quality of the printed product and therefore determine the mechanical properties of the printed concrete
[89][126].

2.3.2. 3D concrete printing techniques
In this subsection the different printing techniques for 3DCP will be reviewed. Extrusion-based con-
crete printing will be explained in more detail, as this is the most used printing technique nowadays.
Secondly set-on-demand concrete printing is described, because this is a promising new development
in the concrete printing industry and has some properties that could be beneficial for the 3D concrete
printing process for large-scale implementation in the construction industry.

Powder-bed concrete manufacturing
Powder-bed concrete printing works with the principle of depositing a layer of powder in the required ge-
ometry and subsequently applying a binder jet on the same deposition path. Afterwards a subsequent
layer of the powder is applied on the top by lowering the built structure and the binder jet is applied
on top of the powder [59]. This process is repeated for multiple steps until the required geometry is
reached.

Powder-bed concrete manufacturing is suitable for relatively small objects and the main advantage
of this production method is the freedom to print complicated geometries or sharp corners, which are
difficult to realize smoothly with extrusion-based concrete printing [59][99]. Because powder-bed con-
crete manufacturing is not suitable for producing large construction elements on site, the focus of this
thesis will be on extrusion-based concrete printing.

Extrusion-based concrete printing
Most 3DCP systems use an extrusion-based concrete printing strategy. This means that filaments of
concrete are placed on top of each other from the concrete printer extruded through a nozzle, which is
shown in Figure 2.12 [79][80]. The goal is to form elements by stacking the filaments in the required
form and to the required height [115]. The printed filaments must bond together to form different layers
as 3D components are built from stacking consecutive filaments. The printed material must have suffi-
cient structural build-up and buildability to remain in position after extrusion and to support the weight
of the further layers without collapsing. It is critical for the performance of the printed product that there
is a good interface bond between the filaments [64].

The printing systems for 3DCP consist of three main elements: A deposition setup, a control unit and
a material conveying system. For the design process in 3DCP the concrete elements are designed
as volumetric objects by 3D modeling software. In the next step they are sliced into a series of two-
dimensional layers. From this data of two-dimensional layers the G-code is generated. The G-code
is exported to the printing machine control unit in order to print the concrete elements by controlled
extrusion of the material [64][99].

It is possible to depose the material with a gantry-based setup (3- or 4-axis) or a robotic arm setup
(6-axis), according to Chen et al. [24]. The deposition setup is controlled by the programmed control
unit. The goal is to perform a predefined printing path that is made by the user. Gantry-based setups
have the possibility for at least 3 translational degrees of freedom and the fourth degree of freedom
can provide a rotation. Robotic arm setups can be used to print more complex geometries, because 6
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Figure 2.12: Possible printing nozzle for 3DCP [50]

rotational degrees of freedom are allowed with this deposition setup. An advantage of a gantry-based
deposition setup is that the height can be easily adjusted and both small and large elements can be
printed [24]. An advantage of the robotic arm setup is that there is full freedom in motion and that
difficult geometries can be printed with more ease, but often objects with limited scale can be printed.

The material conveying system consists of different components that are working together. These
components are a mixing machine, CNC (computer numerical control) system, pump, material hose
and printing head with nozzle. Some examples of possible experimental 3D printing setups are shown
in Figures 2.13 & 2.14.

Figure 2.13: 3D printing set-up [23]

The goal of extrusion-based concrete printing is to prepare fresh mixtures and to pump and extrude
these mixtures to build concrete elements by stacking printed filaments. In the first stage after mixing,
the material needs high flowability, in order to be easily pumped to the print head without too much
printing pressure. This means that the mixture has high flowability and low yield stress. It is important
that the fresh concrete is conveyed effectively through the pumping system without blocking [64]. As
soon as the filaments are extruded from the print head and the print head is no longer supporting
the material, the extruded material should be stiff enough to print multiple filaments on top of each
other without collapsing. This means that directly after extrusion significant yield stress is needed in
combination with adequate thixotropic behavior. The sudden transition from a flowable to a buildable
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Figure 2.14: 3D printing set-up TUDelft [23]

material calls for contradicting rheological properties [101][59].
Well-chosen additions and admixtures can help to achieve these contradicting rheological proper-

ties for the concrete mixture before and after extrusion from the printing nozzle. The hydration reac-
tion should be sufficiently fast to provide a load-bearing internal skeleton of hydration products, which
provides strength for the printed concrete filaments. This is the requirement to build layers without
significant deformation due to self-weight before setting [64][59].

Set-on-demand concrete printing
The most common printing strategy that is used for 3DCP is the extrusion of high stiffness material
from the printing head. The concrete mixture needs to have high stiffness and yield stress in order to
have sufficient buildability to stack subsequent filaments of the printed element without collapsing. But
this high stiffness concrete mixture has a very limited pumping distance, because there is a very high
pumping pressure needed to pump a high stiffness concrete mixture through a hose.

Ideally for 3DCP, the concrete mixture should have a rapid transformation in rheological properties
to allow for pumpability and extrudability before depositing filaments (achieved by low yield strength
and viscosity). After depositing filaments the mixture should have high buildability and rapid strength
build-up (achieved by high yield strength and viscosity) [115][96]. It is shown that these contradictory
properties are best achieved with interventions at the print head [24][79][78]. The method that makes
use of this mechanism is called set-on-demand concrete printing. With set-on-demand printing accel-
erating admixtures are added to the concrete mixtures at the printing head just before depositing the
filaments (see Figure 2.15) [14].

Figure 2.15: Set-up for set-on-demand concrete printing [24]

This method makes use of controlled activation of hydration reaction by accelerators shortly before
material placing to ensure structural stability during construction [78]. With this set-on-demand ap-
proach the productivity of the 3D printing process can be enhanced without affecting the fresh concrete
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pumpability [80][24]. Dispersion of the accelerator to the concrete mixture within the short time inside
the printing head is essential to obtain the required buildability after printing [79][115]. This can be
achieved by using static or dynamic mixers.

For set-on-demand concrete printing the main idea is to activate the concrete just before extrusion
of the filaments. A twin-pipe pumping system (TPP) with a helical static mixer can be used. In this TPP
system a pumpable cement-based mixture with high pumpability (cementitious materials, fine aggre-
gates and water without accelerator) and an accelerator slurry (limestone powder based mixture with
a high dosage of accelerator) are prepared separately and are transported by two different pumps and
material hoses [115]. Then both mixtures are mixed within a helical static mixer just before extrusion
from the print-head nozzle (see Figure 2.16). The helical static mixer and the print-head are connected
to the CNC system and deposition setup of the 3D printer. The mixing in the helical static mixer allows
for a fast increase in the hydration reaction of the pumpable concrete mixture and results in high stiff-
ness deposited filaments. Because the accelerator is added to the fresh cementitious material during
the pumping process, the TPP system can also be called an inline mixing system or print head mixing
system [78].

Figure 2.16: Twin-pipe pumping system for 3DCP

Since there is no addition of accelerator during the initial preparation of the pumpable concrete mixture,
this has a high pumpability and a long open time [114]. Also the accelerator slurry in the second mix-
ture has no ongoing hydration reactions, which leads to a long open time for the accelerator slurry as
well. As the two mixtures pass through the helical static mixer, the mixing elements inside the helical
static mixture continuously blend the pumpable concrete mixture with the accelerator slurry (see Figure
2.17a).

During the inline mixing process, which is shown in Figure 2.17b, the accelerator interacts with the
cement particles in the pumpable cementitious mixture. This causes a drastic increase in the hydration
rate and structural build-up of the cement and results in a fast transition from a flowable mixture to a
buildable mixture after the combination of pumpable concrete mix and accelerator slurry leaves the
helical static mixer [114]. In this way the contradicting rheological properties that are needed for 3DCP
as discussed in section 2.3 can be achieved by set-on-demand concrete printing.

This new set-on-demand concrete printing strategy using a TPP system has the advantage that more
flowable mixtures can be used, which drastically extends the open time and thus the possibility to pump
the mixture over a longer distance and print more material with the same batch of mixed material before
it becomes unusable due to high stiffness development [114][115]. If 3DCP would be used on a large
scale for the construction of large structures, it is important that the mixtures have a long open time
and are easily pumpable over longer distances. Set-on-demand printing would be a good solution to
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(a) Helical static mixer (b) Twin pump inline mixing

Figure 2.17: Twin pump inline mixing with statical mixer [114]

enhance the productivity without affecting the pumpability of the fresh concrete.

Set-on-demand printing does not only have advantages. A risk of this new TPP system with helical
static mixer is that striation patterns are created in the 3D printed concrete. These striations are caused
by flow division and insufficient dispersion during mixing of the cementitious mixture and accelerator
slurry and can possibly lead to heterogeneous material properties and weak interface zones [114]. The
effect of this phenomenon on the material properties has not been studied in detail yet. Also the volume
of macropores is found to be higher in the 3D printed specimens with striations, which results in the
compressive strength decrease of the printed concrete. If set-on-demand printing strategy is applied,
the dispersion of the mixtures during static mixing has to be optimized [115][14].

2.3.3. Accelerator for set-on-demand 3D concrete printing
As described in section 2.3.2 for set-on-demand concrete printing two different mixtures are used: a
pumpable cementitious mixture and accelerator slurry. The accelerator slurry is a suspension of lime-
stone powder and accelerator. The accelerator shortens the transition time from plastic to rigid state
and increases the early-age strength development when mixed with the cementitious mixture. The
accelerator that will be used in the accelerator slurry for this research is CaCl2. CaCl2 is known as the
most common accelerator for concrete [109]. In this section the impact of this accelerator on cement
hydration is described.

CaCl2 is an effective accelerator for both setting and hardening of concrete mixtures (see Figure 2.18).
This means that not only the stiffness development over time is influenced, but also the early-age
strength development is accelerated [72].
The presence of CaCl2 promotes the supersaturation of C-S-H in the solution, which activates locations

Figure 2.18: Effect of 𝐶𝑎𝐶𝑙2 [72]

in the cementitious solution that would otherwise have been unable to have nucleation. This lowers
the free energy barriers to precipitation of hydration products in the solution. The increased rate of pre-
cipitation influences the hydration reaction in both nucleation and growth of the hydration products [72].
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It is found that CaCl2 is an effective set and hardening accelerator at 1-4% addition to the concrete
mixture and resulted in higher 1-day strength of the mortar than the control mixture. This is caused by
the increase in nucleation and growth of the hydration products of the cement. [72]

Research performed on Portland Pozzolan cement showed that adding 1,5% CaCl2 accelerates the
compressive strength development. The increase in compressive strength was 36-48% at 1 day and
29-33% at 3 days. Also in the long term (90 days) an increase in the compressive strength was found
[100].

For 3DCP it is possible that multiple different chemical admixtures are added to either the pumpable
concrete mixture or the accelerator slurry. For 3D printed concrete the accelerators have shown to
rapidly increase the structural build-up rate of the printed mortar. But significantly higher contents
are needed if accelerator is used together with superplasticizer to compensate for the repulsive effect
[105]. For set-on-demand concrete printing it is possible that superplasticizer admixtures are added to
the pumpable concrete mixture to create higher flowability, so the accelerator slurry needs a significant
percentage of accelerator to achieve an accelerating effect on the hydration of the printed concrete
filaments after mixing in the helical static mixer.

2.4. Fresh-state properties and 3DCP terminology
To characterize the fresh-state properties of the concrete mixtures for 3DCP, different terminology is
used in this thesis to describe the behavior of the concrete mixtures before printing and just after print-
ing. In this section an overview of some important terminology regarding 3D concrete printing is given.

Flowability
Flowability is the property of the fresh mixture that indicates the ease of flowing without mechanical
effort. It is the ability of the mixture to withhold its shape if no force is applied [64].

Initial setting time
Initial setting time of concrete is the time when the cement paste starts hardening and the stiffness de-
velopment starts. It is defined as the time between the moment water is added to the cement and the
time when the cement paste starts losing plasticity. The final setting time is the time when the cement
paste completely loses its plasticity. The initial and final setting times are an indication of the hydration
reaction rate in the cement [27].

Pumpability
The pumpability of a mixture is the capacity of a mixture to be transferred through a pipe or a hose.
The pumpability is mainly dependent on the flowability of the mixture and is thus determined by the mix
design and the use of possible admixtures [64][59].

Extrudability
Extrudability of a concrete mixture can be described as the ability of the mixture to be squeezed out of
the printing nozzle as a smooth and continuous filament without defects and discontinuities [118]. If the
extrudability is low or the yield stress of the concrete is too high, a high pumping pressure is needed
to print the material from the nozzle [64]. If the printing pressure gets too high, damage to the printing
equipment is possible and the printed filament displays a lot of defects and discontinuities. For 3DCP
it is important that the mixtures have a high extrudability, so that the pressure at the printing nozzle is
not too high and that a smooth and continuous filament can be printed [118].

Open time
The open time of a concrete mixture for 3DCP can be described as the available time for printing ma-
terial with good quality after water is added to the mixture [96][59]. After the open time has passed,
the quality of the printed material decreases and is not sufficient anymore. This is caused by the fact
that hydration reactions increase the stiffness of the mixture and this has a negative influence on the
printability of the material. A longer open time of the mixture means that with the same batch, material
can be printed for a longer time without significant loss of quality [64].
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Rheology
Rheology is the science of flow and deformation of materials under loads [98]. The rheological prin-
ciples include the behavior of freshly mixed concrete and the deformation of hardened concrete. For
the rheology of the fresh concrete, parameters like stability, compactability and workability have to be
taken into account. 3DCP requires contradicting rheological requirements. In the pumping phase be-
fore extrusion, the printed material needs high workability and flowability. After extrusion the material
needs low workability, high thixotropy and high buildability.

Thixotropy
Thixotropy of concrete can be described as the increase in viscosity and yield stress over time [98][59].
This means that a concrete mixture that has rested a lot after mixing requires more stress to start ma-
terial flowing than freshly prepared concrete, because of thixotropy effects.

Viscosity
Viscosity can be described as the opposition to flow [98]. This is the resistance of a fluid to change in
shape. For freshly mixed concrete the viscosity is low. Over time the viscosity develops and results
in high viscosity for hardened concrete. For 3D printable mixtures a higher viscosity is important to
prevent segregation of material during the pumping process.

Structural build-up
Structural build-up describes the mechanism that the strength of freshly mixed concrete or paste in-
creases over time, because of hydration reactions of the cement particles with water in the mixture
[130][59]. During construction with 3D printed concrete it is important that the structural build-up is high
enough to guarantee structural stability. Structural build-up of the material is thus important for the
buildability of the printed filaments.

Buildability
For 3DCP the buildability is often described as the shape stability of the material. It is the resistance
of the printed material to withstand loads by the layers that are placed on top [130][56]. Material with
high shape stability has a low deformation of layers under loads. Buildability is a critical parameter for
3D concrete printing and can be quantified as the maximum number of printed filaments that can be
stacked, without failure or significant deformation in the lower filaments [64].



3
Raw material characterization and

optimal pre-treatment for the fine glass
dust

This chapter aims to determine the raw material characterization of the fine glass dust and to investi-
gate the most effective pre-treatment methods in order to reach comparable fresh-state and hardened
properties to standard mortar, when the fine glass dust is used as a cement replacement in concrete
binder. Experimental research requires a detailed plan to obtain the desired results. In Section 3.1 the
research plan is presented, which is based on the information that is found in the literature study. Sec-
tion 3.2 describes the materials and the research methodology of the different tests that are performed.
In sections 3.3 and 3.4 the results and discussions of the experimental investigation are given.

3.1. Research plan
In order to perform the experimental research for the raw material characterization and investigation
on the optimal pre-treatment methods, a research plan was developed. In this research plan it was de-
scribed which tests were going to be performed to characterize the recycled fine glass dust, a byproduct
of the glass-recycling industry. For this fine glass dust the goal of the experimental research in this chap-
ter was to find the optimal pre-treatment method, so that it can be implemented as a Portland cement
replacement in concrete mortar with results that approach the fresh-state and hardened properties of
standard mortar mixture without fine glass dust. In the research plan it was important to determine
which different pre-treatment methods were considered for the fine glass dust in order to reach com-
parable properties to the reference mixture when it was used in mortar as a cement replacement.

3.1.1. Raw material characterization tests
The recycled fine glass dust is a by-product of the glass recycling industry, but has relatively unknown
properties. Because it is a glassy by-product with small particle sizes and high amounts of silica, there
is potential for pozzolanic reactivity in concrete and can be used as Portland cement replacement in the
binder of mortar mixtures. On this fine glass dust there is performed some research in the past, which
is described in section 2.1. The results from these tests had to be validated by own research in this
master thesis in order to check the results that were found in the past. There is a possibility that there
is a difference between batches of collected material or that the mineral composition of the fine glass
dust has changed over time, which means that the results from the previous research [48] can possibly
be not accurate anymore. This is the reason that raw material characterization tests were performed.
These tests can also be used to compare the fine glass dust before and after pre-treatment in order to
check if any major differences in material composition occurred due to different pre-treatments. In the
remainder of this subsection the different raw material characterization tests in this research plan are
mentioned and the reason why they were performed for this experimental research is given. Section
3.2 describes the performed tests in more detail.

25
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Particle size distribution
Particle size distribution analysis of the fine glass dust was performed, because it has to be checked
if it is suitable to use the fine glass dust as a replacement for Ordinary Portland Cement (OPC) in the
binder. In order to be applicable for OPC replacement the particle size distribution of the fine glass
dust should be comparable with OPC, because bigger particles would decrease the structural packing
of the binder and therefore be not beneficial for the strength of the concrete in the long term. A higher
porosity of the binder means lower strength and less resistance against deterioration [87].

Thermogravimetric analysis
Thermogravimetric analysis (TGA) was performed in order to determine the behavior of the fine glass
dust under elevated temperatures. With the TGA the mass loss can be plotted against the tempera-
ture. In this way it could be investigated at which temperatures the organic compounds are removed
from the fine glass dust. In section 2.1 it is reported that these organic compounds delay the hydration
reaction of the cement in the binder. TGA was performed under Oxygen circumstances, to investigate
the temperatures at which the organic compounds are removed from the fine glass dust. The results
of the TGA can then be helpful for the determination of possible heat-treatment temperatures for the
fine glass dust.

BET-specific surface area analysis
The BET specific surface area (SSA) was determined in order to find the amount of water that will be
attracted to the particles of the fine glass dust. A higher specific surface area means that more water
can be attracted to the surface of the particles and this means that more water is needed in the mix-
ture to get the same workability. The influence of the pre-treatment on the SSA of the fine glass dust
was also investigated, because this could give a possible explanation for the change in behavior of the
pre-treated fine glass dust after removal of the organic compounds.

XRD analysis
Research was performed on the recycled fine glass dust by SGS INTRON and the chemical compo-
sition was found [48]. For the fine glass dust for this research a new XRD analysis was performed,
because it is possible that a different batch of fine glass dust has a slightly different mineral composi-
tion. With XRD analysis it was possible to determine the amount of amorphous silica and crystalline
compounds in the fine glass dust. The influence of the pre-treatment on the XRD of the fine glass dust
was also investigated, because this could give a possible explanation for changing behavior of the fine
glass dust after pre-treatment and determine if there was a formation of new crystalline compounds in
the fine glass dust after pre-treatment.

3.1.2. Pre-treatment methods for the fine glass dust
As mentioned earlier in the introduction of section 3.1, the main objective of this investigation was to
find a pre-treatment for the fine glass dust that gave comparable results to reference concrete mixtures
with as little as pre-treatment possible.

Previous research by SGS INTRON [48] has presented that untreated fine glass dust does not have
sufficient reactivity to be used as a Portland cement replacement. Organic compounds in the fine glass
dust are responsible for the retarding effect if it is used as a cement replacement. Soluble phosphates
and sugars have shown to be strong retarders for the hydration reaction of the binder. Other compo-
nents that have a retarding effect on the hydration reaction of the glass powder are alginic acids, fatty
acids and mineral oils [66].

Pre-treatment or material processing of the fine glass dust was needed to increase the reactivity
and shorten the initial setting time of the mixtures. The main goal of this pre-treatment was to remove
the organic compounds and to increase the pozzolanic reactivity, which could lead to faster strength
development and higher values of compressive strength at different curing ages.

The pre-treatment that was used to remove the organic compounds from the fine glass dust in this
thesis was a heat-treatment. If the fine glass dust was exposed to elevated temperatures for a certain
amount of time, this could remove the organic compounds from the material. The TGA under oxygen
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could help to provide information about at which temperatures significant mass loss is experienced.
Based on the TGA a temperature for the heat-treatment was chosen and this was used to heat a batch
of fine glass dust in an oven at a specific temperature. Before and after heat-treatment the weight was
measured and the mass loss could be determined. The removal of organic compounds resulted in less
retarding compounds, which could increase the reactivity of the fine glass dust and decrease the initial
setting time of the mixtures.

The pre-treatment that was used to increase the initial reactivity and the pozzolanic activity of the fine
glass dust was a grinding treatment. In section 2.2.2 it is mentioned that finer particle sizes for glass
powder lead to more reactivity, a higher development of compressive strength at early curing ages, but
also an increase in the pozzolanic reactivity of the fine glass dust which can potentially cause later age
strength development.

3.1.3. Tests after pre-treatment of fine glass dust
In order to determine the optimal pre-treatment for the fine glass dust, tests were performed to com-
pare the fresh-state and hardened behavior of mortar mixtures with untreated glass dust and pre-treated
glass dust. In this section it is reported why the different tests were performed to compare the untreated
glass dust with the pre-treated glass dust.

Slump and slump flow
For the different mixtures it was important to perform the slump and slump flow test to determine if
the mix design was correct and if the mixtures could be used for conventional cast mortar. The flowa-
bility after mixing could not be too high, because then the structural build-up will be not sufficient for
demoulding the mixture at early curing ages. On the other hand the flowability could not be too low,
because this would mean that the mixture is not workable enough to place and compact the mixture
in the mould. The slump and slump flow tests were good indicators to investigate the influence of fine
glass dust with different pre-treatments on the flowability and workability of the mixtures.

Initial setting time
Initial setting time of the mixture was investigated, because it shows the stiffening of the mortar after
adding water to the cementitious materials. If the hydration reaction in the mortar is too slow and the
stiffening of the mortar does not occur, then the mixture will not be usable. It was important to check
what was the initial setting time of the different mixtures, because this describes the influence of pre-
treated fine glass dust on the early-age reactivity of the mortar mixtures with fine glass dust.

Compressive strength
Compressive strength tests were performed in order to investigate the influence of different pre-treatments
of fine glass dust on the compressive strength development. Compressive strength is a very important
property of concrete. For the development of strength over time it was important that the compressive
strength was measured at different times after casting. After 3 days it could tell something about the
early age strength development and after 7, 28 and 90 days the longer term strength development
could be assessed.

3.2. Materials and Methods
In this section the materials and the different test methods will be explained in more detail. For each of
the performed tests the background, test set-up, sample preparation and test procedure are presented.
This is based on standards like Eurocode, NEN and ASTM, combined with the information from the
literature study in chapter 2.

3.2.1. Particle size distribution
The particle size distribution of the fine glass dust was determined, because it had to be checked if the
particle size was suitable to use the fine glass dust as a replacement for OPC in the binder.

Test set-up
The particle size distribution was determined with a particle size analyzer. For this thesis The Eyetech
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Ankersmid LFC101 Particle size and shape analyzer was used. The test set-up of this particle size
analyzer can be seen in Figure 3.1a.

(a) Eyetech Ankersmid LFC101 for PSD (b) Lens and laser for PSD

Figure 3.1: Test set-up for Particle size distribution

The LFC101 machine consists of different compartments. Water was collected in the water basin at the
top of the machine. Within this water basin there is a rotary axis with a stirrer, which makes it possible
to create a water flow. The water was transported by a pump through a small hose and was circulated
to pass by the camera and laser. The camera and laser are located at the bottom of the machine and
have to be lined up perfectly (see Figure 3.1b). Here it can be seen that the hose passes the water
by the lens and the laser. At the front of the machine there is a control panel, which can regulate the
pump and the direction of the water flow. Pumping speed and stirrer speed could be adjusted with this
panel.

Samples
To determine the particle size distribution of the fine glass dust a sample was prepared. In order to
prevent agglomeration of fine glass dust particles in the water, the material was pre-treated in an ultra-
sonic water bath. For this research the VWR Ultrasonic cleaner was used, which can be seen in Figure
3.2. After ultrasonic pre-treatment a small batch of the fine glass dust (around 5 grams) was used as
a sample to be tested.

Figure 3.2: Ultrasonic cleaner for preparation of PSD samples

Procedure
The determination of the particle size distribution started with filling the water basin with sufficient water.
Then the pump and stirrer were turned on at the control panel of the machine. It had to be made sure
that the water was flowing circularly through the hose and that there was no water leaking. Afterwards,
the sample was added to the water basin and was distributed by the stirrer. The water passed the laser
and camera. The laser beam was diffracted by the different particles that pass within the water and
the camera registered this [35][11]. For different particle sizes there was a laser beam hindrance which
was noted by the camera. The camera determined the particle size of the passing particles and with the
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help of the software that was connected to the machine and a histogram of the different particle sizes
within the sample was produced. Water was pumped by the laser and camera for 180 seconds before
the measurements were stopped. The result was a histogram and cumulative distribution graph of the
particle size distribution of the sample. For each sample 3 repetitions were performed. The machine
was cleaned by draining the pump and cleaning the hose with clean water 3 times.

3.2.2. Thermogravimetric analysis
Thermogravimetric analysis (TGA) was performed in order to determine the behavior of the fine glass
dust under elevated temperatures. With the TGA the mass loss could be plotted against the tempera-
ture.

Test set-up
The thermogravimetric analysis in this thesis was performed with the Netzsch STA 499 F3 Jupiter. The
test set-up of this TGA machine can be seen in Figure 3.3a.

(a) Netzsch STA 499 F3 Jupiter at TU Delft (b) Schematic view of testing apparatus

Figure 3.3: Netzsch STA 499 F3 Jupiter for TGA of the fine glass dust

This machine allows for thermal analysis between -150°C and 2000°C. The setup consisted of a bal-
ance system, a sample carrier and a heating element with thermocouples. A schematic view of this
test set-up is given in Figure 3.3b. With this machine gases were blown by the sample if the hoisting
device was brought down and it was possible to perform the TGA under Argon or under Air (oxygen).
Under Argon there is an inert atmosphere, which means that there is no chance that the gases will in-
terfere with the thermal treatment of the sample. This means that oxidation of the fine glass powder is
prevented. Under Air the gases can react with the fine glass powder and there is a chance for oxidation
to occur. The heat-treatment of the fine glass dust in section 3.2.3 will take place in an oven, so the
TGA under air provided more valuable results, because in the oven it was also possible that the fine
glass dust could react with the oxygen in the air.

There are different possibilities for measuring heads and sample carriers. In this research the TG-
DSC set-up was used (see Figure 3.4a). The STA 499 F3 Jupiter runs under Proteus software on
Windows. This software allows to plot the temperature against the mass loss of the sample.

Samples
Samples for the TGA were prepared in a small crucible with a cover, which can be seen in Figure 3.4b.
First the crucible with cover was weighed. Then the fine glass dust was added to the crucible to fill
around half the volume of the crucible. Afterwards, the weight of the crucible and material was mea-
sured again. The amount of material that was used for this analysis is around 20-30 mg. If the crucible
was filled with material and the cover was placed on top, then the TGA could start.

Procedure
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(a) Different possible sample carriers for TGA (b) TGA sample with cover TU Delft

Figure 3.4: Sample carriers on the TGA apparatus

The procedure of the TGA started with performing a blank test. In this blank test the crucible with cover
was placed on the sample carrier in the machine without material and the hoisting device was brought
down. Initial gases had to be set until a constant mass was reached and the crucible was heated un-
til the specified temperature. The maximum temperature of heating and also the rate of temperature
increase had to be specified. After the maximum temperature was reached, the temperature dropped
down to the set-point temperature which was 35°C for this machine. During the analysis, gases were
blown by the crucible and the mass loss was measured at the different temperatures. The blank tests
was performed in order to correct the TGA of the sample with the weight change in the crucible over
the different temperatures.

After the blank test was performed the fine glass dust was added to the crucible and the sample
was prepared. The sample was placed on the sample carrier and the TGA was performed under the
same circumstances as the blank test. The results for the sample test were corrected with the results
of the blank test by the Proteus software. This software plotted a graph of the mass loss of the sample
against the temperature.

For this thesis the following TGA was performed for the fine glass dust:
- Under Air: Min. temp = 35°C, Max. temp = 1000°C and temp increase = 10K/min

3.2.3. Heat-treatment of the fine glass dust
The main goal of this investigation was to find a pre-treatment for the fine glass dust that gave compa-
rable results to conventional concrete mixtures as much as possible. The pre-treatment that was used
to remove the organic compounds from the fine glass dust in this thesis was a heat-treatment.

Test set-up
The heat-treatment of the fine glass dust was performed with the Carbolite HTF1700 furnace. The test
set-up of this oven can be seen in Figure 3.5.

This oven allows materials to be heated up to 1700∘C and is connected to a ventilation system which
ensures that sufficient oxygen is available in the oven. This oven also allows for heating under different
pre-determined time programs. With these temperature-time programs it was possible to ramp up until
a certain temperature and stay constant at that temperature for a certain time before continuing with
the temperature rise. For higher temperatures this was important to consider, because unexpected
reactions could occur if the fine glass dust was heated very quickly.

Samples
Sample preparation for the heat-treatment in the oven consisted of filling a large crucible with a batch
of fine glass dust and the mass had to be determined. The largest mass of the fine glass dust that was
possible for heating in the oven at TU Delft and with the available crucible was around 500 grams. The
crucible had a large surface area and a small depth, which means that there was a large area of fine
glass dust at the surface. (see Figure 3.6).
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(a) Carbolite HTF1700 furnace (b) Inside of the Carbolite HTF1700 furnace

Figure 3.5: Carbolite HTF1700 furnace for heat-treatment of fine glass dust

Figure 3.6: Prepared sample for heat-treatment

This large surface area had the advantage that it was easier for the material to be heated uniformly
and this could possibly lead to shorter heat-treatment times at a given temperature.

Procedure
Based on the TGA under air circumstances the heat-treatment temperatures could be determined. This
was based on the calcination temperature of the fine glass dust. Calcination refers to the removal of
volatile substances or impurities in fine glass dust under elevation temperatures [97]. The TGA under
air could give an indication of which temperatures caused a large mass loss in the fine glass dust.
The goal of testing different heat-treatments was to find the relatively largest mass loss with the lowest
possible temperature and time in the oven. The different temperatures that were tested for the heat-
treatment were determined based on the results of the thermogravimetric analysis (TGA).

After the sample preparation and mass determination, the sample was placed in the oven. Different
temperatures and heat-treatment times were tested. In the first few tests the temperature was gradually
increased by hand with 100∘C every 30 minutes until the specified heat-treatment temperature. After
the heat-treatment time had passed, the oven was cooled down manually. In the next few tests, pre-
determined time programs were considered, because this eliminated the need for manual temperature
change and the oven cooled down automatically afterwards. For these temperature-time programs the
temperature was ramped up by 10∘C each minute until a temperature of 450∘C was reached. At this
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temperature there was a dwell time of 30 minutes before the temperature ramp-up was continued. This
dwell time at 450∘C was chosen so that there was a chance to reach equilibrium for the fine glass dust
after organic compounds were released at lower temperatures. Afterwards, the temperature ramped
up at a rate of 10∘C per minute until the specified end temperature. The temperature was kept con-
stant for the specified heat-treatment time and afterwards the temperature was cooled down until room
temperature.

In the HTF1700 Carbolite oven at the TUDelft it was not allowed to place the fine glass dust directly
in an oven of 600∘C, because this would cause extreme reaction speeds and smoke development.
This caused a risk of explosion and excessive gas development. The temperature-time program was
used to gradually heat the material in the oven. The temperature time program that was used for the
heat-treatment of 600∘C and 1 hour can be described as follows:
- Heating from 0 to 450∘C with 10∘C per minute
- Dwell time of 30 minutes at 450∘C
- Heating from 450 to 600∘C with 10∘C per minute
- Dwell time of 1 hour at 600∘C
- Cooling from 600 to 0∘C with 20∘C per minute

This process is illustrated in Figure 3.7. The dwell time at 450∘C was needed to let the material adjust
to the high temperatures before reaching 600∘C. This also created time to remove organic compounds
from the fine glass dust that were reacting at 450∘C and lower. All the heat-treated fine glass dust that
was used in the continuation of this thesis was prepared in the way that is presented in Figure 3.7

Figure 3.7: Temperature-time program for heat-treatment of 600∘C for 1 hour

For this thesis the following heat-treatment temperatures and times were considered:
450∘C: 1 hour, 3 hours, 6 hours
600∘C: 1 hour, 3 hours, 4 hours, 6 hours, 22 hours
700∘C: 3 hours

After each heat-treatment the mass was measured when the sample was cooled down. This was
used to determine the mass loss of the sample. For each combination of heat-treatment temperature
and time, a minimum of 3 repetitions were performed and the average mass loss was determined.

Determination of organic content
In section 3.1.2 it is declared that the fine glass dust that is delivered from Maltha contains a lot of
organic impurities that have a mitigating effect on the hydration reaction in the mortar. The goal of the
heat-treatment was to remove these organic compounds from the fine glass dust. To investigate the
effectiveness of the heat-treatment the untreated fine glass dust was compared with the heat-treated
fine glass dust. Therefore the organic content of both samples was determined. This organic content
determination was done according to Makowski et al. [70] and Rodriguez et al. [123].

The powder samples were dried in an oven at 105∘C for 24 hours to evaporate all the excess
moisture from the samples. Afterwards, the dried samples were weighed and placed in the HTF1700
oven at 600∘C for 4 hours. After heating the oven was turned off and the sample was allowed to cool
down. After cooling the sample was weighed again and the measured weight loss was recorded as the
amount of organic matter present in the original sample. This procedure was performed for both the
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untreated fine glass dust and the 600∘C heat-treated fine glass dust.

3.2.4. Grinding treatment of the fine glass dust
From section 2.2.2 it can be found in several past experiments that the early age reactivity and poz-
zolanic activity of the fine glass dust can be increased if the particle size is decreased. In this thesis a
grinding treatment was applied to the fine glass dust in order to investigate the effect of different fine-
ness on the mechanical properties of the fine glass dust when it was used in concrete mortar mixtures

Test set-up
The grinding treatment of the fine glass dust was performed with the Eaton QM-30L Ball Mill Machine.
The test set-up of this grinding machine can be seen in Figure 3.8.

(a) Outside of the Ball Mill machine (b) Inside of the Ball Mill machine

Figure 3.8: QM-30L Ball Mill Machine for grinding treatment

This ball milling machine allowed material to be grounded until different particle sizes. The machine
operated by rotating around its axis and thereby crushing balls of different sizes into the fine glass dust.
Rotation speeds could be manually adjusted, for the grinding of the fine glass dust a rotation speed of
55 rotations per minute was used.

Samples
The heat-treated fine glass dust was collected from the Carbolite HTF1700 furnace as described in
section 3.2.3. Afterwards, the powder was directly placed in the milling machine, which was already
filled with the milling balls. This can be seen in Figure 3.9.

Figure 3.9: Fine glass dust with milling balls

After the fine glass dust was placed in the machine the top lid was screwed on very tight to ensure that
no powder could escape while the grinding machine was rotating.
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Procedure
After the top lid was closed, a protective cage had to be placed around the grinding machine. This
was done to ensure the safety of other researchers in that area while the machine was grinding the
fine glass dust. It was assumed that a longer grinding time would result in a finer particle size of the
fine glass dust. In this thesis this assumption was checked by grinding for different time periods and
to investigate the corresponding particle size distribution. In this thesis the grinding time intervals that
were taken into account: 0 hours, 1 hour, 2 hours, 3 hours, 4 hours, 5 hours and 6 hours.

After each hour of grinding, a small batch of fine glass dust was collected from the grinding machine.
This was done by sieving the powder of the milling balls, which is illustrated in Figure 3.10.

(a) Side view of sieve set-up (b) Top view of sieve set-up (c) Sieving powder from the milling balls

Figure 3.10: Grinding treatment sieve set-up

Two different sieves were used on top of each other to collect the milling balls and to allow the grounded
powder to pass through the sieves. The fine glass dust that passed through the sieves was collected
underneath and a small batch of material was collected. The collected material of each grinding time
interval was used to determine the particle size distribution, as announced in section 3.2.1. In this way
the effect of the grinding treatment on the particle size distribution of the fine glass dust was investigated.

Also the company Maltha Glass BV. had performed a grinding treatment on the fine glass dust with
their own ball milling machine. The efficiency of the pre-treatment of the fine glass dust increases if
it was possible to perform at their own company, so this was the reason that also the Maltha ground
material was taken into account in this investigation.

3.2.5. BET specific area analysis
The BET specific surface area (SSA) was determined in order to find the amount of water that would
be attracted to the particles of the fine glass dust. A higher BET surface area of the fine glass dust
means that the particles have a larger surface area where reactions with water or cement particles can
occur [63].

Test set-up
The BET specific surface area analysis in this thesis was performed with the Micromeritcs Gemini VII.
The test set-up of this machine can be seen in Figure 3.11.

This machine allows for rapid surface area measurements and is also capable of measuring low sur-
face area materials. The Gemini system consists of two reservoirs of equal volume that are connected
to an aluminum block for uniformity in temperature. Connected to the reservoirs in the machine are a
balance tube and a sample tube. The sample tube was filled with the material that had to be investi-
gated and the balance tube (reference) was filled with glass beads with a volume equal to the material
in the sample tube. A liquid coolant dewar was filled with liquid nitrogen and was raised towards the
tubes with a small elevator.

Samples
For the sample preparation a heated tube was collected from an oven at around 80°C. This tube was
filled with a small amount of fine glass dust (around 3-5 grams). The weight was measured and after-
wards the sample tube was connected to the Gemini VII machine. This was done by connecting first
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Figure 3.11: Micromeritcs Gemini VII for BET analysis

the connector nut, then the ferrule and finally the rubber O-ring (see Figure 3.12).

Figure 3.12: Sample preparation for BET analysis

Then the dewar was filled with liquid nitrogen and was placed in the chamber on the elevator. Two
plastic half-lids were placed on both the tubes and the door of the sample compartment was closed.

Procedure
Before the BET analysis could start, the tubes had to be in a vacuum. This was the initializing step of
the analysis. If the pressure in the tubes was zero and the vacuum was reached, then the dewar with
liquid nitrogen was lifted upwards. This was done so that the balance tube and the sample tube were
fully in the dewar. During the BET analysis gases flowed from the reservoirs through the balance tube
and the sample tube and the amount of gas absorption in the sample was measured. The rate of gas
flow equals the rate of absorption of gas by the sample. An important benefit of this absorptive-rate
technique was the increase in analysis speed. At some point, the rate of flow from the sample reservoir
(which equals the rate of absorption) falls below a specific level, which signals that equilibrium was
reached at the current pressure. Then the sequence started again with an increase in pressure until
the highest relative pressure in the pressure table has been reached.

For this thesis a BET analysis was performed for the untreated fine glass dust and for 600∘C heat-
treated fine glass dust with and without grinding treatment. The goal was to find the influence of heating



36 3. Raw material characterization and optimal pre-treatment for the fine glass dust

and grinding on the specific surface area of the material. Heating removed the organic compounds and
impurities from the fine glass dust and grinding lowered the particle sizes of the fine glass dust, so both
these pre-treatments were expected to have a positive influence on the BET specific area of the fine
glass dust.

3.2.6. XRD analysis
With XRD analysis it was possible to determine the presence of crystalline compounds in the fine glass
dust [129]. The influence of the pre-treatment on the crystalline compounds in the XRD results of the
fine glass dust was also important to investigate, because this could give a possible explanation for
changing behavior of the fine glass dust after heat-treatment.

Test set-up
The XRD analysis in this thesis was performed with the Philips PW 1830 X-ray Diffractometer. The test
set-up of this machine can be seen in Figure 3.13.

Figure 3.13: Philips PW 1830 X-ray Diffractometer

X-ray diffraction is a non-destructive analytical technique for the identification of various crystalline
forms present in the fine glass dust. These crystalline forms are known as phases or compounds. This
can be done by comparing the X-ray diffraction pattern from the machine with international databases
with known diffraction patterns for all possible crystalline phases. Also the amorphous content of the
material can be determined [129][34].

Samples
The sample preparation for the XRD analysis started with placing the thin part of the crucible on a glass
plate (see Figure 3.14).

Figure 3.14: Preparation for XRD sample

A small amount of fine glass dust was placed in the circular opening of the crucible. The material was
compacted by pressing hard with a steel spatula. Afterwards, the pressed material was broken with
a small knife a brought back to the circular opening in the crucible. Now the material was compacted
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again by pressing with the spatula. This process was repeated 5 times. Then the excess material was
removed from the crucible and the ticker part of the crucible was connected on top. The sample was
prepared sufficiently if the crucible could be moved without material dropping out.

Procedure
The XRD analysis started by placing the prepared sample in the machine. During the analysis X-ray
beams were sent towards the sample from an X-ray tube. The incoming angle was given by θ. The
sample of fine glass dust reflected the incoming X-ray beam and the angle of the reflected outgoing
X-ray beam was given by 2θ. Each compound in the sample had its own diffraction angle 2θ. During
the analysis the machine detected the diffraction angles and counted the number of hits for each angle.
After the analysis the number of hits could be plotted against the diffraction angle 2θ and the result of
this XRD measurement is called a diffractogram [34]. The diffractogram showed present phases in the
sample material with sharp peaks in intensity. Amorphous compounds were given with a very broad
background hump.

Fine glass dust is a by-product of the glass recycling industry. The expectation was to see a large
number of amorphous compounds in the material. The high amorphous silica content of the fine glass
dust provides interesting pozzolanic properties when it is used as a cement replacement [120]. It was
important to check if the heat-treatment of 600∘C did not cause a change in the amorphous amount
of the fine glass dust and caused a lot of reactive crystalline phases to originate. This could be the
case if some compounds in the fine glass dust react with oxygen in the oven at high temperatures.
To check the possible change in the amorphous content and crystalline phases of the fine glass dust
after heat-treatment, an XRD analysis was performed for the untreated fine glass dust and the 600∘C
heat-treated fine glass dust and the results were compared.

3.2.7. Mix design
To investigate the influence of the fine glass dust pre-treatments on the properties of concrete mortar
different mixtures were developed. To isolate the influence of the pre-treatments without other changing
factors in the mixtures, a fixed amount of fine glass dust was used to replace Portland cement. In this
part of the thesis a fixed amount of 15% fine glass dust was used. To investigate the effect of the
heat-treatment on the fine glass dust, Mix 1 - Mix 3 could be used. To investigate the effect of the
grinding treatment, Mix 4 - Mix 6 could be used. The goal of this investigation was to find the most
efficient combination of pre-treatments so that the glass dust mortar had similar performance as the
reference mix mortar (Mix 1) as much as possible. From Table 3.1 it could be seen that all mixtures
used a water/binder ratio of 0.5 and a sand/binder ratio of 3. These values were chosen as constant
in order to investigate only the influence of heat-treatment and grinding treatment of the fine glass dust
(FGD) when it was used in concrete mortar mixture. CEN standard sand was used, which was based
on NEN-EN 196-1 [106]. For the Portland cement (PC) CEM I 42,5N was used. An overview of the
different mix designs is given in Table 3.1:

Mix PC FGD Sand Water Type of pre-treatment

Mix 1 100 0 300 50 -
Mix 2 85 15 300 50 -
Mix 3 85 15 300 50 600∘C heat-treatment
Mix 4 85 15 300 50 600∘C heat-treatment and Maltha grinding treatment
Mix 5 85 15 300 50 600∘C heat-treatment and 1 hour grinding treatment
Mix 6 85 15 300 50 600∘C heat-treatment and 6 hours grinding treatment

Table 3.1: Mix compositions for investigating the effect of pre-treatments (% of binder mass)

The mortar mixtures were prepared with the Hobart N-50 mortar mixer (see Figure 3.15). This mixer
has a capacity of 5 liters and is ideally used for the preparation of small to medium quantities of mortar
mixture.

The mixtures were prepared by first measuring the required raw materials precisely. Then the dry
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Figure 3.15: Hobart N-50 mortar mixer at TUDelft

materials (CEN sand, CEM I 42,5N and fine glass dust) were mixed for one minute at the lowest speed
(speed 1). It had to be checked manually if all the materials were mixed properly. Secondly the water
could be slowly added while mixing on speed 1. When the water was added, the start of mixing time
was determined and there had to be mixed for 1 minute. Afterwards, the material had to be scraped
off from the sides of the bowl manually and finally there was mixed once again for 1 minute at speed 2
to ensure proper mixing of all the materials and to complete the preparation of the mortar mixtures.

3.2.8. Slump and Slump flow test
The slump and slump flow tests were good indicators to check the workability and flowability of the de-
signed mixtures. For the different mixtures in section 3.2.7 it was investigated what was the influence
of the pre-treatment of the fine glass dust on the slump and slump flow values.

Test set-up
The slump and slump flow tests in this thesis were performed with the Intertest Benelux Compaction
table for mini slump test. The test set-up can be seen in Figure 3.16.

Figure 3.16: Set-up on compaction table for mini slump test

This test set-up consists of a compaction table and a mini Hägermann cone. The compaction table has
a diameter of 30 cm and the Hägermann cone has a height of 6 cm. At the top the cone has a diameter
of 7 cm and at the bottom the diameter is 10 cm. The Hägermann cone has to be oiled before use to
minimize friction between the mortar mixture and the surface of the cone.
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Samples
The samples for the slump and slump flow test were prepared by filling the Hägermann cone with the
concrete mixture. The mortar mixture for the samples was prepared conform NEN-EN 196-3 par. 5.2.1
[107]. After the mixture was prepared, the mortar was transferred immediately to the mould. Any voids
were removed from the mortar by compacting the material with a compacting stick 20 times. Excess
material was removed from the top of the mould with a sawing motion, which resulted in a smooth upper
surface of the prepared sample in the completely filled Hägermann cone (see Figure 3.17a).

(a) Filled mould for the slump test (b) Slump test after removing the mould

Figure 3.17: Slump test for mortar mixtures

Procedure
After the samples were prepared the slump test was performed by removing the Hägermann mould
from the compaction table. This can be seen in Figure 3.17b. The mortar mixture slumps and the
height of the mortar after removing the mould was measured from the compaction table to the top of
the mortar. The average measured height of the cone after removing the mould is called the slump
value of the mixture.
After the slump value was measured, the slump flow test could be performed on the same sample.
This was done by turning the compaction table on and dropping the compaction table 25 times. After
25 drops the compaction table was turned off and the flow diameter of the sample was measured.
Measurements were taken in different directions and the average value was calculated. The result of
a slump flow test can be seen in Figure 3.18.

Figure 3.18: Slump flow test after 25 drops of the compaction table

The different mixtures were described in section 3.2.7. For each mixture 3 repetitions were performed
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so that the mean could be calculated. Comparing the results of the different mixtures could describe
the influence of heat-treatment and grinding treatment of the fine glass dust on the workability and
flowability of the mortar mixtures.

3.2.9. Initial setting time test
Initial setting time of the mixture was important to investigate, because it described the stiffening of
the mortar after adding water to the cementitious materials. This could indicate the influence of pre-
treatment on the early-age reactivity of the fine glass dust in concrete mortar.

Test set-up
The initial setting time tests in this thesis were performed with the Controls Vicamatic 2 machine. The
test set-up can be seen in Figure 3.19.

Figure 3.19: Controls Vicamatic 2 machine at TUDelft

The Vicamatic 2 is an Automatic Vicat Apparatus where the material is placed in a mould and a plunger
with needle drops into the mortar mixture at regular intervals and in fixed positions. According to NEN-
EN 196-3 [107] the plunger has to have a total mass of 300 g and the movement should be truly vertical
without significant friction. The Vicat mould to contain the material during the test is made of hard rub-
ber in a truncated conical form of 40,0 mm deep. Under the Vicat mould a rigid glass base plate of 2,5
mm thick is placed to contain the material during the test.

Samples
Before mixing the raw materials, the mould had to be prepared. This was done by placing the Vicat
mould on the glass base plate and placing the white ring around the base plate. A thin layer of protec-
tive film was placed on the Vicat mould, to prevent stiffened material from sticking to the Vicat mould.
Because of this film the Vicat mould could be easily cleaned afterwards. The result can be seen in
Figure 3.20a.

The mortar mixture for the samples was prepared conform NEN-EN 196-3 par. 5.2.1 [107]. It was
important that the starting time of mixing is noted. After the mixture was prepared, the mortar was
transferred immediately to the mould. Any voids were removed from the paste by compacting the ma-
terial by hand. Excess material was removed from the mould with a sawing motion, which resulted in
a smooth upper surface of the prepared sample (see Figure 3.20b).

Procedure
The prepared sample was placed in the Vicat Apparatus. This was done by connecting the white ring
to the base plate of the testing machine (see Figure 3.19). On the interface display of the testing ma-
chine an automatic testing program was chosen. This program determines at which time interval from



3.2. Materials and Methods 41

(a) Vicat mould empty (b) Vicat mould full

Figure 3.20: Preparation of samples for the Vicat test

the start of mixing time and at which locations the needle dropped into the mortar mixture. Before
starting the measurements the needle needed to be oiled up, to prevent the material from sticking and
hardening at the needle. This could affect future tests with the same machine. Penetration depth of
the needle was measured by a sensor with a resolution of 0,1 mm at each drop of the needle. Due to
the stiffening process in the mortar mixture over time, the penetration depth decreased and the results
were recorded. The initial setting time can be determined as the time when the penetration depth is
lower than 36,5 mm [27]. It had to be taken into account that there was a margin of error in the testing
machine, because it was possible that penetration of the needle was hindered due to for example large
particles. This would result in a low penetration depth, while the material was not hardened enough.
This was taken into account with the processing of the results. At the end of the test the pattern of
needle drops could be clearly seen in the mortar sample in Figure 3.21.

Figure 3.21: Finished Vicat test

The different mixtures were presented in section 3.2.7. For each mixture 3 repetitions were performed
so that the mean could be calculated. Comparing the results of the different mixtures could describe
the influence of pre-treatment of the fine glass dust on the early-age hydration reaction in concrete
mortar mixtures.

3.2.10. Compressive strength test
Compressive strength tests were performed in order to investigate the influence of heat-treatment and
different grinding treatments of fine glass dust on the compressive strength of cast mortar. Compres-
sive strength is a very important hardened property of mortar mixtures. For the development of strength
over time it is important that the compressive strength is measured at different curing times after casting.

Test set-up
The compressive strength tests in this thesis were performed with the Macben Servo Plus Evolution
machine. The test set-up can be seen in Figure 3.22a.
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(a) Overview of the test set-up (b) Loading jig for compressive strength test

Figure 3.22: Macben Servo Plus Evolution at TUDelft for compressive strength test

With the control panel of this machine the type of test can be selected and also the loading rate can be
chosen. Material samples are placed in the loading jig at the left in Figure 3.22a. For the compressive
strength test of the mortar the loading jig that was used can be seen in Figure 3.22b.

Samples
According to the NEN-EN 196-1 [106] the test specimens had to be 40 mm x 40 mm x 160 mm prisms.
After preparation of the mortar, the samples were moulded immediately, directly from the mixing bowl.
The mortar was compacted in the mould by the use of a vibration table. A second layer of mortar was
added to the mould, ensuring that there was a surplus of mortar. After compacting, the excess mortar
was removed with a metal straightedge in a transverse sawing motion. A plastic film was placed over
the top of the moulds for curing in order to prevent too much air and moisture from escaping the mor-
tar during early hydration reaction (see Figure 3.23a). The samples were demoulded 24 hours after
casting. After demoulding the samples were stored in a wet room (20,0 ± 1,0 ∘C and 95% RH) until
compressive strength tests had to be performed (see Figure 3.23b).

Procedure

(a) Plastic film for curing of the mortar (b) Storage of samples in the wet room

Figure 3.23: Curing procedure for mortar prisms

The mixtures and samples were prepared according to NEN-EN 196-1 [106]. Compressive strength
tests were performed for each of the six mixtures that are declared in section 3.2.7. For each mixture
the compressive strength was determined after 3, 7, 28 and 90 days of curing in the wet room. There
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was chosen to test at these curing times because after 1 day not all the mixtures did develop sufficient
strength to be tested and also for the possible pozzolanic reaction of the fine glass dust it was important
to look at the long-term strength behavior. This was mainly because the pozzolanic reaction is a slow
process and will contribute to the later strength development. For each curing age 3 repetitions were
made for each mixture.

NEN-EN 196-1 [106] prescribes that the samples first have to be tested on flexural strength with a
three-point loading method. For the flexural strength test another loading jig (three-point bending jig)
was used in the Macben machine. NEN-EN 196-1 [106] prescribes that the compressive strength test
is carried out on the broken halves from the flexural test. Each prism half is loaded on its side face in
the loading jig for compressive strength. This can be seen in Figure 3.24.

Figure 3.24: Loading jig with sample for compression test

The load was increased smoothly on the sample by a loading rate of 2400 N/s until fracture of the sam-
ple occurred. The compression strength was calculated based on the ultimate load on the sample at
fracture. The result of each individual prism half was recorded and the calculated mean was reported
[47].

Influence of heat-treatment temperature on the compressive strength development
For the compressive strength investigation of the different types of pre-treatments for the fine glass dust
(mix 1 - mix 6) only a heat-treatment of 600∘C was taken into account. 600∘C was found to be the max-
imum temperature at which the fine glass dust can be pre-treated and used as a powder afterwards.
In section 3.2.3 it could be seen that a lot of different heat-treatment temperatures were investigated
in terms of mass loss after heating. It could also be valuable information to look at how these differ-
ent heat-treatment temperatures influenced the development of compressive strength of the mortar. A
lower heat-treatment temperature gave a lower mass loss, which showed that a larger amount of or-
ganic compounds was still present in the fine glass dust which could slow down the hydration reaction.
By performing compressive strength tests on mortar mixtures with different fine glass dust treatment
temperatures, the most optimal heat-treatment could be found in terms of treatment temperature com-
pared to the resulting strength development of the mortar.

The different mixtures that were used for the investigation of the heat-treatment temperature influence
on the compressive strength development are given in Table 3.2. It can be seen from this table that a
constant amount of 15% FGD was used to replace Portland cement and that only heat-treatment was
performed on the fine glass dust. This was done to only investigate the influence of heat-treatment
temperatures on the compressive strength development of the mortar. All the mixtures were tested at
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3, 7 and 28 days of curing and 3 repetitions for each mixture were performed.

Mix PC FGD Sand Water Type of pre-treatment

Mix 0∘C 85 15 300 50 0∘C heat-treatment
Mix 150∘C 85 15 300 50 150∘C heat-treatment
Mix 300∘C 85 15 300 50 300∘C heat-treatment
Mix 450∘C 85 15 300 50 450∘C heat-treatment
Mix 600∘C 85 15 300 50 600∘C heat-treatment

Table 3.2: Mix compositions for investigating the effect of heat-treatment temperature (% of binder mass)

3.3. Results
Section 3.2 gave a description of the different material characterization tests, pre-treatment tests and
tests that were performed after pre-treatment of the fine glass dust. The goal of these tests was to
investigate the influence of fine glass dust and different pre-treatments when it is used as a cement
replacement in mortar mixtures. The goal was to find a pre-treatment method for the fine glass dust
that approaches the result of a standard reference mortar mixture with as high efficiency as possible.
In this section the results of the performed tests are presented in a clear and comprehensible way.

Because of the large number of references to different mix numbers in this section, an overview of
the different mix compositions and pre-treatments that were used in this part of the thesis are given in
Table 3.3. For more detailed information on the mix designs, section 3.2.7 can be accessed.

Mix PC FGD Sand Water Type of pre-treatment

Mix 1 100 0 300 50 -
Mix 2 85 15 300 50 -
Mix 3 85 15 300 50 600∘C heat-treatment
Mix 4 85 15 300 50 600∘C heat-treatment and Maltha grinding treatment
Mix 5 85 15 300 50 600∘C heat-treatment and 1 hour grinding treatment
Mix 6 85 15 300 50 600∘C heat-treatment and 6 hours grinding treatment

Table 3.3: Overview of different mix compositions (% of binder mass)

3.3.1. Particle size distribution
Figure 3.25 shows the results of the particle distribution analysis that was announced in section 3.2.1.
The particle size distribution analysis was performed for the Portland cement type CEM I 42,5N (PC),
the fine glass dust (FGD) and the standard CEN sand. These three components were all the dry
materials that were used in the mix design, as described in section 3.2.7. Portland cement consisted of
the smallest particle sizes, with particles ranging between 1 and 40 𝜇m. The untreated fine glass dust
had larger particle sizes and the distribution of these particles was between 3 and 200 𝜇m. The CEN
sand, which was used as the fine aggregates for the concrete mortar had the largest particle sizes,
ranging between 100 and 2000 𝜇m.

The cumulative particle size distribution of the fine glass dust showed a small number of particles
with sizes <30 𝜇m and the majority of particles ranging between 30 and 200 𝜇m. The D10, D50 and
D90 values of the dry materials are presented in table 3.4. The D10 value of Portland cement (PC)
means that only 10 % of the particles in the sample was smaller than the specified value. The D50 and
D90 values correspond to 50 % and 90 % respectively.

3.3.2. Thermogravimetric analysis
As reported in section 3.2.2 the TGA for the fine glass dust in this thesis was performed under air,
because with the heat-treatment of the fine glass dust it was also heated under oxygen circumstances.
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Figure 3.25: Particle size distribution of cement, fine glass dust and CEN sand

PC FGD CEN sand

D10 2.48 25.98 168.83
D50 14.94 56.29 339.62
D90 29.92 120.15 801.33

Table 3.4: D10, D50 and D90 values of dry components (units are 𝜇m

The main goal of the TGA was to find out at which temperatures there was a significant reduction of
the fine glass dust mass. These were the temperatures at which part of the organic impurities were
removed from the fine glass dust. These impurities had to be removed as much as possible in order
to increase the reactivity of the fine glass dust when it was used as a cement replacement material in
mortar mixtures. The results of the performed TGA under air are presented in Figure 3.26.

Figure 3.26: TGA results under air

The sample with fine glass dust was heated from 30∘C until 1000∘C during this TGA. It could be ob-
served that the mass loss of the fine glass dust was minimal at temperatures between 30 and 200∘C.
The total mass loss over this segment was around 1%. A larger drop in the mass could be noticed at
higher temperatures. Between 200 and 450∘C the mass loss was around 4.5%, which indicated that
a significant amount of organic compounds are removed from the fine glass dust at these temperature
ranges. Between 450 and 650∘C an additional mass loss of 1% could be found from the results. After
650∘C the mass loss was very minimal (<0.5%) until the end point of the thermogravimetric analysis
at 1000∘C. The total mass loss of the fine glass dust over the full temperature interval was 6.8% (see
Figure 3.26).
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3.3.3. Heat-treatment of the fine glass dust
Based on the results that were shown in section 3.3.2, the different heat-treatment temperatures and
heat-treatment times were chosen and this was reported in section 3.2.3. The heat-treatment temper-
atures were chosen based on large mass losses of the fine glass dust during the thermogravimetric
analysis. It is apparent in figure 3.26 that at 450∘C there was a large loss of mass of the fine glass dust
and that after 700∘C almost no mass loss occurred.

The results of the investigation of different heat-treatment temperatures and times are given in figure
3.27. The goal of this investigation was to find a specific heat-treatment that removed the largest amount
of organic compounds as efficiently as possible. This means that for the analysis of the results the total
mass loss of the sample had to be taken into account as well as the temperature and heating time,
because a higher temperature and longer heat-treatment time, means more energy was consumed
during the heat-treatment of the fine glass dust. It was also important to check that the fine glass dust
did not melt during the heat-treatment, because then it would be very difficult to use it in a mortar mixture
without excessive grinding.

Figure 3.27: Comparison of mass loss at different heat-treatment temperatures and times

From Figure 3.27 it is apparent that for a heat-treatment of 700∘C for 1 hour the total mass loss of
the sample was 7.71%. The material that came out of the oven was one solid mass and the material
was kind of melted. It could also be noticed that the material had a slight change of color. The entire
sample that was extracted from the oven had lighter color, which could indicate that some darker organic
compounds were removed from the fine glass dust.

For the next iteration the heat-treatment temperature was declined. Based on the results of sec-
tion 3.3.2 600∘C was chosen, because still a significant mass loss was observed for this temperature.
For the heat-treatment temperature of 600∘C different heat-treatment times were investigated. For all
heat-treatments a minimum of 3 repetitions were performed and the mean value is reported in Figure
3.27. It is noticeable that for different treatment times at 600∘C the mass loss was between 7.48% and
8.02%. Just as for 700∘C, the entire sample that was extracted from the oven had undergone a slight
color change and was a little bit lighter. The difference between 700∘C and 600∘C was that at 600∘C
the material that was collected from the oven was still in powdered form and could be easily used in a
concrete mortar mixture without excessive grinding. For the treatment time of 22 hours it means that
the oven has to be burning all night at high temperatures and the extra mass loss of the fine glass dust
was relatively small compared to a treatment time of 6 hours (7.96% vs 8.02% respectively).

Because 600∘C is still a very high temperature there was also investigated what happened when the
temperature was decreased. A decrease in heat-treatment temperature meant that a lot of energy
could be saved and the efficiency of the treatment could be improved if the same mass loss could be
achieved. Based on Figure 3.26 a lower temperature at which still a significant amount of mass loss
occurred was 450∘C. Therefore 450∘C was taken into account in this investigation for the most optimal
and efficient heat-treatment. Three different heat-treatment times at 450∘C were taken into account
and the results in Figure 3.27 show a mass loss of the fine glass dust between 6.83% and 7.05%
for treatment times between 1 and 6 hours. However the extracted samples from the oven at 450∘C
showed only a slight color change in the top layer of the sample, the bottom layer was completely un-
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changed. It was discovered that there was a part of the material in which the organic impurities were
not yet removed. This was the case for treatment times of 1, 3 and 6 hours.

Heat-treatment temperatures of 150∘C and 300∘C were also investigated to check the influence of
low temperature heat-treatment on the fine glass dust. Heat-treatment at 150∘C resulted in a mass loss
of the fine glass dust between 1.43% and 1.58% between 1 and 6 hours of treatment time. At 150∘C
the temperature was too low to remove a significant part of the organic compounds from the fine glass
dust and the mass loss was mainly caused by evaporation of water from the sample. The low mass
loss at 150∘C heat-treatment was also in agreement with Figure 3.26, in which the results of the TGA
showed a mass loss of around 1% for 150∘C.

Heat-treatment at 300∘C resulted in a mass loss of the fine glass dust between 4.12% and 4.58%
between 1 and 6 hours of treatment time. At 300∘C the heat-treatment was successful in the removal
of part of the organic compounds, but the mass loss was still 46% lower than heat-treatment at 600∘C.

Based on the presented results in Figure 3.27 and the observations that were made on mass loss of
the extracted samples from the oven during this investigation, the most efficient heat-treatment based
on mass loss of the fine glass dust was 600∘C for 1 hour. With this heat-treatment all the material un-
dergoes a slight color change and the material from the oven was still in powdered form. The results of
this investigation presented that at 600∘C, 1 hour was the most efficient heat-treatment time compared
to the other investigated treatment times of 3, 6 and 22 hours. The increase in mass loss for longer
treatment times was smaller than 0.5%. For the continuation of this thesis there was continued to work
with the most optimal and efficient heat-treatment in terms of maximal mass loss of the fine glass dust:
600∘C and 1 hour.

Determination of organic content
In section 3.2.3 it was announced that in order to investigate the effectiveness of the heat-treatment,
the untreated fine glass dust had to be compared with the heat-treated fine glass dust. Therefore the
organic content of both samples had to be determined. The results of the organic content determination
are given in Table 3.5

Temperature (∘C) Mass loss (%)

Untreated FGD 105 1,22
Untreated FGD 600 6,76

600∘C heat-treated FGD 105 0,14
600∘C heat-treated FGD 600 0,16

Table 3.5: Organic content determination of fine glass dust

The organic content was determined based on the method that is given in section 3.2.3 and this
resulted in mass loss of 1.22% for the untreated fine glass dust after 24 hours of drying at 105∘C. The
organic content of the untreated fine glass dust was found to be 6.76% after heating for 4 hours at
600∘C.

The efficiency of the heat-treatment to remove the organic impurities from the fine glass dust is also
shown in Table 3.5. The mass loss after drying at 105∘C was 0.14% for the heat-treated fine glass
dust and the organic content was determined at 0.16% after heating at 600∘C for 4 hours. The results
showed that after the heat-treatment of 600∘C the fine glass dust still contained a very small amount
of organic impurities, but the largest part was effectively removed by the heat treatment. Because of
the heat-treatment at 600∘C the organic content of the fine glass dust was decreased from 6.76% to
0.16%.

3.3.4. Grinding treatment of the fine glass dust
As reported in section 3.2.4 the main goal of the grinding treatment was to increase the fineness of
the fine glass dust particles, because finer glass powder has shown to possess more initial reactivity,
pozzolanic activity and better mitigation against ASR [2][132]. Increased pozzolanic reactivity can ben-
efit the early age strength development of the glass dust concrete and can also contribute to later age
strength development, because secondary C-S-H products are formed by the pozzolanic reaction of



48 3. Raw material characterization and optimal pre-treatment for the fine glass dust

the fine glass dust [113].

The grinding treatment in the Ball Mill machine was performed for different grinding times. For each
of these grinding times a small batch of material was collected and the particle size distribution was
determined and also the D10, D50 and D90 values were determined. In section 3.3.1 it was explained
what D10, D50 and D90 values mean. The results of the particle size distribution analysis after different
grinding times are presented in Figure 3.28a-3.28c. From these results it is apparent that there was
a significant reduction in particle sizes after grinding the fine glass dust. It could be observed that the
ungrinded fine glass dust had the largest values for D10, D50 and D90 and that these values decreased
after grinding. It could also be noticed that a longer grinding time means that the D10, D50 and D90
values decreased. This trend can be seen in Figure 3.28, but the differences in particle sizes between
1 hour grinding and 6 hour grinding were only larger than 15% for the large particles in the D90 values
(6.7% for D10, 8.1% for D50 and 16.1% for D90).

(a) D10 particle size (b) D50 particle size (c) D90 particle size

Figure 3.28: D10, D50 and D90 particle sizes of fine glass dust after different grinding treatments

The D10 values in Figure 3.28a decreased from 10.88 𝜇m for 0 hours to 10.51 𝜇m for 1 hour to 9.81
𝜇m for 6 hours grinding treatment. The D50 values in Figure 3.28b decreased from 20.67 𝜇m for 0
hours to 17.20 𝜇m for 1 hour to 15.81 𝜇m for 6 hours of grinding treatment. The D90 values in Figure
3.28c decreased from 48.96 𝜇m for 0 hours to 39.01 𝜇m for 1 hour to 32.72 𝜇m for 6 hours of grinding
treatment. Observation could be made that the grinding treatment did not very efficiently decrease the
smaller particles of the fine glass dust (only 3.4% decrease in particle size for D10 after 1 hour of grind-
ing), but was much more effective in decreasing the large particles of the fine glass dust, which resulted
in a larger reduction of D50 and D90 values (16.8% and 20.3% decrease in particle size respectively
after 1 hour of grinding).

As declared in section 3.2.4 also Maltha BV had the possibility to perform a grinding treatment at their
own factory. The Maltha ground fine glass dust was also taken into account in the mix design in section
3.2.7 and in the tests on compressive strength, initial setting time and slump/slump flow.

For the different grinding times that were investigated in this section only 1 hour grind and 6 hours
grind were taken into account for the rest of this research to investigate what is the consequence on the
properties of the mortar mixtures was, when ground fine glass dust was used as a cement replacement
in the binder.

3.3.5. BET specific surface area
As reported in section 3.2.5 the main goal of the BET specific surface analysis was to investigate the
effect of the different pre-treatment methods on the BET specific area of the fine glass dust. A large
specific area means that the particles of the fine glass dust have a larger available surface area which
can react during the hydration reaction and pozzolanic reaction in the mortar mixture.

The results of the BET specific surface area analysis are presented in Table 3.6. The untreated
fine glass dust had a BET surface area of 0.8256 cm2/g. After the heat treatment at 600∘C (section
3.2.3) the surface area of the fine glass dust was increased to 0.9347 cm2/g. The removal of organic
compounds by the thermal treatment had a positive impact on the surface area of the fine glass dust.
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If these organic compounds were removed, the surface area of the fine glass dust increased by 13.2%
due to the heat-treatment.

Material BET specific area (cm2/g)

Untreated FGD 0.8256
600∘C heat-treated FGD 0.9347

600∘C heat-treated FGD + 1 hr grinding 2.2232
600∘C heat-treated FGD + 6 hr grinding 2.4931

Table 3.6: Results BET analysis for fine glass dust

After a combination of heat-treatment at 600∘C and a grinding treatment of 1 hour and 6 hours
(section 3.2.4) the surface area increased to 2.2232 and 2.4941 cm2/g respectively. This means that
the grinding treatment in the ball mill machine had a large impact on the BET surface area of the
fine glass dust, which increased by 137.9% and 166.7% after the grinding treatment of 1 and 6 hours
respectively. These findings were also in accordance with the findings in section 3.3.4. The grinding
treatment removed the large particles and led to finer particle size for the fine glass dust. An increased
fineness of the particles means that there were more small particles, which led to a larger available
surface for each gram of material. Based on the results it could be reported that both the heat-treatment
as well as the grinding treatment were positively influencing the BET specific surface area of the fine
glass dust.

3.3.6. X-Ray Diffraction
The results of the XRD analysis that was described in section 3.2.6 are given in Figure 3.29. The goal
of the XRD analysis was to determine if the fine glass dust consisted of amorphous silica and also to
check whether the heat-treatment of 600∘C did lead to an increase in the number of crystalline phases
present. These crystalline phases could have a negative effect on the reactivity of the fine glass dust
and therefore on the strength development when the fine glass dust was used in mortar mixtures as
Portland cement replacement.

(a) XRD analysis of unheated fine glass dust (b) XRD analysis of 600∘C heat-treated fine glass dust

Figure 3.29: Results XRD analysis of fine glass dust

In Figure 3.29a the diffraction angle 2𝜃 is plotted against the peak intensity for the unheated glass
powder. As expected and described in section 2.1 the unheated fine glass dust contained large amounts
of amorphous silica. The results showed a broad, amorphous ”mountain” between 2𝜃 values of 5 and
70, instead of a graph with sharp peaks. Sharp peaks in intensities would indicate the presence of
specific crystalline compounds in the fine glass dust, but the majority of the peak intensities were in the
same order and there were almost no specific 2𝜃 values at which a sharp peak could be observed. From
Figure 3.29a only a small peak could be noticed around the 2𝜃 value of 26.616. Solving Bragg’s Law
for the interplanar d-spacing from the 2𝜃 value, led to the crystalline phase of SiO2 that was present in
very small amounts [97]. The major part consisted of amorphous silica and this was also in accordance
with the findings of SGS Intron [48] in Figure 2.2.

In Figure 3.29b the XRD analysis results of the 600∘C heat-treated fine glass dust are displayed. In
this graph also 2𝜃 was plotted against the peak intensity. For the heat-treated fine glass dust it could
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also be seen that the major part consisted of amorphous silica and that almost no sharp peak intensi-
ties could be observed. Also in this case a small peak at a 2𝜃 value of 26.616 could be noticed, which
showed a small amount of SiO2 that was present in crystalline form [97].

In Figure 3.30 the results of the XRD analysis of the unheated and heat-treated fine glass dust are
plotted together in one figure. In this comparison it can be clearly seen that the heat-treatment of the
fine glass dust at 600∘C did not influence the amorphous silica content and did also not lead to the
formation of new crystalline phases under the high temperatures in the oven. The small peak for the
crystalline phases of SiO2 occurred at exactly the same position and was in the same order of peak
intensity.

Figure 3.30: XRD analysis comparison of unheated and heat-treated fine glass dust

3.3.7. Slump and Slump flow
Slump and slump flow tests were performed for mix 1 - mix 6. The test procedure was explained in
section 3.2.8 and the goal of the slump and slump flow tests was to investigate how the fresh-state
properties of the mortar mixtures changed when fine glass dust was added to the mixture. Also the
influence of the different pre-treatments of the fine glass dust on the fresh-state behaviour could be
investigated.

The results of the slump test are presented in Figure 3.31. For each mixture 3 repetitions were
performed and the slump value for each mixture was measured directly after mixing. The slump value
was defined as the height after removing the Hägermann cone from the mixture, so a lower slump value
meant a larger decrease in height after removing the cone.
The average slump value for the reference mixture (mix 1) was 5.57 cm. If untreated fine glass dust
was implemented in the mixture (mix 2) the slump value decreased to 5.37 cm. All the mixtures with
heat-treated and/or ground fine glass dust had a slump value in a similar range. The mean slump value
for all the mixtures was between 5.67 and 5.27 cm. Between mix 3, mix 5 and mix 6 a small decreasing
trend could be discovered. This showed that a grinding treatment for a longer time resulted in a lower
slump value. However the differences in this noticed trend were not larger than 7%.

The results of the slump flow tests are presented in Figure 3.32. Also for the slump flow tests for
each mixture 3 repetitions were performed directly after performing the slump tests. The slump flow
diameter was measured in 4 different directions after 25 drops of the compaction table and the aver-
age value was taken. The measured slump flow diameter was an indication of the flowability of the
mixtures.
The average slump flow diameter for the reference mixture (mix 1) was 22.17 cm. If untreated fine
glass dust was implemented in the mixture (mix 2) the slump flow diameter decreased to 20.17 cm.
This meant that the flowability of the mortar mixture slightly decreased by 9.0% if untreated fine glass
dust was used as cement replacement in the mixture. For the different pre-treatments (mix 3 - mix 6)
the slump flow diameter increased from the untreated fine glass dust mixture, but this difference was
a maximum of 2.9%; an increase from 20.17 cm to 20.75 cm for 600∘C heat-treatment and 6 hours
grinding treatment.
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Figure 3.31: Slump results for mix 1-6

Based on the results of the slump and slump flow tests it could be declared that the different pre-
treatments and replacement of Portland cement with fine glass dust at 15% had little influence on the
investigated fresh-state properties of the mortar mixtures. Similar slump values were found for all differ-
ent mixtures (maximum 7% difference) and for the slump flow diameter a decrease could be observed
if fine glass dust was implemented in the mixtures compared to the reference mixture, but this differ-
ence was not very significant, only a reduction of maximum 9%. Between the different pre-treatment
methods (Mix 2-Mix 6) the differences in slump flow values were even smaller than 3%.

3.3.8. Initial setting time
Initial setting time tests as described in section 3.2.9 were performed for mix 1 till mix 6. The goal of
the initial setting time tests was to investigate the early stage reactivity of the mortar mixtures where
fine glass dust with different pre-treatments was implemented in the binder. A comparison of the initial
setting times of the different mixtures could say something about the early stiffness development after
mixing. For each mixture 3 repetitions were performed and the results of the Vicat tests are presented
in Figure 3.33.
The reference mixture without fine glass dust (mix 1) had a mean initial setting time of 219.67 minutes.
If fine glass dust was added to the mixture without pre-treatment (mix 2), then the initial setting time
increased to an average value of 303 minutes. This increase in initial setting time of 37.9% meant that
the stiffness development was slower than for the reference mixture. In section 3.3.3 it was shown that
the heat-treatment of 600∘C could effectively reduce the number of organic compounds. This was in
agreement with the findings in Figure 3.33, where mix 3 had a mean initial setting time of 208 minutes,
which was a reduction of initial setting time of 31.3% compared to the untreated fine glass dust. The
initial setting time of mix 3 was in the same order as the initial setting time of the reference mix.

The results of mix 4 - mix 6 showed that a heating + grinding treatment led to a slight decrease
in the setting time. Additional grinding treatment after heating caused the initial setting time to reduce
to 179 and 166 minutes, which was a decrease of 13.9%-20.2% from mix 3 with only heat-treatment.
This meant that the increased fineness of the particle sizes could lead to increased reactivity of the
fine glass dust and therefore a faster stiffness development. After heating and grinding treatments in
all mixtures (mix 4 - mix 6) the initial setting time was lower than for the reference mixture. The results
from Figure 3.33 showed that both heat-treatment and grinding treatment led to a higher reactivity and
a faster stiffness development for the mortar mixtures when fine glass dust was implemented. This
was also in accordance with the findings in sections 3.3.5 and 3.3.9.
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Figure 3.32: Slump flow results for mix 1-6

3.3.9. Compressive strength
As reported in section 3.2.10 compressive strength tests had to be performed in order to investigate
the influence of heat-treatment and different grinding treatments of fine glass dust on the compressive
strength of mortar mixtures. In this phase of the thesis the goal was to find the optimal pre-treatment for
the fine glass dust with as little time and energy consumption as possible. In order to find the most effi-
cient combination of heat-treatment and grinding treatment, different mix designs were developed. The
mix designs that were investigated in this part of the thesis were described in section 3.2.7 and given
in Table 3.7. Here the percentage replacement of Portland cement (PC) with fine glass dust (FGD) and
all other material ratios were constant in order to only investigate the influence of pre-treatment of the
fine glass dust.

Mix PC FGD Sand Water Type of pre-treatment

Mix 1 100 0 300 50 -
Mix 2 85 15 300 50 -
Mix 3 85 15 300 50 600∘C heat-treatment
Mix 4 85 15 300 50 600∘C heat-treatment and Maltha grinding treatment
Mix 5 85 15 300 50 600∘C heat-treatment and 1 hour grinding treatment
Mix 6 85 15 300 50 600∘C heat-treatment and 6 hours grinding treatment

Table 3.7: Overview of different mix compositions (% of binder mass)

Casting session I
The results of the compressive strength tests on mold-cast mortar for the different mix designs are
displayed in Figure 3.34. Compressive strength tests were performed at 3, 7, 28 and 90 days. 90 days
compressive strength was taken into account because the possible pozzolanic reaction of the fine glass
dust is a slow reaction that could contribute to the secondary formation of C-S-H and therefore later
stage strength development of the mortar. If the fine glass dust performed pozzolanic activity, then this
could be assessed after 90 days of curing. This was discussed in more detail in sections 2.2.2 and
3.2.10.

For all curing ages 6 repetitions were performed for each mixture. The mean value of these results
is presented in Figure 3.34 as well as the variation around the mean value. The reference mix without
fine glass dust (Mix 1) had a mean compressive strength of 16.15 Mpa after 3 days, which increased to
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Figure 3.33: Initial setting time results for mix 1-6

24.73 MPa after 7 days, 37.86 MPa at 28 days and 41.98 MPa at 90 days. It was noticeable that early
age strength development was fast for the reference mixture compared to the other mixtures, where
fine glass dust was used to partially replace Portland cement.

From Figure 3.34 it can be seen that both mix 2 and mix 4 resulted in low strength development. For
mix 2 this was expected, because this mix had untreated FGD. Mix 4 had FGD that was heat-treated
and ground by Maltha, but provided very low strength development. Mix 3, mix 5 and mix 6 resulted in
higher strength development. The additional grinding treatment for mix 5 and 6 caused a fast strength
development after 3 days of curing, compared to mix 3. At longer curing ages the differences were
small and mix 3, mix 5 and mix 6 reached compressive strength values of 28-31 MPa after 28 days of
curing and 36-39 MPa after 90 days of curing.

Compared to the reference mix it can be seen in Figure 3.34 that the mixtures with FGD as cement
replacement had lower strength development than the reference mix for all curing ages. Mix 3, mix 5
and mix 6 provided the best results in terms of strength development relative to the reference mix (see
Table 3.8). For all investigated curing ages mix 3 with heat-treated FGD reached a relative compressive
strength of 73-92% compared to the reference mix. Mix 5 and 6 with heat-treated and ground FGD
reached a relative compressive strength of 92-95% after 3 days of curing, but for longer curing ages
between 7 and 90 days this percentage dropped to 76-90% compared to the reference mix.

As discussed in section 3.2.10 the fine glass dust could possibly possess any pozzolanic behaviour.
Pozzolanic activity of the FGD would mean that there was a slow reaction of secondary C-S-H forma-
tion, which caused long-term strength development. When the relative compressive strength percent-
ages in Table 3.8 are reviewed it can be stated that there was higher strength development at curing
ages of 90 days for the mixtures with FGD. For mix 3 with the heat-treated FGD an increase in relative
strength could be observed and also the mixtures 5 and 6 with heat-treated and ground FGD showed
an observable increase after 90 days of curing. The goal of the compressive strength test was to inves-

Curing age Mix 2 Mix 3 Mix 4 Mix 5 Mix 6

3 days 62 73 70 92 95
7 days 65 78 69 84 88
28 days 61 84 66 79 76
90 days 68 92 65 86 90

Table 3.8: Compressive strength relative to reference mix (%)
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tigate what was the influence of different fine glass dust pre-treatments on the compressive strength
development of mortar where Portland cement was replaced with FGD. The results showed that un-
treated FGD (mix 2) provided the worst results, followed by the grinding treatment by Maltha (mix 4).
Heat-treatment of the FGD (mix 3) provided a significant increase in strength development compared
to the untreated FGD. Grinding of the FGD in addition to the heat-treatment (mix 5 and 6) provided an
increase in compressive strength development at an early curing age. The difference between 1 hour
and 6 hours of grinding was negligible. Therefore the most promising mixtures to further investigate
based on the compressive strength results were mix 3 and mix 5.

Figure 3.34: Compressive strength results for mix 1-6 at different curing ages

Casting session II
The casting process of mix 1-3 and mix 4-6 was two weeks apart, therefore different casting circum-
stances or differences in casting quality could be a possible influence on the results of casting session
I. To increase the validity of the results and to eliminate the possibility of differences in casting circum-
stances mix 1, mix 3 and mix 5 were cast again, but all on the same day to ensure equal casting quality.
The mixtures were cast with cement type CEM I 52.5R, because in Chapter 5 the focus of the research
will be on 3D Concrete printing and CEM I 52.5R is generally used for this. The mix design for the
validating casting session II is given in Table 3.9. The replacement percentage of FGD in the binder
was kept constant at 15%, just as for the first casting session. Also sand/binder ratio was kept at 3,
water/binder ratio was kept at 0.5 and standard CEN Sand was used as fine aggregates.

Mix PC FGD CEN Sand Water Type of pre-treatment

Mix 1-2 100 0 300 50 -
Mix 3-2 85 15 300 50 600∘C heat-treatment
Mix 5-2 85 15 300 50 600∘C heat-treatment and 1 hr grinding treatment

Table 3.9: Mix compositions for validation casting session II (% of binder mass)

After casting the mortar prisms, compressive strength test was performed again for 3 days, 7 days,
28 days and 56 days of curing. For each mixture 6 repetitions were performed for all the curing ages
and the mean value was reported. The goal of these renewed tests was to validate the results that
are shown in Figure 3.34 and to eliminate casting differences as much as possible. The results of the
compressive strength test for casting session II are presented in Figure 3.35.
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Figure 3.35: Compressive strength development for Mix 1, Mix 3 and Mix 5 in casting session II

After 3 days of curing the reference Mix 1-2 had developed a strength of 32.01 MPa. The rapid strength
gain at early age was caused by the cement type CEM I 52.5R that was used. This cement type has a
higher cement strength class than CEM I 42.5N and also has high early strength gain, compared to the
normal early strength gain for CEM I 42.5N (Rapid vs Normal). From Figure 3.35 it can be seen that
at early stages the heating + grinding treatment of the fine glass dust in Mix 5-2 caused more strength
gain than only heat-treatment in Mix 3-2. After 3 days Mix 3-2 and Mix 5-2 had a strength of 26.13
and 29.50 MPa respectively. The additional grinding of the fine glass dust caused an increase in the
compressive strength of 12.8% after 3 days.

After 7 days of curing the reference Mix 1-2 had developed a strength of 37.52 MPa. The additional
grinding treatment of the fine glass dust in Mix 5-2 still caused more strength development after 7 days
of curing compared to only heat-treatment in Mix 3-2. After 7 days Mix 3-2 and Mix 5-2 had a strength
of 30.85 and 33.94 respectively, so the additional grinding of the fine glass dust caused an increase in
the compressive strength of 10% after 7 days.

After 28 days of curing the reference Mix 1-2 had developed a strength of 44.32 MPa. From Fig-
ure 3.35 it can be seen that Mix 3-2 and Mix 5-2 showed comparable compressive strength results
after 28 days of curing and had compressive strength values of 40.57 and 40.08 MPa respectively.
After 28 days the additional grinding in Mix 5-2 did not lead to an increase in compressive strength and
gave similar results as Mix 3-2 with only heat-treatment.

After 56 days of curing the reference Mix 1-2 had developed a strength of 45.90 MPa. Mix 3-2 and
Mix 5-2 showed comparable compressive strength results after 28 days of curing and had compres-
sive strength values of 44.16 and 44.20MPa respectively. From Figure 3.35 it can be seen that between
28 and 56 days the increase in strength was larger for the mixtures with FGD than the reference mix
and that 96% of reference strength could be reached by both mix 3-2 and mix 5-2.

In Table 3.10 the relative strength indexes compared to the reference mix 1-2 are presented for Mix
3-2 and Mix 5-2. It can be seen that at curing ages 3 and 7 days the mixture with only heat-treatment
could reach 82% of the reference mix strength, while the mixture with heat-treatment + grinding could
reach a relative strength index of 90-92%. At longer curing ages both Mix 3-2 and Mix 5-2 provided
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similar relative strength indexes and between 90-96% of the reference mix strength could be obtained
when 15% fine glass dust was used to replace CEM I 52.5R in the binder.

Curing age Mix 3-2 Mix 5-2

3 days 82 92
7 days 82 90
28 days 92 90
56 days 96 96

Table 3.10: Compressive strength index relative to reference mix for casting session II (%)

When Figures 3.34 and 3.35 are compared it can be seen that a similar trend could be observed be-
tween Mix 1, Mix 3 and Mix 5 for both casting sessions. For curing ages 3 and 7 days the additional
grinding treatment in Mix 5 could cause an increase in strength development of 10-12%. For curing
ages of 28 days and longer the additional grinding treatment did not lead to higher strength develop-
ment and Mix 3 and Mix 5 provided comparable results. The results of Figure 3.34 were validated
by the results that are shown in Figure 3.35 and potential casting differences that could influence the
results were eliminated as far as possible. For casting session II the mixtures with fine glass dust could
reach up to 90-96% of reference mixture strength.

Influence of heat-treatment temperature on the compressive strength development
In section 3.2.10 it was described that mixtures with different heat-treatment temperatures were tested
on compressive strength. This was done to investigate the influence of heat-treatment temperature on
the compressive strength development of the mortar. 600∘C was found to be the maximum temper-
ature at which the fine glass dust could be pre-treated and used as a powder afterwards. For higher
temperatures the materials melted and was not sufficiently treatable anymore. Lower treatment tem-
peratures could provide energy and cost savings if this provided promising results. The results from
the heat-treatment temperature investigation are shown in Figure 3.36.
The relation between heat-treatment temperature and compressive strength could be clearly seen for

Figure 3.36: Compressive strength development for different heat-treatment temperatures

all curing ages. A higher heat-treatment temperature means that it was more effective for removing
organic compounds, which had a delaying effect on the hydration reaction in the mortar. This had a
positive influence on the compressive strength development. Fine glass dust without heat-treatment
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and fine glass dust with a heat-treatment of 600∘C were already investigated in Figure 3.34 in which
these represented Mix 2 and Mix 3. Figure 3.36 shows that heat-treatment temperatures of 150, 300
and 450∘C provided results that are almost linear between 0 and 600∘C. The mixture with 150∘C heat-
treated fine glass dust provided similar results to the mixture with the untreated fine glass dust for all
curing ages. It could be stated that a heat-treatment temperature of 150∘C was too low to effectively
remove organic compounds from the fine glass dust. Heat-treatment temperatures of 300 and 450∘C
showed a significant increase in compressive strength development and could reach 27.48 and 29.05
MPa after 28 days of curing, which represented an increase of 21.3% and 28.3% respectively com-
pared to the untreated fine glass dust. The mixture with 600∘C heat-treated fine glass dust presented
the highest compressive strength development and could reach 31.35 MPa after 28 days of curing.
This represented an increase of 7.9% compared to the mixture with 450∘C heat-treated fine glass dust.

Based on the provided results from the heat-treatment temperature investigation it could be stated
that a higher treatment temperature provides higher strength development. This could be attributed to
the fact that at higher temperatures more organic compounds were removed from the fine glass dust,
which meant that fewer of these delaying compounds were left to have a slowing effect on the hydration.
Heat-treatment of 600∘C provided the maximum results for the compressive strength while ensuring
that the fine glass dust was sufficiently treatable in powdered form after heating. Lower heat-treatment
temperatures could save energy and therefore costs, but this was matched by a loss of compressive
strength of around 8% between 450 and 600∘C. This was the reason that the 600∘C heat-treatment
was used for all the fine glass dust that was used in the remainder of this thesis.

3.4. Discussions
3.4.1. The effect of different pre-treatment methods for the fine glass dust on

fresh properties
Flowability
The objective of the slump flow test in section 3.3.7 was to find the influence of fine glass dust and
different pre-treatments of this fine glass dust on the flowability of mortar mixtures where 15% of Port-
land cement was replaced by fine glass dust. The results suggest that the slump flow diameter after
25 drops decreased compared to the reference mixture when untreated fine glass dust was used to
replace Portland cement in the binder. This means that adding untreated fine glass dust to the mixture
would enhance shape retention behaviour, but reduces the flowability of the mixture. Pre-treatment of
the fine glass dust in the form of heat-treatment and grinding treatment have shown to increase the
slump flow diameters by very small amounts (see Figure 3.32). This means that the heat-treatment
and a combination of heat-treatment + grinding reduced the shape retention behaviour a little bit, but a
small increase in the flowability of the mixture could be observed. Possible reasons for the changes in
flowability by adding untreated or pre-treated fine glass dust to the mixtures are analyzed in this section.

One possible explanation for the reduced flowability when fine glass dust is used in the mixture is
due to the large number of organic compounds that are present in the untreated fine glass dust. These
organic compounds originate from the production method of fine glass dust and play an important role
for the properties of fine glass dust mortar mixtures. Because of the high amount of organic compounds,
the fine glass dust consists of a lot of irregularities. This high degree of irregularities in the particles
of the fine glass dust decreased the particle packing and caused a lower flowability compared to the
reference mixture where only Portland cement was used in the binder [42]. Due to the heat-treatment
of the fine glass dust part of the organic compounds can be effectively removed. This means that the
flowability of the mixture can be improved by a small amount, but also for the pre-treated fine glass
dust mixtures the flowability is lower than the reference mixture. Once again this can be attributed to
the higher degree of irregularities when fine glass dust is combined with Portland cement in the binder.

The second possible interpretation for the reduced flowability when fine glass dust is used in the mixture
is due to the particle size of the fine glass dust. The untreated fine glass dust has larger particle sizes
than the Portland cement, which was shown in Figure 3.25. This difference in particle sizes leads to a
sub-optimal particle packing, which causes a decrease in the flowability and workability of the mortar
mixtures when untreated fine glass dust is used. Due to the grinding treatment of the fine glass dust
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the particle sizes can be decreased, which leads to an increase in particle packing when fine glass
dust is combined with Portland cement in the binder. A longer grinding time has shown to reduce the
particle sizes and this is also in line with the results of Figure 3.32, where mixtures with longer grinding
times presented higher flowability values. The finer fine glass dust might have contributed to improving
the flowability, which can be explained by the optimization of particle packing in the mixture but also by
the filler effect of the fine particles. This filler effect made the finer particles easier to replace the water
which was enclosed in the voids of the structures in the mortar. The released water is then available to
reduce the friction between the particles and therefore increase the flowability [18]. Even after 6 hours
of grinding there are still differences in particle sizes between the Portland cement and fine glass dust,
which means that the flowability is still lower than the reference mixture.

The findings on the effect of fine glass dust and different pre-treatment methods on the flowability
of the mortar are in agreement with the findings of Lu et al. [69]. In this research waste glass powders
(WGP) with different grinding times were used to replace Portland cement in the binder. It was found
that the WGP with the shortest grinding time had the lowest flowability and the WGP with the longest
grinding time had the highest flowability. So this research also found that the use of fine glass pow-
der reduced the flowability, but this can be improved by grinding the material until finer particle sizes.
However the findings of Lu et al. showed that the flowability of 4 hour ground WGP was similar to the
reference mixture, while in this research 6 hours grinding of the fine glass dust was not enough to reach
comparable values to the reference mixture. This difference can be explained by the fact that the WGP
and the fine glass dust have different particle sizes and irregularities, which both influence the flowa-
bility. Also a different percentage of glass powder was used to replace Portland cement in both studies.

So based on the provided results and discussion about the flowability of fine glass dust mortar mix-
tures it can be indicated that the untreated fine glass dust leads to a reduction of flowability compared
to the reference mixture. Both heat-treatment and grinding treatment lead to small improvements in
flowability, but still lower than the reference mixture in which no fine glass dust is used.

Initial setting time
The objective of the initial setting time test in section 3.3.8 was to find the influence of fine glass dust
and different pre-treatments of this fine glass dust on the initial setting time of mortar mixture where
15% of Portland cement was replaced by fine glass dust. The results indicated that the initial setting
time increased compared to the reference mixture when untreated fine glass dust was used to replace
Portland cement in the binder. This means that the addition of untreated fine glass dust to the mixture
had a negative effect on stiffness development directly after mixing. Pre-treatment of the fine glass dust
in the form of heat-treatment at 600∘C has shown to decrease the initial setting time to comparable lev-
els as the reference mixture. Additional grinding on top of the heat-treatment could reduce the initial
setting time even further, so that the initial setting time of the fine glass dust mixtures was lower and
the stiffness development was faster than the reference mixture. This indicated that the pre-treatment
in the form of heat-treatment and grinding both had a positive influence on the reduction of the initial
setting time. Possible reasons for the changes in initial setting time by adding untreated or pre-treated
fine glass dust to the mixture are analyzed in this section.

One possible interpretation for the increase in initial setting time when untreated fine glass dust was
used to replace Portland cement in the binder is due to the high amount of organic compounds in the
fine glass dust. The main source of stiffness development for the mortar mixtures is the hydration re-
action of the cement. With the hydration reaction the unhydrated cement particles were changed into
hydration reaction products, which formed a crystallized structure called C-S-H gel. The development
of C-S-H gel was the main cause of stiffness development and thus an influence on the initial setting
time. When fine glass dust was used to replace Portland cement this meant that fewer cement particles
were available for hydration, which caused a slower development of C-S-H gel formation [67]. On top
of this came the fact that the fine glass dust consisted of a high amount of organic compounds. These
organic compounds are known to have a delaying effect on the hydration of the cement particles in the
binder. Organic compounds in the fine glass dust can increase the end time of cement hydration in-
duction and delay the occurrence of a secondary exothermic peak in hydration. This indicated that the
organic compounds mainly had a delaying effect on the early stage hydration reaction rate (hydration
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induction and acceleration). This prevented the fast formation of hydration reaction products directly
after mixing and therefore led to a slower stiffness development and a larger initial setting time.

Heat-treatment of the fine glass dust has shown to be efficient in removing the organic compounds
from the fine glass dust in section 3.3.3. After heat-treatment the fine glass dust contains a lower
amount of organic compounds, which means that there is less delay in the hydration reaction, there is
a faster initial formation of C-S-H gel and thus a reduction in the initial setting time.

A second possible explanation for the increase in initial setting time when fine glass dust was used
to replace Portland cement in the binder, is regarding the larger particle size and the smooth surface
of the glass particles in the fine glass dust. The larger difference in particle sizes between the fine
glass dust and the Portland cement and the smooth surface rendered more water available for initial
hydrolysis and this caused an increase in effective water/cement ratio. Cement mortar mixtures with a
higher effective water/cement ratio, take a longer time to form a rigid structure of the cement hydration
products [17]. This resulted in a slower formation of C-S-H gel, a slower stiffness development and
therefore an increase in the initial setting time when fine glass dust is used in the mortar mixture.

Grinding treatment of the fine glass dust has proven to be effective in the reduction of the particle
size in section 3.3.4. The reduced particle size of the fine glass dust after grinding led to a smaller
difference in particle sizes between the Portland cement and the fine glass dust. Therefore the effec-
tive water/cement ratio was decreased and the packing density was increased, which meant that there
was a faster formation of a rigid structure of C-S-H gel. The faster initial hydration reaction caused a
decrease in the initial setting time for mixtures with ground fine glass dust.

The results provided in Figure 3.33 showed that mixtures with heat-treated fine glass dust reached
comparable values to the reference mix, but the mixture with heat-treated + ground fine glass dust
showed initial setting time values that were even lower than the reference mixture with only Portland
cement. This can possibly be justified by the irregular shape of the fine glass dust particles. These
larger irregular particle shapes provided interlocking between the fine glass dust particles to increase
the resistance to penetration during the initial setting time test. Increased resistance to penetration
could result in lower values for the initial setting time for the mixtures with interlocked fine glass dust
particles after the delaying compounds were removed by the heat-treatment.

The findings on the effect of fine glass dust and different pre-treatment methods on the initial setting
time of the mortar are in agreement with the findings of Lu et al. [69], in which waste glass powders
(WGP) with different grinding times were used to replace Portland cement in the binder. It was found
that the longest initial setting time was apparent for the mixture with the shortest grinding time (0.5
hours) and the increase in grinding time had a positive influence on the reduction of the initial setting
time of the mortars. However the findings of Lu et al. [69] showed that all the mortar mixtures with
WGP had a higher initial setting time than the reference mixture with only Portland cement, while in this
study the initial setting time after pre-treatments of the fine glass dust could result in lower initial setting
times than the reference mixture. This can be clarified by the fact that in this research not only grinding
treatment but also an additional heat-treatment was performed on the fine glass dust. As discussed
in this section the heat-treatment was important for removing the delaying organic compounds, which
had a significant impact on the initial hydration reaction rate and therefore the initial setting time.

The study of Matos et al. [73] showed that paste mixtures with 10% and 20% Portland cement
replacement by glass powder (GP) had a slightly shorter initial setting time than the reference mixture.
The initial setting time was reduced by 10 and 15 minutes for the mixtures with 10% and 20% GP re-
spectively. These different results compared to this current research are justified by the fact that the GP
that was used in the study of Matos et al. was finely ground in a milling machine for 48 hours. This is a
lot longer than the maximum grinding time of 6 hours that was investigated in this study. The grinding
treatment of 48 hours resulted in glass powder that had similar particle sizes as the Portland cement
and because of the fine particle sizes a small reduction in the initial setting time could be observed.

So based on the provided results and discussion about the initial setting time of fine glass dust mor-
tar mixtures it can be indicated that the untreated fine glass dust leads to an increase in initial setting
time compared to the reference mixture. Both heat-treatment and grinding treatment of the fine glass
dust lead to faster initial hydration reaction and therefore a reduction of the initial setting time, so that
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comparable or even lower values can be reached for the initial setting time compared to the reference
mixture.

3.4.2. The effect of different pre-treatment methods for the fine glass dust on
the compressive strength development

The objective of the compressive strength test in section 3.3.9 was to find the influence of fine glass
dust and different pre-treatments of this fine glass dust on the compressive strength development of
mortar mixtures where 15% of Portland cement was replaced by fine glass dust. The results of casting
session I suggest that for all curing ages the replacement of 15% Portland cement with untreated fine
glass dust led to a decrease in compressive strength compared to the reference mixture. By performing
a heat-treatment of 600∘C on the fine glass dust the compressive strength development can be sig-
nificantly increased for all curing ages. Additional grinding on top of the heat-treatment resulted in an
increase in compressive strength for early curing ages of 3 and 7 days, but showed comparable results
to only heat-treatment for longer curing ages of 28 and 90 days. These results were in agreement with
the compressive strength results of casting session II, in which all promising mixtures were cast on the
same day to eliminate casting or curing differences. Possible reasons for the changes in compressive
strength development by adding untreated or pre-treated fine glass dust to the mixture are analyzed in
this section.

One potential reason for the decrease in compressive strength development at all investigated cur-
ing ages for the untreated fine glass dust was due to the high amount of organic compounds in the fine
glass dust. As mentioned in section 3.4.1 the organic compounds in the untreated fine glass dust de-
layed the induction phase and acceleration phase of the hydration reaction of the cement and therefore
had a negative influence on the initial reactivity of the mortar and this resulted in a slower initial strength
development. This is in agreement with the findings in section 3.3.8 on the initial setting time of the
mortars. Next to this comes the fact that the fine glass dust replaces part of the Portland cement in the
binder, which means that less Portland cement was available for hydration reaction. This is called the
dilution effect of the fine glass dust. Because of the dilution effect fewer hydration reaction products
could be formed, so this could cause the formation of less dense C-S-H gel structures. This possibly
caused the strength to decrease for the untreated fine glass dust mortars, compared to the reference
mixture.

As described in section 3.4.1 the heat-treatment of the fine glass dust effectively removed part of
the organic compounds and therefore led to a decrease in the delayed effect on hydration for the fine
glass dust. This meant that in the mixtures with heat-treated fine glass dust more reaction products
could be formed at an early stage, because the initial hydration reaction rate was higher. The increased
amount of hydration reaction products formed a dense structure of C-S-H gel, which resulted in a higher
compressive strength development of the mixture with heat-treated fine glass dust, compared to the
untreated fine glass dust. The strength development was still lower than the reference mixture for all
curing ages, because of the dilution effect and thus a lower amount of Portland cement was available
for the formation of hydration products.

Another potential reason for the decrease in compressive strength development at all investigated
curing ages for the untreated fine glass dust was due to the large particle sizes and smoothness of the
glassy particles of the fine glass dust. The large differences in particle sizes caused a sub-optimal par-
ticle packing for the binder, which meant that less dense hydration reaction products could be formed
and therefore a reduction in the compressive strength development could be observed. The smooth
interface of the glass particles in the fine glass dust caused a weak bonding between the glass parti-
cles and the fine aggregates in the mortar. This high smoothness could also have led to microcracks
in the hydrated C-S-H gel that drives to inadequate adhesion among the fine glass dust and cement
interface. This weak bonding between the smooth glass particles, hydration products and the fine
aggregates caused the hydrated cement matrix to have less strength and thus a reduction in the com-
pressive strength could be observed for the untreated fine glass dust mixture compared to the reference
mixture.

As described in section 3.4.1 grinding treatment of the fine glass dust was efficient in reducing the
particle sizes of the fine glass dust, so that the difference in particle sizes between the Portland cement
and the grinded fine glass dust was smaller. This could lead to a more optimal particle packing in the
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binder. This filler effect of the fine particles of the fine glass dust caused the fine particles to replace
water which was enclosed in the voids of the cement matrix in the mortar. This released water could
then be available for the hydration reaction of unhydrated cement particles and therefore accelerate
the compressive stress development at the early stages. This phenomenon could also explain why the
additional grinding treatment of the fine glass dust led to increased compressive stress development
at curing ages of 3 and 7 days, but for longer curing ages the effect of the additional grinding treatment
becomes negligible.

The large differences in compressive strength results for the investigated mixtures might be influenced
by several different factors or errors that were made during the investigation:

• Analytical errors

• Mixing errors

– Wrong material amounts measured
– Improper mixing (agglomeration of particles)
– Different mixing circumstances (temperature differences between days)

• Casting errors

– Improper vibrating or compaction (causing differences in porosity)
– Improper scraping off the excess material from the top of the mould

• Curing errors

– Improper placement of the plastic film during curing in the mould
– Problems in the wet room during curing

• Testing errors

– Different loading rates
– Dry vs wet testing
– Surface impurities causing stress concentrations

During casting session I some of these errors were made and the mixtures were all prepared during
different days. To eliminate most of these errors casting session II was performed, where all the im-
portant mixtures were cast again on the same day and under the same conditions (the only difference
was that CEM I 52.5R was used instead of CEM I 42.5N). Based on the comparison of the results from
casting sessions I and II it can be seen that the trends within the results are largely the same. This
can possibly be clarified by the large number of repetitions that were performed for the compressive
strength test of each sample (minimum of 6 repetitions), which levels out the made errors and the mean
value presents valuable information. The only difference between casting sessions I and II was that
higher relative strength values compared to the reference mix were obtained for casting session II. This
can be attributed to the increased skill in performing the casting procedure after many repetitions, so
for casting session II equal casting procedures were used for all three mixtures.

The reference mixture with Portland cement almost reached its maximum strength after 28 days of
curing, which meant that a significant part of the total hydration is done in the short term until 28 days.
The mixtures with fine glass dust had a slow initial strength development, but at longer curing ages of
56 and 90 days an increase in strength development rate could be observed. For both casting sessions
I and II long-term curing ages caused a small increase in compressive strength development rate com-
pared to the reference mixture. This can be possibly attributed to the slow pozzolanic reaction between
the reactive amorphous silica phases in the fine glass dust and calcium hydroxide (C-H) in the cement
matrix into the secondary formation of calcium silicate hydrate (C-S-H), which slightly enhanced later
age strength development between 28 and 90 days for the mixtures with fine glass dust.

The findings on the effect of fine glass dust and different pre-treatment methods on the compressive
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strength development of the mortar are in agreement with the findings of Boukhelf et al. [15], in which
waste glass powders (WGP) were used to replace Portland cement in the binder. Boukhelf also found
that the replacement of Portland cement withWGP led to a decrease in compressive strength compared
to the reference mixture. Slow early age strength development was observed in the WGP mixtures,
but an increase in later age strength development could be attributed to the pozzolanic reaction of the
WGP. This is also in agreement with the findings of Nassar et al. [82], Nyantaki et al. [86] and Ibrahim
et al. [46], in which low initial reactivity was observed for mixtures with waste glass powder resulting in
lower strength values than the reference mixture, but a small increase in compressive strength devel-
opment rate due to pozzolanic activity of the WGP.

On the other hand research by Omer et al. [87], Kamali et al. [53] and Du et al. [33] showed that
the replacement of Portland cement with glass powders could enhance the compressive strength de-
velopment compared to the reference mixture, mostly for longer curing ages. This can be attributed
to the high pozzolanic activity of the glass powders that were used for these researches. The glass
powders were made from crushing and milling glass bottles until very fine particle sizes, while in this
research the particle sizes after grinding were still larger than the Portland cement particles. Also the
fine glass dust had a high amount of impurities and did not 100% consist of glass particles. This could
be a possible explanation for the lower amount of compressive strength development for the fine glass
dust mixtures in this current research.

So based on the provided results and discussion about the compressive strength development of fine
glass dust mortar mixtures it can be indicated that the untreated fine glass dust leads to a decrease in
compressive strength compared to the reference mixture. Both heat-treatment and grinding treatment
of the fine glass dust lead to improvements in compressive strength, but due to the dilution effect of the
fine glass dust no investigated mixture could reach comparable strength values as the reference mix-
ture. For casting session II relative compressive strength values between 90-96% could be obtained
for the mixture with heat-treated + ground fine glass dust.

3.4.3. Limitations
This section describes the limitations of the study on raw material characterization and optimal pre-
treatment method for fine glass dust. For different aspects of the study the limitations are discussed
and proposals are made in which the study could be improved based on the limitations.

For the heat-treatment of the fine glass dust no treatment times shorter than 1 hour were investigated.
It can be beneficial to investigate shorter heat-treatment times for the fine glass dust to find the minimal
treatment time for which a part of the organic compounds is removed from the sample.

The same volume of fine glass dust and oven was used for the heat-treatment during this entire
study. The fine glass dust was placed in a crucible where around 500 grams could fit in. This was the
largest available crucible at the TU Delft that could fit in the Carbolite HTF1700 furnace. A different
volume of fine glass dust that was heated could lead to other results in terms of mass loss. For a large
volume of fine glass dust it may be more difficult to heat the entire sample, which could lead to longer
heat-treatment times before the organic compounds are successfully removed from the sample.

During this study the heat-treatment temperature of 700∘C was disregarded as a possibility for
heat-treatment of the fine glass dust, because the material melted and was collected from the oven
as one solid mass. Due to insufficient grinding or crushing equipment at the TU Delft this temperature
was too high to ensure the usability of the fine glass dust in mortar mixtures. However the study
could be improved by investigating treatment temperatures above the melting point in combination with
excessive grinding periods afterwards. In this way it can be investigated if higher temperatures may be
more effective in removing organic compounds and activating the pozzolanic activity of the fine glass
dust.

During this study the only method of removing the organic compounds from the fine glass dust was
by heat-treatment temperatures. Other methods like critical CO2 extraction can also be used for the
removal of organic compounds from powdered samples [66]. A combination of heat-treatment and
critical CO2 extraction may provide better results in terms of organic content removal and therefore
activating the fine glass dust in mortar mixtures.
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For both the heat-treatment and grinding treatment of the fine glass dust there was a material capacity
limitation during the study. In the HTF1700 furnace it was possible to only heat around 500 grams of
fine glass dust per day. The oven also had to be shared with other researchers, which reduced the
capacity even more. In the ball milling machine it was possible to grind around 2.5 kg of fine glass dust
per day.

After grinding in the ball mill machine the fine glass dust had to be collected. This was done in this
study by sieving the ground material from the milling balls by hand. Sieves of 1 mm and 0.5 mm were
placed on top of each other and the fine glass dust was sieved from the milling balls. The large sieve
sizes were chosen, because for smaller sieve sizes only small diameter sieves were available which led
to fast clogging of the small sieves, when a lot of material had to be sieved. The consequence of using
the larger sieve sizes, was that after grinding almost all particles smaller than 0.5 mm were collected.
Even though this limitation the grinding treatment showed to be efficient in reducing the particle size of
the fine glass dust. The accuracy of the grinding process could be improved by using smaller sieving
sizes, but this would be at the expense of a large increase in the sieving time.

The particle size distribution analyzer that was used to determine the efficiency of the grinding treat-
ment was not very accurate for small fractions (between 1 and 10𝜇m (the smallest detected value was
10𝜇m). This caused the fact that the effect of grinding on the finest fractions of the fine glass dust was
difficult to observe. This can be improved by using a particle size distribution analyzer which can detect
very fine particle sizes.

For the compressive strength test only mortar prisms are tested on a compression surface of 40x40mm.
This standard testing size was good for the comparison of the different pre-treatments. More valuable
information could be achieved when different scales of compressive strength tests are included. Larger
scale test specimens may lead to other failure mechanisms that could provide valuable information on
the hardened properties and the behaviour of fine glass dust in the mortar.





4
Cement replacement percentage
investigation for fine glass dust

In Chapter 3 the raw material was characterized and the optimal pre-treatment for the recycled fine
glass dust was investigated when fine glass dust is used as a Portland cement replacement in mortar
mixtures. In order to only investigate the influence of the different pre-treatments on the behaviour of
the fine glass dust a constant replacement percentage of 15% was considered for all mixtures that were
investigated in Chapter 3. The most optimal pre-treatment for the fine glass dust was found in terms
of time and energy efficiency and the influence on the fresh and hardened properties of the mortar. In
this chapter this optimal pre-treatment of the fine glass dust was used and it was investigated what is
the influence of different cement replacement percentages for fine glass dust when it is used in mortar
mixtures.

Section 4.1 describes the objective and research plan for the cement replacement percentage in-
vestigation. In section 4.2 the materials and methods for the cement replacement percentage investi-
gation for the fine glass dust are explained in more detail. Section 4.3 and 4.4 presents the results and
discussions about the cement replacement percentage investigation for the fine glass dust.

4.1. Research plan
This section describes the research plan for the cement replacement percentage investigation for fine
glass dust. The goal of this research was to investigate the effect on fresh-state and hardened mortar
properties when different cement replacement percentages by fine glass dust in the binder of mortar
mixtures were used.

From an environmental and financial viewpoint of the glass recycling industry it is preferable to re-
place the largest amount of Portland cement with fine glass dust, while still meeting sufficient strength
requirements. Therefore in this chapter mixtures with different replacement percentages of Portland
cement with fine glass dust were investigated. The goal of this investigation was to find the relation be-
tween different cement replacement percentages and mortar properties when fine glass dust was used
in mortar mixtures. All the fine glass dust that was used for this replacement percentage investigation
had received the most efficient pre-treatment from Chapter 3. This means that all the fine glass dust
had a heat-treatment of 600∘C for 1 hour and a grinding treatment of 1 hour.

To assess the hardened properties of the mixtures with different replacement percentages, compres-
sive strength tests were performed at curing ages of 3 days, 7 days, 28 days and 90 days. The reason
for these curing ages was that the early age strength development was important to take into account,
but because of the possible pozzolanic activity of the fine glass dust in the mortar mixture it was also
important to look at the long-term strength development (90 days). In this way it could be investigated
if the fine glass dust caused secondary strength development due to pozzolanic reactivity and how this
changed the strength development for different replacement percentages.

Next to the compressive strength tests to look at the hardened properties of the mortar mixtures
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also slump and slump flow tests were performed to look at the fresh-state properties of the mixtures
directly after mixing. These tests were performed to investigate the influence of different fine glass
dust replacement percentages on important fresh-state behaviour like workability and flowability of the
mortar mixtures.

Pozzolanic activity test was performed to investigate the potential pozzolanic reaction in the mortar
mixtures when pre-treated fine glass dust was used to replace Portland cement in the binder. Sec-
ondary formations test was performed to investigate the influence of fine glass dust percentage on the
volume stability and the formation of secondary products in the mixtures after casting.

4.2. Material and Methods
This section describes the materials and test methods that were needed for the research plan that is
described in section 4.1. The mix designs that were used for the replacement percentage investigation
are described and for each of the performed tests the background, test set-up, sample preparation
and test procedure are presented. These are based on standards like Eurocode, NEN and ASTM,
combined with the information from the literature study in chapter 2.

4.2.1. Mix design for replacement percentage optimization
In the mix designs that were used in section 3.2.7 for the determination of the optimal pre-treatment
for the fine glass dust a constant replacement percentage of 15% was used for all the mixtures. In this
chapter different replacement percentages were investigated, to find the influence of variable amounts
of fine glass dust in the mortar mixtures on hardened and fresh-state properties. The mix designs that
were used for the replacement percentage optimization are presented in Table 4.1.

Mix PC FGD Sand Water Type of pre-treatment

Mix FGD-0 100 0 300 50 -
Mix FGD-10 90 10 300 50 600∘C heat-treatment and 1 hr grinding treatment
Mix FGD-15 85 15 300 50 600∘C heat-treatment and 1 hr grinding treatment
Mix FGD-20 80 20 300 50 600∘C heat-treatment and 1 hr grinding treatment
Mix FGD-30 70 30 300 50 600∘C heat-treatment and 1 hr grinding treatment
Mix FGD-45 55 45 300 50 600∘C heat-treatment and 1 hr grinding treatment

Table 4.1: Mix compositions for replacement percentage optimization (% of binder mass)

In Table 4.1 it can be seen that 6 different mixtures were investigated for the replacement percentage
optimization. For each mixture the mix compositions were given as a % of the total binder mass. Mix
FGD-0 was the reference mixture with 0% fine glass dust and the other mixtures that were investigated
contained respectively 10%, 15%, 20%, 30% and 45% Portland cement replacement by fine glass dust
(Mix FGD-10 / Mix FGD-45). The different replacement percentages were chosen to investigate the
influence of low-level replacement percentages (10% and 15%), but also to investigate the influence
of high-level replacement percentages (30% and 45%). As described in section 4.1 The goal of this
investigation was to find the relation between different replacement percentages and mortar properties
and therefore also high replacement percentages were included in this investigation.

For all the mixtures the water/binder ratio was kept constant at 0.5 and the sand/binder ratio was
kept constant at 3. This was done to only investigate the effect of changing the replacement percentage
of fine glass dust. If multiple parameters were changing in the mix designs then it was more difficult to
determine what was the influence of the changing replacement percentage. For the Portland cement
(PC) CEM I 42,5N was used and CEN standard sand was used, which is based on NEN-EN 196-1
[106]. It can also be seen from Table 4.1 that all the fine glass dust had a pre-treatment of 600∘C heat-
treatment and 1 hour grinding treatment. This was the most efficient pre-treatment that was concluded
in Chapter 3.
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4.2.2. Slump and slump flow test
Slump and slump flow tests for the replacement percentage investigation were performed with the same
test set-up, samples and procedure as described in section 3.2.8. A small Hägermann cone of 6 cm
was used for the slump tests and a small compaction table with 25 drops was used for the slump flow
tests. For each mixture a minimum of 3 repetitions were performed and the mean value was reported.
The goal of these tests was to find the influence of variable amounts of fine glass dust on the workability
and flowability of the fresh mixtures.

4.2.3. Compressive strength test
Compressive strength tests were performed to investigate the influence of different replacement per-
centages of Portland cement by fine glass dust in cast mortar on the compressive strength. Compres-
sive strength is a very important hardened property for concrete and for the replacement percentage
investigation it was important to determine the relation between replacement percentage and com-
pressive strength. For the development of strength over time it was important that the compressive
strength was measured at different curing times after casting. Compressive strength tests for the re-
placement percentage investigation were performed with the same test set-up, samples and procedure
as described in section 3.2.10.

4.2.4. Pozzolanic activity test
The results that were provided in section 4.3.2 showed a little increase of compressive strength at later
curing ages for all different replacement percentages compared to the reference mixture. In section 2.2
and section 4.1 it was described that a higher strength development at later curing ages of 28 and 90
days could be possibly attributed to the pozzolanic activity of the fine glass dust. The high amount of
amorphous silica that is present in the fine glass dust could provide a pozzolanic reaction in which the
amorphous silica reacts with C-H (Calcium Hydroxide) in the binder matrix to form secondary C-S-H
structures (Calcium Silicate Hydrate). These C-S-H structures that are formed by the slow pozzolanic
reaction can then contribute to later age strength development of the mortar [53] [103] [61]. However
the provided compressive strength results showed a little increase in later age strength development
for high FGD mixtures compared to the reference mixture. This raised the question if the fine glass
dust possesses pozzolanic activity when it was used as a cement replacement in the binder (Type II
addition) or if it only acts as an inert filler material which improved the particle packing, but had no extra
strength contribution (Type I addition) [65].

To determine if the fine glass dust had pozzolanic reactivity when it was used as a cement replacement
in the binder, a pozzolanic activity test was performed. This pozzolanic activity test was based on re-
search that was performed by Li et al. and Chen et al. [68][25]. With this test TGA was performed on
paste samples from different mixtures and the results from the TGA were used to determine if there
was any pozzolanic activity of the fine glass dust by comparing the amount of C-H (calcium hydroxide)
and the amount of H (chemically bound water) after different curing ages. To perform TGA, the paste
samples had to be powdered and hydration had to be stopped after a specific curing age.

Test set-up / Sample preparation
The test set-up for the Thermogravimetric analysis was described in section 3.2.2. The cementitious
paste was made with a small mixing machine, it was stored in small cups and left for curing until the
specified curing age. Then hydration had to be stopped to ensure that hydration did not continue during
the time between powder preparation and TGA testing. The paste sample was then broken into smaller
pieces with the help of a hammer and the smaller pieces were collected. Then the material needed to
be further ground until it was a powder with very fine particle sizes. This was done in a special grinding
bowl, which is shown in Figure 4.1.

The grinding bowl was filled with isopropanol. Isopropanol was used to stop hydration in the paste
sample. The isopropanol enters the pores of the paste sample and pushes all the water out of the
sample and fills the pores with isopropanol. After removal of the excess isopropanol and water that is
pushed out of the sample, the isopropanol evaporates from the pores in the paste and in this way all
the water was removed from the paste and the hydration reaction was unable to continue. The small
pieces of the paste sample were ground in a solution of isopropanol. This process had to be done for
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Figure 4.1: Grinding the paste to a powder in isopropanol

at least 30 minutes to ensure that all the water could be successfully extracted from the sample and
also that there is enough time for grinding so that the particle sizes were fine enough for using the
TGA. After 30 minutes of grinding in isopropanol the excess isopropanol and water were collected in
an Erlenmeyer and removed and the ground paste was filtered out with the use of filter paper.

When all the excess liquid was removed and the ground material was collected in the filter paper,
the filter paper was placed in a small basket in an oven at 40∘C for at least 2 hours to make sure that all
the liquid was removed from the powdered sample and that the isopropanol could successfully evapo-
rate from the pores. After drying the powder could be collected in a plastic zip-lock bag.

For the thermogravimetric analysis the small crucible was filled with around 35 mg of powder and
was placed on the sample carrier (see section 3.2.2). The TGA was performed under Argon condi-
tions with temperatures from 40 to 900∘C with an increase of 10∘C per minute. A gas environment of
30 ml/min argon flow was used. TGA was performed for powdered paste samples of Mixture FGD-0,
which was the reference mix and mixture FGD-15, which had a fine glass dust percentage of 15%. For
both mixtures hydration was stopped after 7, 28 and 56 days of curing, the paste samples were ground
to a powder and thermogravimetric analysis was performed.

Procedure
The results of the thermogravimetric analysis were processed by plotting the mass loss of the samples
against the heating temperature. The DTG curve could be obtained by taking the first derivative of the
TGA curve. The DTG curve represented the relation between the weight loss rate (%/min) and the
temperature. Based on the results of the TGA curve and the DTG curve the pozzolanic activity of the
fine glass dust in the paste could be assessed by comparing the results of the reference mix FGD-0
and mix FGD-15 [68]. If the fine glass dust had any pozzolanic activity then the amount of Calcium hy-
droxide (C-H) would decrease over time and the amount of chemically bound water (H) would increase
over time. Chemically bound water is the water that is chemically bound into reaction products of the
hydration reaction or pozzolanic reaction. An increase in the chemically bound water amount at later
curing ages could indicate secondary C-S-H formation in the paste. By comparing the results of the
two separate mixtures at different curing ages, judgement could be made about whether the fine glass
dust had any pozzolanic activity or not when it was used as a cement replacement in the binder.

4.2.5. Secondary formations test for mixtures with different FGD percentages
The casting sessions from the cementitious mixtures in section 4.3.2 showed that a high amount of
secondary formation occurred in the mixtures where a high replacement percentage of FGD was used
to replace the Portland cement in the binder. During the casting process of mixtures with high FGD
percentage, expansion and volume instability of the mortar was observed. This could be seen as an



4.3. Results 69

upwards curved top surface of the cast mortar prisms after curing with a plastic film for one day. For
some casting sessions even cracking occurred at the top layer, due to high expansion in this area. To
find the influence of the replacement percentage of FGD on the expansion and volume instability of
the mixtures, secondary formations test was performed. The main purpose of this test was to deter-
mine at which FGD percentages the mixtures showed secondary formations in the mixture and also
to determine what is the maximum percentage of FGD that can be used in the mixture without signif-
icant formation of secondary products. Table 4.2 presents the mixtures that were investigated for the
expansion and volume instability test. The investigated mixtures were made in the form of paste, so
only binder and water were included and the fine aggregate portion was excluded.

Cementitious mix CEM I 52.5R FGD Water

FGD-25 750 250 300
FGD-10 900 100 300
FGD-7.5 925 75 300
FGD-0 1000 0 300

Table 4.2: Mix compositions for secondary formations test of cementitious mixture (units are grams for 1 liter of mixture)

From Table 4.2 it can be seen that the following replacement percentages of fine glass dust were
used for the cementitious mixtures: 25, 10, 7.5 and 0%. A water/binder ratio of 0.3 was used for the
mixtures of the secondary formations test, because this would be better in line with the mix designs for
3D Concrete Printing in chapter 5. The goal of the secondary formations test was to find the replace-
ment percentage for which there was no excessive expansion and visible upwards curvature in the top
layer of the paste and no cracking occurred during curing.

Test set-up / Samples
The mixtures that are presented in Table 4.2 were prepared by the small Ultra-Turrax T50 mixer. This
mixer allows for themixing of very small amounts of materials and is therefore suitable for the production
of paste mixtures. Materials were weighed for 0.2L of paste mixture for each replacement percentage
of fine glass dust. First the dry materials were mixed on low speed for 1 minute and then the water was
slowly added while mixing. After all the water was added mixing continued for 2 minutes on low speed
and 1 minute on high speed. After mixing the paste was added into a large closable cup.

Procedure
After the paste mixtures were added to the closable cups the height of the mixture was measured. After
each consecutive day the surface of the paste was observed closely. Measurement photos were taken
from the side and the top of the samples to determine the development of secondary products and
cracks in the paste. Notes were taken at which curing ages the first expansion products and cracks
could be observed for the different paste mixtures.

4.3. Results
4.3.1. Slump and slump flow
The results of the slump test on the mixtures with different replacement percentages are presented
in Figure 4.2. From these results it can be seen that the replacement of Portland cement with fine
glass dust in the binder reduced the slump cone height after removal of the Hägermann cone. A
decreasing trend could be observed for which higher replacement percentages of fine glass dust led to
lower values for the slump cone height. The reference mixture Mix FGD-0 had a mean slump value of
5.57 cm. For FGD replacement percentages of 10-20% the slump cone height decreased to 5.30-5.43
cm, which represented a reduction of around 4% compared to the reference mixture. For higher FGD
replacement percentages of 30 and 45% the slump cone height decreased to 5.23 and 4.70 cm, which
represented a reduction of 6 and 16% respectively.

The results of the slump flow test on the mixtures with different replacement percentages are presented
in Figure 4.3. Also for the slump flow test results, the replacement of Portland cement with fine glass
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Figure 4.2: Slump results for different replacement percentages of FGD

dust in the binder reduced the slump flow diameter after 25 drops of the compaction table for all different
replacement percentages. The reference mixture Mix FGD-0 had a mean slump flow diameter of 22.17
cm. For the different replacement percentages of fine glass dust, no clear trend could be observed.
The reduction of slump flow diameter was the largest for Mix FGD-30 and the smallest for Mix FGD-45,
which resulted in slump flow diameters between 20.0 and 21.5 cm. This represented a reduction of
3-10% compared to the reference mixture.

Figure 4.3: Slump flow results for different replacement percentages of FGD

4.3.2. Compressive strength
As reported in section 4.2.3 compressive strength tests had to be performed to investigate the influence
of different replacement percentages of fine glass dust on the compressive strength development of
mortar mixtures. The different mix designs that were taken into account for this replacement percentage
investigation were presented in section 4.2.1. The results of the compressive strength test that is
described in section 4.2.3 are presented in Figure 4.4.
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Figure 4.4: Compressive strength development for different replacement percentages of FGD

According to the test results that are shown in Figure 4.4, compressive strength decreased for higher
replacement percentages of FGD for all curing ages. Almost all replacement percentages exhibited
lower compressive strength than the reference mixture with 0% FGD in the mixture. Mix FGD-10 was
the only mix that could exceed the strength development of the reference mixture at early curing ages.
Mix FGD-10 reached a mean compressive strength of 16.93 and 28.10 MPa after respectively 3 and
7 days of curing, which was equivalent to 105 and 114% relative to the reference mixture FGD-0. The
relative strength index can be defined as the ratio of compressive strength of mortar compared to the
control mixture (FGD-0). Table 4.3 presents the relative strength indexes for the investigated mixtures.
For longer curing times at 28 and 90 days the relative strength index for Mix FGD-10 decreased to 89
and 94% respectively and after 90 days a strength of 41.27 MPa could be reached for Mix FGD-10.

From Figure 4.4 and Table 4.3 it can be seen that after 3 days of curing Mix FGD-30 and FGD-45
had slow strength development and could only reach 12.08 and 8.22 MPa respectively, which was
equivalent to 75 and 51% relative to the reference mixture. Also for longer curing ages (7, 28 and
90 days) it could be seen that the mixtures FGD-30 and FGD-45 had very low strength development
compared to the reference mixture. The relative strength index for these mixtures is between 44 and
64% for longer curing ages and after 90 days a strength of 26.96 MPa was reached for Mix FGD-30.

Mix FGD-15 and FGD-20 provided similar results in terms of compressive strength development.
After 3 days of curing the strength was 14.91 and 13.34 MPa respectively, which meant a relative
strength index of 92 and 83%. After 7 days of curing both Mix FGD-15 and FGD-20 reached a rela-
tive strength index of 85%. For longer curing ages at 28 and 90 days both mixtures provided relative
strength indexes in the range of 72-86% and after 90 days a strength of 36.05 MPa could be reached
for Mix FGD-15.

When the results of Figure 4.4 and Table 4.3 are reviewed a small strength increase compared to
the reference mixture was observed for the FGD mixtures at curing ages of 90 days. This showed that
the pozzolanic activity of the FGD, which can cause secondary strength development, was potentially
present. For the mixtures with high FGD percentages a significant increase in relative strength per-
centages could be observed between 28 and 90 days of curing. In section 4.2.4 pozzolanic activity test
was performed to validate the results from this section and to determine whether the FGD possesses
a small amount of pozzolanic activity or not.

The goal of the replacement percentage investigation was to research what was the influence of
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Curing age Mix FGD-10 Mix FGD-15 Mix FGD-20 Mix FGD-30 Mix FGD-45

3 days 105 92 83 75 51
7 days 114 84 85 61 47
28 days 89 79 72 58 44
90 days 94 86 81 64 60

Table 4.3: Compressive strength relative to reference mix for different replacement percentages (%)

different FGD replacement percentages on the compressive strength development of the mortar. The
results showed that a higher FGD percentage led to lower compressive strength development for all
investigated curing ages between 3 and 90 days. Only 10% FGD showed higher compressive strength
than the reference mix at early curing ages, but reached around 90% of strength after 28 and 90 days.
A replacement percentage of 20% resulted in 70-85% compressive strength compared to the reference
mix. Higher replacement percentages (30 and 45%) experienced even larger strength reductions with
the investigated mix designs in this chapter.

4.3.3. Pozzolanic activity of the fine glass dust
In this section the TG and DTG results were used to compare the TGA results for the different mixtures
and the boundaries of phases at different curing ages. As described in section 4.2.4 the goal of the TGA
was to quantify the amount of C-H (calcium hydroxide) and H (chemically bound water) in the paste
samples. According to Chen et al. [25], the amount of H in the paste sample could be quantified by the
mass loss between temperatures of 40∘C and 600∘C. The amount of C-H content in the mixture could
be determined by the mass loss between 420∘C and 500∘C, which is the temperature range at which
C-H phases break down. The amount of H and C-H in the paste could be expressed as a percentage
of the dry sample weight at 600∘C. The following equations were used to calculate the amount of H and
C-H based on the TGA results.
H content in the sample (mass percentage):

𝑊𝐻2𝑂 =
𝑀40∘𝐶 −𝑀600∘𝐶

𝑀600∘𝐶
⋅ 100%

C-H content in the sample (mass percentage):

𝑊𝐶𝑎(𝑂𝐻)2 =
𝑀420∘𝐶 −𝑀500∘𝐶

𝑀600∘𝐶
⋅
𝑚𝐶𝑎(𝑂𝐻)2
𝑚𝐻2𝑂

⋅ 100%

Where:
𝑀𝑥∘𝐶 = Mass after heating at x∘ C
𝑚𝐻2𝑂 = Molar mass of Chemically bound water (H) = 18g/mol
𝑚𝐶𝑎(𝑂𝐻)2 = Molar mass of Calcium hydroxide (C-H) = 74g/mol

In Figure 4.5 the results of the TGA of mix FGD-0 (reference mix without FGD) and mix FGD-15 are
presented after curing ages of 7 days, 28 days and 56 days. From Figures 4.5a and 4.5c it can be seen
that large peaks in mass loss occurred between 100 and 200∘C, between 420 and 500∘C and a small
peak of mass loss occurred around 700∘C. For mix FGD-0 the mass loss was larger at longer curing
ages. The total mass loss for mix FGD-0 after heating until 900∘C was 17.93% after 7 days, 21.99%
after 28 days and 22.22% after 56 days.

For mix FGD-15 large peaks of mass loss occurred in the same temperature ranges as for mix
FGD-0 (see Figures 4.5b and 4.5d ). For mix FGD-15 higher curing ages also led to higher mass loss
in the sample, but the difference between curing ages of 28 days and 56 days was slightly larger than
for mix FGD-0. For mix FGD-15 a larger reduction in mass could be observed for higher curing ages.
The total mass loss for mix FGD-15 after heating until 900∘C was 18.48% after 7 days, 20.46% after
28 days and 21.35% after 56 days.

Based on the provided TGA and DTG results in Figure 4.5 the amount of Chemically bound water (H)
and Calcium hydroxide (C-H) was quantified with the help of the formulas mentioned earlier in this
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(a) TGA mix FGD-0 (b) TGA mix FGD-15

(c) DTG mix FGD-0 (d) DTG mix FGD-15

Figure 4.5: TGA results for mix FGD-0 and mix FGD-15 after 7, 28 and 56 days of curing

section. The results of these calculations are presented in Table 4.4. It can be seen that the amount
of chemically bound water increased with curing age for both mixtures. For mix FGD-0 the H content
increased from 17.41 to 22.78 to 23.26% for curing ages of 7, 28 and 56 days. For mix FGD-15 the H
content increased from 18.11 to 20.01 to 20.69% for curing ages of 7, 28 and 56 days. After 7 days
the mixture with 15% FGD had a higher chemically bound water content than the reference mixture,
but at the curing age of 28 days the H amount was higher in the reference mix. It was also observed
that the increase in H between 28 and 56 days was higher for the fine glass dust mixture FGD-15.
Between these curing ages the mixture with FGD developed more chemically bound water. This result
is in agreement with Figure 4.5 which shows a larger increase in mass loss for the FGD-15 mixture
compared to the FGD-0 mixture between 28 and 56 days of curing.

The amount of calcium hydroxide in the paste samples also increased with longer curing ages for
both mixtures. For mix FGD-0 the C-H content increased from 15.08 to 19.61 to 19.70 % for curing
ages of 7, 28 and 56 days. For mix FGD-15 the C-H content increased from 16.67 to 18.83% for curing
ages of 7 and 28 days, but decreased to 18.29% after 56 days of curing. After 7 days the mixture with
FGD had a higher calcium hydroxide content than the reference mixture, but at curing age of 28 days
the C-H amount was higher in the reference mix. It was also observed that between 28 and 56 days
there was an increase in C-H content for mix FGD-0, but a decrease for mix FGD-15. This showed
that calcium hydroxide was consumed at curing ages between 28 and 56 days for the mixture with fine
glass dust.
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Mix Curing age W𝐻2𝑂 (% wt.) W𝐶𝑎(𝑂𝐻)2 (% wt.)

Mix FGD-0 7 days 17.41 15.08
Mix FGD-0 28 days 22.78 19.61
Mix FGD-0 56 days 23.26 19.70
Mix FGD-15 7 days 18.11 16.67
Mix FGD-15 28 days 20.01 18.83
Mix FGD-15 56 days 20.69 18.29

Table 4.4: Chemically bound water and calcium hydroxide content at different curing ages for mix FGD-0 and FGD-15

4.3.4. Secondary formations of cementitious mixtures
In section 4.2.5 it was described how the small amounts of different paste mixtures were prepared for
the secondary formations test and the mix designs can be found in Table 4.2. Directly after mixing the
paste mixtures were poured into a closable cup. Figure 4.6 shows the paste mixtures with different fine
glass dust percentages from front view and top view. This was determined as the start of the secondary
formations test at 0 days after mixing. From Figure 4.6 it can be observed that the top surface of the
poured paste samples was not entirely flat for all mixtures and that also some paste material got stuck
on the wall of the cup. This could be mainly attributed to improper pouring of the paste into the cups.
Mix FGD10 did not have a perfectly flat top surface and for mix FGD0 and FGD7.5 a small amount of
material was stuck on the wall of the cups. For the assessment at later curing ages these imperfections
had to be taken into account.

(a) Front view

(b) Top view

Figure 4.6: Secondary formations test 0 days for different FGD percentages

The results of the secondary formations test after 1 day are presented in Figure 4.7. For all different
FGD percentages a close-up picture was taken from front and top view to closely assess the secondary
formations (expansion products) in the paste. Figures 4.7a and 4.7b show that after 1 day of curing
Mix FGD0 had no visible expansion products formed. Figures 4.7c and 4.7d show that after 1 day of
curing Mix FGD7.5 had no visible expansion products formed. Figures 4.7e and 4.7f show that after
1 day of curing Mix FGD10 formed some vague white stripes that could be observed from the front
view. This could be explained by the improper pouring at day 0 or the formation of some secondary
formations. Figures 4.7g and 4.7h show that after 1 day of curing Mix FGD25 had clear expansion
product formation in the upper layer which was visible in the front view and also in the top view. There
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was also one very small crack observable from the front view and the top surface curved upwards.

The results of the secondary formations test after 7 days are presented in Figure 4.8. Figures 4.8a
and 4.8b show that after 7 days of curing Mix FGD0 had still no visible expansion products formed.
Figures 4.8c and 4.8d show that after 7 days of curing Mix FGD7.5 had a small amount of expansion
products visible in the top layer, but this was difficult to observe. Figures 4.8e and 4.8f show that after
7 days of curing Mix FGD10 was still in the same condition as after 1 day, in which some white stripes
could be observed, but no clear expansion product formation was visible. Figures 4.8g and 4.8h show
that after 7 days of curing Mix FGD25 had more clear and larger expansion products formation in terms
of thin white lines on top of each other. Small cracks in the upward curved top surface were visible and
more cracks could be observed from the front view. After 28 days the results had not much changed

(a) 0% FGD front view 1 day (b) 0% FGD top view 1 day

(c) 7.5% FGD front view 1 day (d) 7.5% FGD top view 1 day

(e) 10% FGD front view 1 day (f) 10% FGD top view 1 day

(g) 25% FGD front view 1 day (h) 25% FGD top view 1 day

Figure 4.7: Secondary formations results after 1 day for different FGD percentages

in comparison with the results after 7 days. Still no clear secondary formations could be observed in
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(a) 0% FGD front view 7 days (b) 0% FGD top view 7 days

(c) 7.5% FGD front view 7 days (d) 7.5% FGD top view 7 days

(e) 10% FGD front view 7 days (f) 10% FGD top view 7 days

(g) 25% FGD front view 7 days (h) 25% FGD top view 7 days

Figure 4.8: Secondary formation results after 7 days for different FGD percentages

the mixtures with 0%, 7.5% and 10% FGD and very large amounts of secondary formation products
could be observed in the mixture with 25% FGD. Mix FGD10 and mix FGD25 were compared under
the SEM (scanning electron microscope) after 28 days of curing to visualise the secondary products
that were formed. SEM images from both mix FGD25 and FGD10 can be found in Appendix A.
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4.4. Discussions
4.4.1. Effect of different fine glass dust replacement percentages on the com-

pressive strength development
The objective of the compressive strength tests as described in section 4.3.2 was to investigate the in-
fluence of different replacement percentages of pre-treated fine glass dust on the compressive strength
development of mortar mixtures. The data suggests that for all curing ages a higher percentage of FGD
led to a lower compressive strength. This indicated that the FGD percentage had a negative impact
on the strength development of the mortar. For longer curing times at 90 days a slight improvement in
compressive strength was observed, which could indicate secondary strength development due to poz-
zolanic activity. Possible explanations for the influence of FGD percentage on compressive strength
development are analyzed in this section.

A potential interpretation for the decrease in compressive strength with higher fine glass dust per-
centage is due to the dilution effect of the fine glass dust. Because the fine glass dust has no or very
little contribution to the hydration reaction and the strength development at an early age, the compres-
sive strength at short curing ages will be reduced compared to the reference mixture. This is mainly
because less Portland cement particles were available for hydration reaction and the fine glass dust
mainly had a filler effect at an early age. This could also explain why a larger replacement percentage
of fine glass dust led to lower compressive strength values. More fine glass dust in the mixture meant
that less Portland cement was available for hydration. This interpretation is in agreement with the find-
ings in section 3.4.2 where all the mixtures with fine glass dust could not exceed the strength of the
reference mixture. The high compressive strength values for the FGD-10 mixture at early curing ages
could be attributed to optimal particle packing at that specific replacement percentage, which caused
the strength of the early age to increase based on the mechanism that is described in section 3.4.2 and
can even exceed the compressive strength of the reference mixture at 3 and 7 days. This effect of the
optimized particle packing is negligible at later curing ages, when the strength values were in line with
the other mixtures with fine glass dust.

For all mixtures with pre-treated fine glass dust as a replacement for Portland cement in the binder
a small increase in the compressive strength development rate could be suggested. For all investi-
gated mixtures the relative strength compared to the reference mixture increased between 28 and 90
days. This effect was the smallest for the mixture with the lowest percentage of fine glass dust and
the largest for the mixture with the highest percentage of fine glass dust. This data suggests that there
could be an indication of pozzolanic activity of the fine glass dust at later curing ages, which caused
secondary strength development. This is in agreement with the findings in section 3.4.2 in which the
mechanism for the potential pozzolanic reaction is explained in more detail. For high replacement per-
centages of 30-45% this pozzolanic effect caused a significant increase in strength at later stages, but
this was not enough to compensate for the dilution effect of the fine glass dust, so still lower strength
values were obtained for the mixtures with these replacement percentages.

The findings on the effect of fine glass dust replacement percentages on the compressive strength
development of the mortar are in agreement with the findings of Boukhelf et al. [15], in which waste
glass powders (WGP) were used to replace Portland cement in the binder. The results of this research
showed a decreasing trend between the compressive strength and the WGP percentage, explained by
the dilution effect which is the immediate consequence of replacing a more reactive powder (cement)
with a less reactive powder (WGP). These results are also in conformity with the findings of Harrison et
al. [43], where it was found that high replacement percentages of Portland cement with glass powder
caused detrimental effects on the compressive strength development, because insufficient amounts
of CaCO3 remain to react with the amorphous silica from the glass powder. These results are in line
with the findings of Du et al. [33], Khan et al. [57] and Gupta et al. [41], which all showed a decrease
in compressive strength development when a higher percentage of glass powder was used for early
curing ages. For longer curing ages of around 91 days the pozzolanic reaction of the silica in the glass
powder caused an increase in strength development rate. But due to the dilution effect at higher re-
placement percentages, no higher strength compared to the reference mixture could be obtained.



78 4. Cement replacement percentage investigation for fine glass dust

So based on the provided results and discussion about the compressive strength development of fine
glass dust mortar mixtures with different replacement percentages it can be indicated that a higher re-
placement percentage of pre-treated fine glass dust leads to a decrease in compressive strength com-
pared to the reference mixture. The dilution effect plays possibly an important role in the lower strength
development for FGD mixtures. At longer curing ages there could be an indication of pozzolanic ac-
tivity of the FGD, when an increase in strength development rate could be observed. However this
pozzolanic activity was not high enough to cover the strength loss by the dilution effect.

4.4.2. Pozzolanic activity of the pre-treated fine glass dust
The objective of the pozzolanic activity test as described in section 4.3.3 was to determine whether
the pre-treated fine glass dust possessed pozzolanic activity when it was used as a Portland cement
replacement. The data indicates that the mixture with 15% FGD had a higher initial chemically bound
water (H) and calcium hydroxide (C-H) content compared to the reference mixture after 7 days of cur-
ing. After 28 days of curing the H and C-H content of the reference mixture were both higher than
for the FGD mixture. After 56 days of curing the increase in H accelerated for the 15% FGD mixture
compared to the reference mix and a small decrease in C-H content was observed. This indicated that
the rate of development of H and C-H is lower for the mixture with pre-treated fine glass dust compared
to the reference mixture between 7 and 28 days. For longer curing ages between 28 and 56 days the H
development is faster for the FGD mix. In this section it is analyzed what this means for the possibility
of pozzolanic activity of the pre-treated fine glass dust in cementitious mixtures.

One possible interpretation of the pozzolanic activity test results is based on the chemically bound
water (H) content of the mixtures. H content is a measure of how much water is chemically bound in
reaction products of the cement matrix and is therefore a measure of the number of reaction products
that are formed. A larger H content suggests that there are more reaction products formed in the hard-
ened mixture either by hydration or by pozzolanic activity. An increase in hydration reaction products
causes an increase in strength development for the hardened mixture. Between curing ages of 7 and
28 days the reference mix had a higher rate of H development, which indicated that the formation of
hydration reaction products was faster compared to the mixture with pre-treated fine glass dust. This is
in agreement with findings in section 4.4.1 where the reference mix had a faster compressive strength
development rate than the FGD mixtures between 7 and 28 days of curing. Pozzolanic reaction is a
slow reaction that leads to the formation of reaction products at a later stage of curing. For the indi-
cation of pozzolanic reactivity an increase in H development rate has to be observed at later curing
ages. The test results show a faster increase in H content for the FGD-15 mixture compared to the
reference mixture, which indicates a small amount of pozzolanic activity for the pre-treated fine glass
dust that caused secondary H development. This is in agreement with findings in sections 3.4.2 and
4.4.1 which showed a small increase in compressive strength development rate at later curing ages for
the mixtures with pre-treated fine glass dust compared to the reference mixtures.

A second possible interpretation of the pozzolanic activity test results is based on the calcium hydrox-
ide (C-H) content of the mixtures. Calcium hydroxide is formed by the hydration reaction of Portland
cement clinker in the binder, but is also used for the pozzolanic reaction to form secondary calcium-
silicate-hydrates (C-S-H) from C-H and silica. A larger C-H content indicates that more cement clinker
is hydrated to form calcium hydroxide. The reference mix had a higher rate of C-H development be-
tween 7 and 28 days compared to the FGDmixture, which suggests faster hydration of Portland cement
clinker at these curing ages. This can be explained by the dilution effect of the fine glass dust. The
FGD mixture had a lower amount of Portland cement clinker available for hydration, which reduced the
hydration rate and thus the C-H formation at these curing ages. This is in agreement with findings in
section 4.4.1 where the reference mix had a faster compressive strength development rate than the
FGD mixtures between 7 and 28 days of curing. Between 28 and 56 days of curing the C-H content
increased a small amount for the reference mix, which indicated the formation of calcium hydroxide at
a lower rate. On the other hand, the decreased C-H content between 28 and 56 days of curing for the
fine glass dust mixture suggests small amounts of pozzolanic activity. The calcium hydroxide from the
cement matrix might be consumed together with silica from the FGD for the slow pozzolanic reaction
to form secondary C-S-H. This consumption of C-H for the pozzolanic reactivity could be a possible
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interpretation for the reduction in C-H content at higher curing ages. The secondary formation of C-S-H
due to the pozzolanic reaction causes densification of the hydrated cement matrix, which leads to small
increases in the compressive strength development rate for the FGDmixtures at later curing ages. This
is in accordance with findings and discussion in sections 3.4.2 and 4.4.1

The findings on the pozzolanic activity of the pre-treated fine glass dust are in agreement with the
findings of Shi et al. [103], Fanijo et al. [36] and Tamanna et al. [113], which all showed pozzolanic
activity for finely ground waste glass powder when it was used as a replacement for Portland cement.
The pozzolanic activity was indicated by increases in relative strength indexes at higher curing ages
compared to the reference mixture, or a decrease in the C-H content at later curing ages for mixtures
with finely ground glass powder. The decrease of C-H indicated calcium hydroxide consumption for
the secondary formation of C-S-H due to pozzolanic reaction. However research by Afshinnia et al. [3]
showed no pozzolanic reactivity for glass powder from crushed glass particles, because no significant
reduction in calcium hydroxide content was observed for the glass powder mixtures at longer curing
ages. It was suggested that this might be caused by the large average grain size of the glass powder
employed in this research (mean particle size was 70 μm). This average particle size is larger than the
ground fine glass dust that is used in this study, where the D50 value was 17.20 μm after 1 hour of
grinding. The comparison of pozzolanic activity results with other studies indicates that the pozzolanic
activity might be enhanced by the increased fineness of the glass powder particles.

So based on the provided results and discussion about the pozzolanic activity test of fine glass dust it
can be indicated that the pre-treated fine glass dust possesses a small amount of pozzolanic activity
at longer curing ages. This was indicated by the reduction of C-H content between curing ages of 28
and 56 days for the fine glass dust mixture, which might be caused by the consumption of calcium
hydroxide for the secondary formation of C-S-H by pozzolanic reaction. Comparison with other stud-
ies suggests that pozzolanic activity for glass powders could be enhanced by longer grinding times to
reach a smaller average particle size. Due to the grinding treatment of only 1 hour in this study the
pozzolanic activity of the fine glass dust is low, but observable.

4.4.3. Effect of different fine glass dust replacement percentages on the sec-
ondary formations in the mixture

The objective of the secondary formations test of section 4.3.4 was to find the influence of fine glass
dust percentage in the mixture on the formation of secondary products or expansion products after mix-
ing. The goal was to find a replacement percentage of FGD for which there was volume stability and no
significant secondary products would form. The data suggests that the mixture with 25% fine glass dust
had a large formation of secondary products and cracks when paste mixture was poured into a small
cup after 1 day of curing. After 7 and 28 days of curing the cracks propagated and more cracks could
be observed, while the secondary formations were still clearly visible. For a replacement percentage
lower than 10% there was no significant formation of secondary products visible in the mixture after 1,
7 and 28 days of curing. This section analyzes the potential explanations for the secondary formations
in the mixture with high replacement percentage of FGD.

One potential interpretation for the excessive formation of secondary products of the mortar with high
FGD replacement percentages could be attributed to the high amount of calcium oxide (CaO) that was
present in the fine glass dust. Free lime is Calcium oxide that has not reacted or is not bound to any
other compound in a material. Figure 2.1 shows that XRF analysis on the fine glass dust specimen
showed a CaO content of 10.3%. This CaO could be present as free lime in the fine glass dust and
could potentially cause unwanted expansion and volume instability in the mortar mixtures. It is possi-
ble that all the CaO in the fine glass dust is free lime, however for glass powder the presence of large
amounts of free lime is questionable. In this study it was not investigated what part of the CaO was
present as free lime in the fine glass dust.

When the fine glass dust with a possibility of free lime (CaO) was used in a mortar mixture, the free lime
reacted with water to form Calcium Hydroxide (C-H). For normal mortar the water reacted with calcium
and silica to form Calcium Silicate Hydrates (C-S-H). The C-S-H gel formed a network that caused
strength development in the mortar, then the C-H took up the available space to make sure that the
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mortar is compact and therefore could reach high strength values. With the presence of free lime the
water reacted with the free lime from the fine glass dust to form C-H. The hydration of free lime was
accompanied by a change in the crystallization system and by a significant increase in the apparent
volume of free lime. This led to the development of large pressures within the cement matrix, which
caused the increase in expansion [28] [116]. High concentrations of free lime could also probably cause
the production of small ettringite crystals, which could be contributing to the expansion of the mixture
with high fine glass dust percentage. High expansion could cause volume instability and cracks in the
mortar which could be detrimental to the strength and durability of the mortar after hydration.

The proposed solution for the unwanted expansion and volume instability of the mortar in this thesis
was to decrease the fine glass dust replacement percentage to find a suitable replacement percentage
for which significant expansion did not occur. Lower replacement percentage of fine glass dust in the
cementitious mixture, meant less free lime in the binder and therefore less unwanted expansion and
volume instability. With the cement replacement percentage of 10% the free lime content was lowered,
which resulted in no significant expansion due to hydration of free lime in the mixture.

The findings on the secondary formations of mixtures with pre-treated fine glass dust are in agree-
ment with the findings of Courard et al. [28], Nawaz et al. [84] and Kaewmanee et al. [51], which all
showed significant expansion in mixtures with high dosages of free lime. High volume expansion of
the hydrated free lime was found to be the main driver of high stresses in the cement matrix that could
cause expansion and cracks in the developed mixtures. Deterioration of the mortar could be prevented
by lowering the free lime content in the mixtures.

So based on the provided results and discussion about the secondary formations test of fine glass
dust it can be indicated that the pre-treated fine glass dust caused a significant amount of expansion
products when 25% was used in the binder, potentially due to high free lime content. By lowering the
fine glass dust percentage to 10%, the free lime content decreased and no significant expansion could
be observed.

4.4.4. Limitations
This section describes the limitations of the study on the cement replacement percentage investigation
for fine glass dust. For different aspects of the study the limitations are discussed and proposals are
made in which the study could be improved based on the limitations.

For the pozzolanic activity test only mix FGD-0 and mix FGD-15 are investigated to compare the forma-
tion of C-H and H at different curing ages. Mixtures with a larger replacement percentage of Portland
cement by fine glass dust can be added to the pozzolanic activity test. Mixtures with a higher FGD
percentage could show more clearly if there is pozzolanic activity, because the difference with the ref-
erence mix is larger.

For the secondary formations test visual observation was used to determine the formation of cracks and
expansion products. The credibility of these test results could be improved by using a more accurate
method of determining the formation of cracks and expansion products in the mixtures. SEM analysis
could be performed at different time intervals after curing to monitor the formation of microcracks and
expansion products in the paste mixture, which are not visible to the naked eye. In this way a more
credible assessment of the mixtures with different FGD percentages can be made. The SEM analysis
results in Appendix A were only performed at one curing age and could therefore not be used to monitor
the formation of expansion products over time.

The paste samples for the secondary formations test were poured into a cup after mixing. This
meant that the mixtures were not free to expand in all directions, because the cup formed a boundary
for expansion. A better research profile would be if the paste samples have freedom for expansion.
Then it would be possible to quantify the expansion by measuring the dimensions of the sample at
specific time intervals after curing, instead of the visual qualitative assessment of the formation of
cracks and secondary formations.

The test profile of the secondary formations test investigated mixtures with 0%, 7.5%, 10% and 25%
FGD. The results showed that all mixtures up until 10% showed no significant formation of expansion
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products, but the mixture with 25% had significant formation of cracks and expansion products. How-
ever with this test profile it is not known what is the percentage at which the expansion products start
to form. It should be somewhere between 10 and 25% but the exact percentage remains unknown.
This study can be improved by increasing the number of investigated mixtures to check at which per-
centage the expansion products start to form. In this way it can also be investigated whether this is a
gradual transition or a sudden change from no to a significant amount of secondary formations. With
this knowledge the maximum fine glass dust percentage without expansion could be optimized.





5
Suitability of fine glass dust for 3D

Concrete Printing
In Chapters 3 and 4 fine glass dust was used to replace Portland cement in traditionally mold-cast mortar
mixtures. Investigations were performed on the most optimal pre-treatment of the fine glass dust and
also the optimal replacement percentage in terms of compressive strength development. In Chapter 2
it was mentioned in section 2.3 that 3D Concrete Printing (3DCP) is a recently developed technique of
additive manufacturing of concrete. 3DCP has several advantages over conventionally cast concrete
from an environmental, economical and construction process viewpoint (see section 2.3.1). Currently a
lot of research is done on 3DCP and in the future this may become the main way of producing concrete
structures and buildings. Based on these mentioned reasons, this chapter focuses on the suitability of
using fine glass dust as a cement replacement for 3D Concrete Printing.

In section 5.1 the objective and research plan are presented to determine the suitability of fine
glass dust for 3DCP. Section 5.2 describes the materials that are used for 3DCP mixtures and explains
the performed tests in more detail. Section 5.3 and 5.4 presents the results and discussions on the
performed tests about the suitability of fine glass dust as a Portland cement replacement for 3DCP.

5.1. Research plan
The goal of this chapter was to investigate the suitability of Portland cement replacement by fine glass
dust for 3D Printed Concrete. In section 2.3.2 different 3D Printing Concrete techniques were described.
For this thesis the recently developed set-on-demand concrete printing technique was used. This
means that a pumpable cementitious mixture and an accelerator slurry were prepared separately and
were mixed at the printing head just before printing. The accelerator slurry causes a fast activation
of the hydration reaction in the cementitious mixture and after mixing at the printing head and a fast
strength development occurs. For more information on set-on-demand printing, section 2.3.2 can be
consulted.

5.1.1. Pumpable cementitious mixtures
For this thesis, in the pumpable cementitious mixture part of the Portland cement was replaced by the
fine glass dust, which had the most optimal pre-treatment as described in Chapter 3. The mix design
for 3DCP mixtures had a lower water/binder ratio and also a lower sand/binder ratio was used. This
means that in comparison with conventionally cast concrete, 3DCP mixtures contain relatively more
Portland cement. High amount of Portland cement in 3DCP mixtures means that there will be high
strength development. Because of this high strength development, it was possible to replace a larger
percentage of Portland cement with fine glass dust while still reaching acceptable strength levels. For
3DCP the mixtures need to have sufficient flowability and high viscosity. High flowability is needed to
make sure that themixture is pumpable and easily flowable. High viscosity for 3DCPmixtures is needed
to prevent segregation during the pumping process. To reach flowable mix designs, Superplasticizer
(SP) was added to the mixtures and the goal was to find the optimal SP dosage for the chosen mix
design. The different mixtures that were investigated are described in section 5.2.1.
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The prepared pumpable cementitious mixtures were tested on flowability (slump flow test) at differ-
ent time intervals after mixing. This was done to determine how the flowability and consistency of the
mixtures change over time. The flowability could not be too high, because then the structural build-up
would be insufficient. On the other hand, the flowability could not be too low, because this means that
the mixture would not be workable enough. The slump flow tests were good indicators to see if the
designed mixture could be used for 3DCP. Compressive strength tests were performed for each of
the pumpable cementitious mixtures after 7 days of curing. This was done to compare the strength
development of the mixtures with different SP dosages. Longer curing days are not taken into account,
because long-term strength values provide only valuable information for the cementitious mixture +
accelerator slurry.

Based on the flowability and compressive strength test the mixture with the most promising result was
selected to continue to work with. With this mixture a pumpability test was performed to check the
pumpability of the designed cementitious mixture. For a mixture to be pumpable it is important that the
mixture stays consistent under pressure in the pumping hose and that no segregation occurs. During
the pumpability test also the material flow rate was measured to determine the optimal pumping speeds
for each mixture. Based on the pumpability test one single optimal pumpable cementitious mixture was
selected.

5.1.2. Pumpable cementitious mixtures + accelerator slurry

In the next stage of the 3DCP research the behaviour of the optimal cementitious mixture when it was
mixed with the accelerator slurry was investigated. This was important, because during set-on-demand
printing the cementitious mixture and accelerator slurry were mixed at the printing head. The printed
filaments from the printer are a combination of both mixtures.

For the accelerator slurry a limestone powder based mix design was used in this thesis. The amount of
accelerator dosage in the accelerator slurry was changed to check the influence of different accelerator
dosage on the behaviour of the material. For the combination of pumpable cementitious mixture and
accelerator slurry flowability and compressive strength tests were performed, for the same reasons that
were mentioned in section 5.1.1. For the combination of cementitious mixture and accelerator slurry
also the initial setting time test was performed. This was done to check the influence of changing ac-
celerator dosages in the accelerator slurry on the setting time of the combined mixture. The working
mechanism of the accelerator is correct if a larger accelerator dosage leads to a lower initial setting time.

Based on the flowability test, compressive strength test and the initial setting time test, 1 combined
mixture (pumpable cementitious mixture + accelerator slurry) was selected to continue to work with.
With this mixture a buildability test was performed, which meant that layers of printed material were
placed on top of each other. Because of the very labor-intensive work of handling a 3D printer only 1
mixture of the original design could really be printed. Buildability test was performed to investigate the
structural build-up of the printed filaments. A faster strength development means a higher structural
build-up and this means that more layers can be printed on top of each other without failure.

After the buildability test small samples were sawed out of the printed material. These sawed-out
samples were used for compressive strength testing of the 3D printed material. This was done to in-
vestigate the strength development of the stacked filaments after printing. Because 3DCP prints layers
on top of each other an interface between the layers is formed. This interface between filaments causes
deviating element properties in different directions and this means that compressive strength test on
the printed sample had to be performed in three directions: Longitudinal, lateral and perpendicular to
the printing direction (see Figure 2.10. The strength of the printed sample could then also be compared
to the strength of the cast-mortar sample of the same combined mixture.
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5.2. Materials and Methods
5.2.1. Mix design for pumpable cementitious mixtures
The mix designs that were used in this thesis for the pumpable cementitious mixtures are given in
Table 5.1. The reference mix design had a specific gradation of sand that had proven to be successful
for 3DCP in the past. Based on this reference mixture the mix designs for the replacement of PC
by FGD in this thesis were made. The type of Portland cement (PC) that was used for 3D concrete
printing was CEM I 52.5R. All the fine glass dust that was used had the same pre-treatment: 600∘C
heat-treatment and 1 hour grinding treatment. The water/binder ratio that was used is 0.3 and the
sand/binder ratio that was used in the reference mixture for 3D concrete printing was 1.0 in all mixtures.
For the superplasticizer MasterGlenium 51 con.35% NL was used.
In this thesis two different cement replacement percentages were investigated. For mix FGD20 20% of

Mix PC FGD SP Water Sand Sand Sand Sand
(0.125-0.25 mm) (0.25-0.5) (0.5-1) (1-2)

Reference 1000 0 0 300 280 520 180 20
FGD50-SP0.25 500 500 2.5 300 280 520 180 20
FGD50-SP0.4 500 500 4 300 280 520 180 20
FGD50-SP0.45 500 500 4.5 300 280 520 180 20
FGD50-SP0.5 500 500 5 300 280 520 180 20

FGD20-SP0.25 800 200 2.5 300 280 520 180 20
FGD20-SP0.35 800 200 3.5 300 280 520 180 20
FGD20-SP0.4 800 200 4 300 280 520 180 20
FGD20-SP0.5 800 200 5 300 280 520 180 20

Table 5.1: Mix compositions for pumpable cementitious mixtures (units are grams for 1 liter of mixture)

the Portland cement in the binder of the cementitious mixture was replaced with pre-treated fine glass
dust and for mix FGD50 50% of the Portland cement was replaced with fine glass dust. This can be
seen in Table 5.1. It has to be taken into account that set-on-demand concrete printing was used. This
means that the pumpable cementitious mixture was mixed with the accelerator slurry in a ratio of 1:1.
This means that for the 3D printed concrete (the combined mixtures) the amount of PC per liter mixture
was halved and only 250 grams of PC was available per liter for the 50% FGD cementitious mixture.

The reason for the replacement percentage of 20% in the cementitious mixture was mainly chosen
because of the secondary formations test in section 4.3.4. These results showed that a total mixture
with 10% FGD was the largest percentage that had volume stability and did not lead to significant
formation of expansion products. When the cementitious mixture with 20% FGD is combined with
accelerator slurry in a ratio of 1:1, this would not lead to any volume instability based on the test results
of section 4.3.4.

The cementitious mixture with 50% cement replacement by FGD would lead to a total mixture with
25% FGD after combination with the accelerator slurry during printing. Based on the results in section
4.3.4 it was known that this mixture would lead to volume instability and significant formation of expan-
sion products. However for 3DCP mix designs a high amount of PC was used. In the reference mixture
1000 grams of PC was used for 1 liter of mixture. A high PC amount in a mixture means high strength
development after printing. When 50% of the Portland cement amount was replaced with pre-treated
fine glass dust, then still 500 grams of PC was used for 1 liter of the pumpable cementitious material.
Despite the high expansion of the mixture it was interesting to look at the fresh-state properties when
50% of FGD was used to replace cement for the pumpable cementitious mixture for 3DCP. With the
investigation of two different fine glass dust percentage mixtures it was also possible to study the influ-
ence of changing FGD percentage on the properties of the fresh 3DCP mixtures when 50% FGD and
20% FGD could be compared with each other.

It can be seen from Table 5.1 that for the cementitious mixtures different Superplasticizer (SP) amounts
were used. The goal of the SP addition in the mixture was to investigate the effect on the flowability of
the mixtures in section 5.2.2. For a mixture to be pumpable the flowability could not be too high, but
also not too low. Different SP amounts were used to investigate what was the SP amount that could be
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used the best for the pumpable cementitious mixture with 20% and 50% Portland cement replacement
by fine glass dust.

The mixtures were prepared by first measuring the required raw materials precisely. Then the dry
materials (Sand, CEM I 52.5R and fine glass dust) were mixed for one minute at the lowest speed
(speed 1). It had to be checked manually if all the materials were mixed properly. Secondly the water
+ SP could be slowly added while mixing on speed 1. It had to be made sure that that the water was
added in small increments and that after each increment all the water was properly mixed before adding
the next increment. This was done to prevent agglomeration of material in the mixture and to the side
of the mixing bowl. When all the water was added, the start of mixing time was determined and there
had to be mixed at slow speed for 4 minutes. Afterwards the material was scraped off from the sides of
the bowl manually to make sure all the material could properly mix and there was mixed once again for
1 minute on speed 1. Afterwards the speed was increased to speed 2 for 2 minutes to ensure proper
mixing of all the materials at high speed and to complete the preparation of the mortar mixtures.

5.2.2. Flowability test for cementitious mixtures

Flowability is an important property for a pumpable mixture for 3D concrete printing. If the flowability is
too low, then the material is difficult to pump through the pumping hose which can cause high pumping
pressures and possible damage to the printing equipment. If the flowability is too high then the mate-
rial can’t be pumped correctly, because there is a high risk of segregation of the material during the
pumping process. If segregation occurs during pumping this means that the mixture loses its consis-
tency and the material that is pumped through the hose is not mixed properly anymore. The goal of the
flowability test was to find the mix design with the optimal SP dosage for the pumpable cementitious
mixture. The mixtures with different SP dosages that were used for the flowability test are presented
in Table 5.1. To determine the flowability of the mixtures, slump flow tests were performed. For 3D
concrete printing it was not only sufficient to look at the flowability directly after mixing, but it was more
valuable to investigate the change in flowability at different time periods after mixing. This was done,
because with 3D concrete printing the material was not printed directly after mixing but it needed to
be printable for a longer period of time. With this flowability test it was investigated how the flowability
changed over time for the mixtures with different superplasticizer dosages.

Test set-up
Test set-up for the flowability test (slump flow test) was described in section 3.2.8.

Samples
Sample preparation for the flowability test was described in section 3.2.8.

Procedure
The goal of the flowability test was to investigate the change of the flowability of the mixtures with dif-
ferent SP dosages over time. As described in the introduction of this subsection the flowability of the
mixtures was tested by performing slump flow tests at different time periods after mixing. The flowa-
bility of the pumpable cementitious mixtures was tested at 15, 30, 45 and 60 minutes after mixing and
the time of mixing was determined as the moment when all the water and SP were added. When the
materials were mixed properly and the sample for the slump flow test was prepared, the first slump
flow test could be performed exactly 15 minutes after mixing. The Hägermann cone was removed and
the compaction table was dropped 25 times. After 25 drops the diameter of the spread mortar was
measured in 4 directions and the mean value was determined. Then the mortar was collected and
placed in a zip-locked plastic bag. This was done to prevent excessive water loss by evaporation from
the material during the time between two consecutive slump flow tests. The Hägermann cone and
the compaction table were cleaned properly to prepare for the next slump flow test. For each mixture
the slump flow test was performed at 4 different time periods after mixing and the mean flow diameter
was measured. The result gave 4 data points for each mixture in which the flowability change over
time could be determined. For each of the mixtures with different SP dosages (see section 5.2.1) 3
repetitions were performed to increase the validity and accuracy of the results.
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5.2.3. Compressive strength test for cementitious mixtures
The mix designs that were used for the investigation of pumpable cementitious mixtures had a Portland
cement replacement percentage of 20% and 50% by pre-treated fine glass dust (see section 5.2.1). In
section 4.3.2 it could be seen in Figure 4.4 that high replacement percentages of FGD led to a significant
reduction of compressive strength for conventional cast mortar. For a replacement percentage of 45%
FGD, the strength reduction compared to the reference mixture was 50%, 53% and 56% for curing
ages of 3 days, 7 days and 28 days respectively.

For 3D concrete printing mix designs with lower water/binder ratio and lower sand/binder ratio were
used. This means that relatively more cement was used in these mixtures which caused a higher rate
of strength development. Also the cement type CEM I 52.5R was used, which provided rapid strength
gain at early curing ages. Compressive strength tests were performed on the pumpable cementitious
mixtures to investigate the influence of changing FGD amount on the compressive strength develop-
ment. Also it was important to investigate how the different superplasticizer dosages in the mixtures
influenced the compressive strength development.

Test set-up / Samples / Procedure
The test set-up, sample preparation and procedure for the compressive strength test were described
in section 3.2.10. For the comparison of the pumpable cementitious mixtures, 2 L of mixture was pre-
pared and compressive tests were only performed after 7 days of curing to find the influence of different
SP dosages. For each mixture 6 repetitions were performed.

5.2.4. Pumpability test for cementitious mixtures
The results of the slump flow test that was described in section 5.2.2 showed the change of flowability
of the different mixtures over time. For 3D concrete printing the flowability had to be in a specified
range of spread diameter during the printing process. Based on the results of the flowability test for the
cementitious mixtures given in section 5.3.1, the mixture with the optimal dosage of superplasticizer
was chosen to continue for the pumpability test for the cementitious mixtures. The pumpability test
required a lot of material preparation and was labor-intensive work, so this was the reason that the
pumpability test was only investigated for one mixture.

The pumpability test was performed to investigate the ability of the cementitious mixture to be
pumped through a pumping hose. It was important to investigate if the material properties changed dur-
ing the pumping process and if the mixture could contain its consistency during printing. High viscosity
of a 3D printed mixture was needed, because otherwise there was a risk of segregation of materials in
the mixture during the printing process. Pumpability test was also performed to monitor the pressure
during the pumping of cementitious material. The mixture needed to possess enough flowability to be
easily pumped through the pumping hose without high pressures to occur. High pumping pressures
could lead to possible damage to the printing nozzle, once the mixture was used for a real 3D printed
test.

The objective of the pumpability test was to find the material flow rate of the cementitious mixture
for different pumping speeds. The material flow rate at a specific pumping speed was the determining
factor for the linear moving speed of the printing nozzle during the 3D printing process. The material
flow rate determined how much material was pumped through the hose each second and if the cross-
section of the printing nozzle is known, the linear moving speed of the printing nozzle for 3D printing
could be determined to print filaments without discontinuities (if the nozzle moves too fast) or material
accumulation (if the nozzle moves too slow).

Test set-up
The pumpability test for the cementitious mixture in this thesis was performed with the PFT Swing-M
type material conveying pump. The test set-up can be seen in Figure 5.1. The test set-up consisted of
a material conveying pump connected to a pumping hose. The material conveying pump provided the
primary forces for pumping the cementitious mixture and was based on a rotor and stator configuration.
The rotor was connected to the pump and consisted of a steel spiral component that was screwed into
the stator, which was a rubber cover around the rotor (see Figure 5.2a). Friction-induced heating could
occur if the material passes the stator-rotor system. In the hopper of the pump up to 38 L of fresh
cementitious mixture could be placed. Driven by the motor and the rotor-stator system, the mixture
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Figure 5.1: Test set-up of the material conveying pump

was pumped through the pumping hose at a specific material flow rate, depending on the different mo-
tor speeds and rheology of the cementitious mixture. A pressure gauge was placed directly after the
rotor-stator system to prevent high pumping pressures in the pumping hose. A schematic view of the
material conveying pump is given in Figure 5.2b.

(a) Rotor-stator system (b) Schematic view of the material conveying system [22]

Figure 5.2: Material conveying system

A material pumping hose with an inner diameter of 25 mm and a length of 3 m was connected to the
pump. Based on the forces provided by the material conveying pump, the material was passed through
the pumping hose and was extruded at the end of the hose.

Samples
For the pumpability test a minimum of 7 L of fresh cementitious mixture was needed. This was to
ensure that there was sufficient material to be pumped through the hose and that the hopper of the
material conveying pump was sufficiently filled. The mixture that was used for the pumpability test
was mix FGD50-SP0.40. The mix design for 1 L of mixture can be seen in Table 5.1. The results
from section 5.3.1 showed similar flow behaviour for mixtures FGD50-SP0.40 and FGD20-SP0.35 in
terms of spread diameter over time. Because of low availability of pre-treated fine glass dust during
this thesis, only mix FGD50-SP0.40 was investigated for the pumpability test and it was assumed that
mix FGD20-SP0.35 would possess similar flow behaviour during the pumping process.
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Procedure
If the test set-up was prepared and all the components were connected and cleaned, the sample of
fresh cementitious mixture could be placed in the hopper. The objective was to find the material flow
rates for the cementitious mixture at different motor speeds from the material conveying pump. After
placement of the material the motor was turned on at speed 2, the lowest speed that was investigated.
First the excess water was removed from the pumping hose and it was checked if the cementitious
mixture was pumped through the hose. During the pumping process the pressure gauge had to be
monitored to avoid high pumping pressures. If the first cementitious material was fully pumped through
the hose, the motor was turned off and the conveying end of the pumping hose was placed above the
hopper. This was done to reuse the cementitious material after it had passed through the hose and to
collect the material for the pumpability test (see Figure 5.3).

Figure 5.3: Pumpability test material pumping

For the start of the pumpability test, the motor was turned on at speed 2 and it had to be made sure that
the mixture was properly pumped through the hose. Then for a time interval of 10 seconds the pumped
material from the hose was collected in a zip-lock plastic bag. At motor speed 2 there were 2 repetitions
performed. Afterwards the motor speed was increased to speed 3. After increasing the motor speed
the material was pumped through the hose at a higher pace, so for a short period of time the pumping
process had to adjust to the higher pumping speed. Then for a time interval of 10 seconds the pumped
material was collected in a zip-lock plastic bag and also for speed 3 there were 2 repetitions performed.
Afterwards the speed of the motor was increased to speed 4 and speed 5 and for both these speeds
also 2 repetitions were performed and the pumped material from the hose was collected.

Afterwards the pumping hose and the hopper were cleaned, the rotor-stator system was disassem-
bled and all the other connecting components of the material conveying pump were cleaned and dried.
The mass of pumped cementitious material that was collected at different pumping speeds was mea-
sured. With the unit weight of the cementitious material the collected mass after 10 seconds of pumping
was then converted to the material flow rate at different pumping speeds.

5.2.5. Mix design for cementitious mixtures + accelerator slurry
As described in section 5.1.2 after the formulation of the mix design for the pumpable cementitious mix-
ture, the next step in the process was to investigate the behaviour and properties of the combination
of cementitious mixture and accelerator slurry. This was investigated because for set-on-demand con-
crete printing the pumpable cementitious mixture and the accelerator slurry were mixed at the printing
head with a helical static mixer (see section 2.3.2). The interaction between the cementitious mixture
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and the accelerator slurry had to stimulate rapid strength gain and stiffness development after extrusion
from the printing nozzle, because the printed filaments needed to have sufficient strength to withstand
the load from the subsequent layers that were placed on top during the printing process.

From sections 5.3.1 and 5.3.3 it could be seen that the pumpable cementitious mixture FGD50-SP0.4
provided the best results for the flowability change over time and also provided good results during
the pumpability test. In this mixture 50% of the CEM I 52.5R was replaced with pre-treated fine glass
dust. All the fine glass dust that was used had the same pre-treatment: 600∘C heat-treatment and 1
hour grinding treatment. For the mixtures with 20% replacement by fine glass dust mix FGD20-SP0.35
provided the most optimal results in terms of flowability change over time (see section 5.3.1). The ac-
celerator that was used in the accelerator slurry was CaCl2. The amount of accelerator dosage in the
accelerator slurry was varying during this investigation to research what was the influence of different
accelerator dosages on the fresh-state behaviour and hardened properties of the combination of ce-
mentitious mixture + accelerator slurry. The different mix designs that were investigated are presented
in Table 5.2.
In Table 5.2 it is shown which different accelerator dosages were investigated for the accelerator slurry

Mix PC FGD SP Water Sand Sand Sand Sand
(0.125-0.25 mm) (0.25-0.5) (0.5-1) (1-2)

FGD50-SP0.4 500 500 4 300 280 520 180 20
FGD20-SP0.35 800 200 3.5 300 280 520 180 20

Mix LP FGD CaCl2 Water Sand Sand Sand Sand
(33%) (0.125-0.25 mm) (0.25-0.5) (0.5-1) (1-2)

Acc0% 1000 - 0 300 280 520 180 20
Acc2% 1000 - 10 293.3 280 520 180 20
Acc5% 1000 - 25 283.25 280 520 180 20
Acc8% 1000 - 40 273.20 280 520 180 20
Acc10% 1000 - 50 266.50 280 520 180 20

Table 5.2: Mix compositions for cementitious mixture and accelerator slurry (units are grams for 1 liter of mixture)

mix design. The accelerator dosage was calculated as a percentage of the Portland cement that was
used in the cementitious mixture FGD50. For 1 liter of cementitious mixture, the amount of Portland
cement that was used in mix FGD50 was 500 grams, so the mixture Acc2% consisted of 10 grams of
CaCl2 solution. The CaCl2 solution that was used consisted of 33% CaCl2 and 67% water. The amount
of water that was used in the mix design for the total accelerator slurry had to be adjusted for the amount
of water that was present in the CaCl2 solution. For the mixture Acc2% this meant that 0.67⋅10 = 6.7
grams of water was present in the CaCl2 solution and the remaining part of the water that needed to
be added to the mixture is 300 - 6.7 = 293.3 grams. If this adjustment for the amount of water in the
CaCl2 solution was not made this meant that for higher accelerator dosages there was a larger amount
of water in the mixture, which meant that the flowability of the accelerator slurry increased. In order
to solely investigate the influence of variable accelerator dosage in the mixtures, the total amount of
water in the mixture needed to be constant. Both pumpable cementitious mix FGD50-SP0.40 and mix
FGD20-SP0.35 were combined with accelerator slurry to also investigate the effect of different FGD
percentages on the fresh properties of the combined mixture (cementitious mix + accelerator slurry)

The combination of accelerator slurry and cementitious mixture was prepared by first measuring the
raw materials of both mixtures separately. Then the dry materials of the accelerator slurry were mixed
in the small Hobart mixing machine. After 1 minute of mixing the water and the CaCL2 solution were
slowly added to the mixture. When all the water was added there was mixed for 2 minutes at slow
speed. Then the material was scraped off the sides and bottom of the mixing bowl and mixing was
continued for another minute at slow speed. Afterwards the speed of the mixer was increased to speed
2 and there was mixed for another 2 minutes. Then a plastic cover was placed on top of the mixing
bowl of the accelerator slurry to prevent excessive water loss during the time period when the cemen-
titious mixture was prepared. Preparation of the cementitious mixture was exactly the same as for the
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accelerator slurry. First the dry materials were mixed and then the water and superplasticizer were
added. The mixing times were also kept constant. After both the accelerator slurry and the cementi-
tious mixture were prepared separately, the mixtures were combined in the mixing bowl of the large
Hobart mixing machine. The combined mixture was mixed for another 1 minute at low speed. This was
done to simulate the mixing process in the helical static mixer for set-on-demand concrete printing in
which the cementitious mixture and accelerator slurry are combined just before extrusion from the print-
ing head. As presented in Table 5.2 the preferred pumpable cementitious mixtures for FGD50 and for
FGD20 from section 5.2.1 were combined with 5 different accelerator slurry mixtures to investigate the
influence of accelerator dosage on the fresh-state and hardened properties of the combined mixtures.

5.2.6. Flowability test for cementitious mixtures + accelerator slurry
For the combined mixture of cementitious mixture + accelerator slurry it was important to determine
the influence of varying accelerator dosage on the flowability directly after mixing. During the concrete
printing process with the set-on-demand method, the combined mixture was extruded from the printing
head shortly after mixing the two separate mixtures together. Therefore the flowability of the combined
mixtures with different accelerator dosages that were presented in section 5.2.5 was investigated by
performing slump flow tests directly after mixing.

Test set-up / Samples / Procedure
The test set-up, sample preparation and procedure for the slump flow test for flowability of the combined
mixtures were described in section 3.2.8. For each combination of cementitious mixture + accelerator
slurry 3 repetitions were performed and the mean value of the slump flow diameter after 25 drops of
the compaction table was calculated.

5.2.7. Initial setting time test for cementitious mixtures + accelerator slurry
For set-on-demand concrete printing the extruded mixture from the printing head was a combination of
the pumpable cementitious mixture and accelerator slurry. This combined mixture needed to possess
high stiffness and sufficient structural build-up, so that the printed filaments could withstand the loads
from the subsequent layers that were printed on top during the printing process. For the combined
mixtures it was essential to investigate the influence of the different accelerator dosages on the initial
setting time. For high early age stiffness development in a mixture, a short initial setting time was
needed. If the accelerator works properly, then a larger accelerator dosage leads to a shorter initial
setting time. For set-on-demand concrete printing the combined mixture of cementitious mixture + ac-
celerator slurry needed to have an initial setting time of around 90 minutes. If the initial setting time
was too low, this meant that the stiffness development was too fast and that the mixtures could not be
properly extruded from the printing nozzle. If the printed material has a high stiffness this can lead to
high pressures at the printing nozzle and a large number of surface defections in the printed filaments.
On the other hand, if the initial setting time was larger than 90 minutes, this meant that the stiffness de-
velopment of the combined mixture was slow, which results in the extrusion of highly flowable material
from the printing nozzle. If the printed filaments have high flowability and low stiffness this leads to low
structural build-up of the mixture and low buildability if multiple layers are printed on top of each other.

Test set-up / Samples / Procedure
The test set-up, sample preparation and procedure for the initial setting time test for the combined
mixtures were described in section 3.2.8. For each combination of cementitious mixture + accelerator
slurry 3 repetitions were performed and the mean value of the initial setting time was calculated.

5.2.8. Isothermal calorimetry test for cementitious mixtures + accelerator slurry

Isothermal calorimetry test was performed to study the heat flow and heat evolution of the combined
mixture of cementitious mix + accelerator slurry during the first seven days of hydration. The goal was
to find the influence of variable fine glass dust amount on the heat evolution of the hydration reaction,
but also to investigate the influence of different CaCl2 dosages in the accelerator slurry on the heat
evolution.
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Test set-up
The isothermal calorimetry test in this thesis was performed by an eight-channel TAM Air calorimeter.
This machine was used to investigate the heat evolution of paste samples and can be seen in Figure
5.4.

Figure 5.4: TAM Air calorimeter with eight channels

This TAM Air machine consists of eight different channels which work independently and a channel
consist of two separate glass vessels. One vessel was used for the reference and the other vessel was
used for the sample. Because paste samples had to be placed in the vessels, the sand fractions were
left out of the mixture.

Samples
Before the test could start, the reference vessels were filled with a fine sand fraction (0.125 - 0.25 mm).
The weight of this reference sand was calculated to have the same specific heat capacity as the sample
that was tested. Before mixing the samples a baseline was recorded for about 30 minutes in which the
test conditions could be calibrated. After the baseline was initiated the fresh mixtures were prepared
by first mixing the dry materials together and afterwards the water, superplasticizer and accelerator
were added to the mixture. The fresh paste was mixed for about 2-3 minutes. Then 6 grams of freshly
prepared paste was collected in a sample vessel of 20 mL. When the sample vessel and reference
vessel were both prepared, they were simultaneously placed into the channel.

Procedure
During the isothermal calorimetry test the temperature inside the calorimeter was kept constant at 20∘C
during the entire test. The heat flow values of each sample were recorded every 20 seconds to deter-
mine the heat evolution of the different mixtures. This was continued for 168 hours, which is equal to
7 days. The mixtures that were investigated in the calorimeter were (see Table 5.2):
- Cementitious Mix FGD20-SP0.35 + Acc Slurry with 0% CaCl2
- Cementitious Mix FGD20-SP0.35 + Acc Slurry with 5% CaCl2
- Cementitious Mix FGD20-SP0.35 + Acc Slurry with 8% CaCl2
- Cementitious Mix FGD50-SP0.4 + Acc Slurry with 0% CaCl2
The goal was to find the influence of FGD amount and CaCl2 dosage in the Acc slurry on the heat
evolution of the combined mixture of cementitious mixture + accelerator slurry.
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5.2.9. Compressive strength test for cementitious mixtures + accelerator slurry

Compressive strength tests were performed for the combination of cementitiousmixture and accelerator
slurry based on two reasons. Firstly to determine the influence of combination of cementitious mixture
and accelerator slurry on the compressive strength development compared to only cementitiousmixture
(which was investigated in sections 5.2.3 and 5.3.2). Accelerator slurry only had limestone powder and
no extra Portland cement (PC) in the mix design, so this meant that when the mixtures were combined
in a ratio of 1:1 the total amount of Portland cement (which caused the main strength development)
decreased per volume of the combined mixture. This meant that a liter of material only had 250 grams
of PC instead of 500 grams of PC for mixture FGD50. Compressive strength tests were performed to
investigate the changes of the combined mixture on compressive strength development.

Secondly compressive strength tests were performed to determine the influence of different accel-
erator dosages in the accelerator slurry on strength development of the combined mortar. The mixtures
with different CaCl2 dosages were tested on the compressive strength development with the goal to in-
vestigate the influence of CaCl2 on the strength development of the combined mixtures. Together with
the results of the initial setting time test of section 5.2.7 it could be determined if the accelerator has a
positive effect on the setting and/or hardening development of the combined mixtures of cementitious
mixture + accelerator slurry.

Test set-up / Samples / Procedure
The test set-up, sample preparation and procedure for the compressive strength test for the combined
mixtures were described in section 3.2.10. For each combination of cementitious mixture + accelerator
slurry 3 repetitions were performed and the mean value of the compressive strength was calculated.
Compressive strength tests were performed at curing ages of 7 days and 28 days for each combination
of cementitious mixture and accelerator slurry. This was done to determine the influence of varying ac-
celerator dosage on strength development at shorter and longer curing ages.

5.2.10. Buildability test for 3D Printed Concrete
The main advantage of set-on-demand 3D concrete printing compared to regular concrete printing is
the ability to make two separate mix designs for the pumpable cementitious mixture and the pumpable
accelerator slurry. These mixtures can both have high flowability and low yield stress, which causes
lower pumping pressures and a longer open time during the printing process. A longer open timemeans
that more material can be printed with the same batch of material before the stiffness development is
too high to print extra filaments without significant surface defects. However after both mixtures are
combined in the helical static mixer just before extrusion, the material needs to have sufficient yield
strength and structural build-up if the filaments are extruded from the printing nozzle. High structural
build-up of the printed layers is needed to withstand the load of the subsequent layers that are printed on
top during the printing process and to ensure the stability of the printed sample. During the inline mixing
process the accelerator comes into contact with the cement particles in the pumpable cementitious
mixture. This causes a drastic increase in the hydration rate and structural build-up of the mixture
and results in a fast transition from a flowable mixture to a buildable mixture after the combination
of pumpable cementitious mixture and accelerator slurry leaves the helical static mixer. In this way
the contradicting rheological properties that are needed for 3DCP can be achieved by set-on-demand
concrete printing.

Buildability test in this thesis was performed on the printed filaments to investigate the structural
build-up of the combination of cementitious mixture and accelerator slurry. A faster strength develop-
ment means a higher structural build-up and this means that more layers can be printed on top of each
other without failure. The goal of the buildability test was to find the maximum number of layers that
could be printed on top of each other before failure occurred. In section 4.2.5 it was described that
the cementitious mixture with 50% replacement of PC by fine glass dust had volume instability and led
to the formation of expansion products during curing. Due to volume instability and material shortage
this mixture was not included in the buildability test. The pumpable cementitious mixture with 20% fine
glass dust was included for the buildability test, because this was the maximum replacement percent-
age that did not lead to the formation of excessive amounts of expansion products in section 4.2.5 and
was therefore a safer mix design to be used in practice.
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Test set-up / Samples
The test set-up for the buildability test is shown in Figure 5.5. This test set-up consisted of two sepa-
rate material conveying pumps and two pumping hoses that were connected to the helical static mixer.

Figure 5.5: Two material conveying pumps with separate pumping hoses

The helical static mixer was connected to the 3D concrete printer as shown in Figure 5.6. The ma-
terial conveying pumps were connected in the same way as for the pumpability test that was described
in section 5.2.4 with a rotor-stator system and a pressure gauge. Both material pumping hoses had an
inner diameter of 25 mm. The helical static mixer also had a diameter of 25 mm and was connected to a
circular printing nozzle. The 3D concrete printer at TU Delft is based on a 3-axis gantry system, which
means that the printing nozzle can move in longitudinal, lateral and vertical direction. The concrete
printer was connected to a computer numerical control (CNC) system, which determined the printing
path of the extruded filaments.
For the design process in 3DCP the concrete elements were designed as volumetric objects by 3D
modelling software. In the next step they were sliced into a series of two-dimensional layers. From
this data of two-dimensional layers the G-code was generated. The G-code was exported to the CNC
system to print the concrete elements by controlled extrusion of the material.

In order to make sure that the quality of the extruded material was sufficient it was important that
the linear moving speed of the printing nozzle was determined based on the material flow rate of the
mixtures in the material conveying system. As mentioned in section 5.2.4 this could significantly in-
fluence the quality of the printed filaments. In this study a nozzle moving speed of 3600 mm/min was
used for printing the buildability test.

For the buildability test a minimum of 11 L of both fresh cementitious mixture and accelerator slurry
was needed, to ensure that there was sufficient material for printing and that the hopper of the material
conveying system was sufficiently filled. The cementitious mixture that was used for the buildability test
was FGD20-SP0.35. The accelerator slurry mixture that was used for the buildability test was Acc8%.
The mix designs for 1 L of these mixtures can be seen in Table 5.2. During the printing process the
mixtures were added together in the ratio of 1:1. This meant that the motor speed and the material
flow rate of both mixtures had to be similar to ensure that equal amounts of material were mixed in the
helical static mixer. The mixtures were divided into two batches of 7 L, because this would otherwise
exceed the capacity of the Hobart N-50 mixer. The mixing procedure for the cementitious mixture and
the accelerator slurry was the same as described in section 5.2.4. First the accelerator slurry was pre-
pared and poured into the hopper of one of the two material conveying pumps. The hopper was then
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Figure 5.6: Helical static mixer set-up with printing nozzle (Yu Chen)

covered with a towel to prevent excessive water loss during the time that the cementitious mixture was
prepared. Secondly the cementitious mixture was prepared and the fresh mixture was poured into the
hopper of the second material conveying pump.

Procedure
When the test set-up was prepared and all the components were connected and cleaned, the fresh
mixtures could be placed in the two separate hoppers. The objective of the buildability test was to find
the maximum number of layers that can be stacked on top of each other without failure. The number
of subsequent stacked layers was a measurement for the structural build-up of the material just after
extrusion from the printing nozzle. The buildability test was also performed to investigate the quality of
the printed filaments of a mixture with high expansion and volume instability.

For the buildability test a cylindrical column was printed and also a prism was printed for the com-
pression test in section 5.2.11. This was done by preparing the G-code on the CNC system for this
cylinder and prism divided into layers. The printed column had a diameter of 180 mm and the prism had
a length of 800 mm. A nozzle moving speed of 3600 mm/min was used for the printing session, which
means that the time between two subsequent filaments was 9.42 seconds for the cylindrical column
and 13.3 seconds for the prisms. For printing vertical objects there are two possibilities to adjust the
height: Gradually increasing the height over the printing path or step increasing the height at a specific
location. For the cylinder of the buildability test the gradually increasing height was used of 15 mm
per layer, which meant that extrusion of printed material was continuous and that no discontinuities
occurred at the location where step increase height happened due to accumulation of material.

Before printing a plastic film was applied to protect the printing table. The printing nozzle was
moved to the starting position and the printing process was started. Both material conveying pumps
were turned on at the same time and with the same motor speed. Printing of the column was continued
until failure occurs. The number of printed layers before failure was measured and photos of the printed
results were taken. During the printing process different failure modes can occur: Global failure of the
printed specimen (plastic collapse down or to the side), local failure of a printed filament (stress concen-
trations due to printing process) or discontinuities in the printed filaments (high stiffness development
causes problems with extruding the material). If one of these three failure mechanisms occurred on
the cylinder, then the buildability test was stopped and the maximum number and height of deposited
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layers before collapsing were recorded as indicators for the buildability of the printed material.

5.2.11. Compressive strength test on 3D Printed Concrete
The objective of the compressive strength test was to investigate the compressive strength develop-
ment of the 3D printed samples of mix FGD20-SP0.35-Acc8%. These samples were tested in three
different directions, because anisotropic properties of the printed samples were expected. The printed
samples were compared with the cast samples of the same mixture to investigate the effect of the
printing process on the compressive strength of the mixture.

Test set-up / Samples / Procedure
The test set-up for the compressive test was described in section 3.2.10. The printed prism (length=800mm,
width=25mm, height=6 layers) from the printing session was used to prepare the samples for the com-
pressive strength test. The 3D printed prism was used to saw out cube samples of 40 x 40 x 40 mm
to fit into the compressive strength testing machine. Due to anisotropic mechanical properties of the
printed mortar, the samples from the printed prism were tested in 3 different directions. Compression
load was applied in the longitudinal, lateral and perpendicular to the printing direction (see Figure 2.10).
For each direction 3 repetitions were performed after 7 days of curing and the average value was cal-
culated. The compression strength values of the 3D printed samples were compared to the cast mortar
of mix FGD20-SP0.35-Acc8% to investigate the influence of the printing process on the compressive
strength. The testing procedure for the compressive strength test is identical as described in section
3.2.10.

5.3. Results
5.3.1. Flowability for cementitious mixtures
As reported in section 5.2.2 the goal of the flowability test was to find a suitable mix design for a
pumpable cementitious mixture. This was done by adding different dosages of superplasticizer (SP)
to the mixture in order to influence the flowability of the mixtures. For the 3D printable mix designs
50% and 20% of the Portland cement in the binder was replaced with pre-treated fine glass dust and
the different SP dosages that were taken into account for this investigation are given in Table 5.1. For
each of these mixtures the flowability change over time was investigated by measuring the slump flow
diameter at different time intervals after mixing. The results are presented in Figures 5.7a and 5.7b.
For all cementitious mixtures the slump flow diameter was measured at 15, 30, 45 and 60 minutes
after mixing. From Figure 5.7a the effect of superplasticizer addition to the mixture on the flowability
could be clearly seen. For mix FGD50 15 minutes after mixing the addition of 0.4% SP led to a slump
flow diameter increase of 22% compared to the mixture with 0.25% SP. The addition of 0.5% SP to the
mixture led to a slump flow diameter increase of 41% compared to the mixture with 0.25% SP. A higher
dosage of SP led to a larger slump flow diameter at each time interval between 15 and 60 minutes
after mixing for both mix FGD50 as well as mix FGD20. For the mix FGD50-SP0.25 with the least
amount of SP (0.25%) the slump flow diameter 15 minutes after mixing was 160mm and decreased to
127.5mm for 60 minutes after mixing. The results for 0.40% SP and 0.45% SP were in a similar range
and for all investigated time intervals after mixing and the difference is smaller than 3%. For the mix
FGD50-SP0.5 with the largest amount of SP (0.5%) the slump flow diameter 15 minutes after mixing
was 225mm and decreased to 180mm for 60 minutes after mixing.

For the 20% fine glass dust replacement themix FGD20-SP0.25 with the least amount of SP (0.25%)
the slump flow diameter 15 minutes after mixing was 160mm and decreased to 140mm for 60 minutes
after mixing (see Figure 5.7b). The results for 0.35% SP and 0.40% SP were in a similar range and for
all investigated time intervals after mixing and the difference is smaller than 5%. For the mix FGD20-
SP0.5 with the largest amount of SP (0.5%) the slump flow diameter 15 minutes after mixing was
230mm and decreased to 197.5mm for 60 minutes after mixing.

For a mixture to be suitable for 3D concrete printing the flowability over time should be within specific
boundaries for as long as possible. The flowability had to be ideally between 150 and 200mm for as
long as possible after mixing. Based on the presented results in Figure 5.7a it can be seen that both mix
FGD50-SP0.4 and FGD50-SP0.45 gave slump flow diameters of 200 and 195mm for 15 minutes after
mixing and slump flow diameters of 147.5 and 145mm for 60 minutes after mixing. This meant that both
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(a) FGD50 (b) FGD20

Figure 5.7: Flowability graph for pumpable cementitious mixtures

the 0.4% SP and the 0.45% SPmixtures had flowability values within the specified boundaries between
15 and 60 minutes after mixing for FGD50. The mixture with 0.25% SP had too little flowability and
provided lower slump flow diameters than 150mm from 30 minutes after mixing. The mixture with 0.5%
SP was too flowable and only reached slump flow diameters of 200mm from 45 minutes after mixing.
Based on the presented results for the flowability test it was stated that both the mix FGD50-SP0.4 and
mix FGD50-SP0.45 could be used as a pumpable cementitious mixture. For the pumpability test in
section 5.2.4 only one mixture was chosen for the remainder of this thesis. Based on the lower amount
of superplasticizer amount Mix FGD50-SP0.4 was considered for the pumpability test in section 5.2.4.
For the investigated mixtures with 20% FGD the mix FGD20-SP0.35 provided the most optimal results
in terms of flowability change over time (see Figure 5.7b). The slump flow diameter was between 195
and 167.5 mm for the time interval between 15 and 60 minutes, which represented values within the
specified boundaries for 3D Concrete Printing.

5.3.2. Compressive strength for cementitious mixtures
The cementitious mixtures that were described in section 5.2.1 were tested on compressive strength
after 7 days of curing to compare the strength development in the mixtures with different superplas-
ticizer dosages. The results of the compressive strength test that was described in section 5.2.3 are
presented in Figures 5.8a and 5.8b

(a) Mix FGD50 (b) Mix FGD20

Figure 5.8: 7 days compressive strength for pumpable cementitious mixtures
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For 50% FGD the cementitious mixture with the lowest SP dosage had the highest strength devel-
opment after 7 days and reached a mean compressive strength of 24.88 MPa. The mixture with the
highest SP dosage had the lowest strength development after 7 days and reached a mean compressive
strength of 24.12 MPa. The difference between the investigated mixtures was smaller than 3% and
was therefore not significant. The different SP dosages that were applied in the pumpable cementitious
mixtures did not have a significant effect on the compressive strength development of the mixtures with
50% FGD.

For 20% FGD the cementitious mixture FGD20-SP0.35 had the highest strength development after
7 days and reached a mean compressive strength of 37.18 MPa. The mixture with the highest SP
dosage (mix FGD20-SP0.5) had the lowest strength development after 7 days and reached a mean
compressive strength of 34.37 MPa. The difference between the investigated mixtures was smaller
than 7.5% and is more significant than for the FGD50 mixtures, but no clear trend could be observed.
The optimal SP dosage for compressive strength development of FGD20 mixtures was the same as
for the flowability, namely mix FGD20-SP0.35.

The pumpable cementitious mixtures that were investigated for the 3D printing process had a Port-
land cement replacement percentage of 50% and 20% of the binder mass by pre-treated fine glass
dust. The strength that was reached after 7 days of curing was in the range of 24-25 MPa for FGD50
and in the range of 34-37 MPa for FGD20. This could be attributed to the large amount of cement that
was used for 3D concrete printing mixtures and the use of CEM I 52.5R, which caused rapid strength
gain at an early age.

5.3.3. Pumpability for cementitious mixtures
The results of the pumpability test for the cementitious mixture FGD50-SP0.4 that was described in
section 5.2.4 are presented in Table 5.3. During the pumpability test the pumpable cementitious mix-
ture was passed through the hose at different motor speeds and the material was collected for a time
interval of 10 seconds. From table 5.3 it can be seen that a higher motor speed gave a higher collected
mass after 10 seconds. The collected mass was converted to mass per second. The unit weight of
the pumpable cementitious mixture converted the collected mass per second to the material flow rate
through the hose in cm3/s. The unit weight of the cementitious mixture was determined by determining
the mass of a known volume after compaction. The unit weight of the mixture FGD50-SP0.4 was found
to be 2172 kg/m3 and this value was used to calculate the material flow rate at different motor speeds.
The material flow rate of the cementitious mixture at different pumping speeds was an important

Speed Mass collected Mass per second Material flow rate
(gram) (gram/s) (cm3/s)

Speed 2 387.1 38.71 17.82
Speed 2 373.9 37.39 17.21
Speed 3 587.9 58.79 27.06
Speed 3 580.5 58.05 26.73
Speed 4 765.8 76.58 35.25
Speed 4 770.3 77.03 35.47
Speed 5 1039.1 103.91 47.84
Speed 5 944.6 94.46 43.49

Table 5.3: Pumpability test results for pumpable cementitious mixture FGD50-SP0.4

property to investigate, because this determined the linear speed of the 3D concrete printer during
the printing process. Figure 5.9 presents the average value of the material flow rate of the pumpable
cementitious mixture for each pumping speed. For set-on-demand concrete printing both the material
flow rate of the pumpable cementitious mixture as well as the material flow rate of the accelerator slurry
had to be taken into account. Both mixtures were pumped through a separate pumping hose, but were
combined in the helical static mixer just before extrusion at the printing head. Because the two mixtures
had to be combined in a ratio of 1:1, pumping speeds at the two different pumps had to be used so that
the material flow rate was similar for both the cementitious mixture and the accelerator slurry.
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Figure 5.9: Material flow rate at different motor speeds for mix FGD50-SP0.4

The cementitious mixture FGD50-SP0.4 with 50% replacement of PC with FGD in the binder and the
addition of 0.4% SP by binder mass had a material flow rate between 17.52 and 45.67 cm3/s for pump-
ing speeds 2-5 (see Table 5.3 and Figure 5.9). For all pumping speeds during the pumpability test the
pumping pressure stayed in acceptable ranges, so that no risk of damage to the printing equipment
occurred. Also for all pumping speeds the extruded material from the hose was continuous and the
material was pumped through the hose properly without congestion or blockages in the pumping hose.
Based on the provided test results the mixture FGD50-SP0.4 was a pumpable cementitious mixture
and will be used for set-on-demand printing to combine with accelerator slurry. Based on material
shortage during the thesis, no pumpability test was performed for the mixture with 20% fine glass dust.
Because mix FGD20-SP0.35 provided similar results in terms of flowability change over time, it was as-
sumed that this mixture also possessed good pumpability properties and could be used as a pumpable
cementitious mixture. In section 5.2.5 different mix designs for the accelerator slurry were combined
with the pumpable cementitious mixtures for both 50% and 20% FGD to find the best combination of
cementitious mixture + accelerator slurry in terms of fresh-state and hardened properties.

5.3.4. Flowability for cementitious mixtures + accelerator slurry
In section 5.2.5 it was described that both the cementitious mixture and the accelerator slurry were
prepared in a separate small mixing bowl and were shortly combined afterwards. Directly after mixing
slump flow test was performed on the combined mixture to determine the flowability of the combined
mixture and the influence of the different accelerator dosages on the flowability. The results of the
flowability test, that was described in section 5.2.6, are presented in Figures 5.10a and 5.10b. The
combination of cementitious mixture FGD50-SP0.4 and accelerator slurry with 0% of CaCl2 had amean
slump flow diameter of 21.0 cm. After addition of a small amount of 2% CaCl2 to the accelerator slurry,
the slump flow diameter dropped to a mean value of 19.5 cm, which represented a reduction of around
8%. For the addition of 5%, 8% and 10% of CaCl2 to the accelerator slurry the slump flow diameter
of the combined mixture showed comparable values to the accelerator slurry with 0% CaCl2, namely
in the range between 20.5 and 21.5 cm. The combination of cementitious mixture FGD20-SP0.35 and
accelerator slurry with 0%, 5% and 8% CaCl2 all resulted in slump flow diameters between 20.0 and
21.0 cm directly after mixing.
Based on the results that are provided in Figures 5.10a and 5.10b it could be stated that the addition of
higher dosages of CaCl2 to the accelerator slurry had no significant effect on the slump flow diameter of
the combined mixtures directly after mixing for both FGD50 and FGD20. The mean value was around
21.0 cm for 4 out of 5 tested mixtures for mix FGD50-SP0.4. The reduction in slump flow diameter for
the mixture with 2% accelerator could be caused by different mixing circumstances or a small material
measurement error with the dry materials or the water/accelerator amount which could reduce the
flowability of the mixture. The mean value for the mixtures with FGD20-SP0.35 was 20.5 cm, which
means the largest difference between the results was smaller than 5%.
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(a) Mix FGD50-SP0.4 + accelerator slurry (b) Mix FGD20-SP0.35 + accelerator slurry

Figure 5.10: Flowability results for cementitious mixture + accelerator slurry for different CaCl2 dosages

5.3.5. Initial setting time for cementitious mixtures + accelerator slurry
As described in section 5.2.7 the initial setting time test was performed to investigate the effect of
different accelerator dosages and different FGD dosages on the setting time of the combination of ce-
mentitious mixture and accelerator slurry. The results of the initial setting time test are shown in Figures
5.11a and 5.11b. The effectiveness of the accelerator could be shown by the test if a higher CaCl2 per-
centage led to a decrease in the initial setting time, which indicated faster stiffness development of the
combined mixture. The goal of the test was to find an accelerator dosage which caused a fast initial
setting time of around 90 minutes, which was suitable for set-on-demand concrete printing.

(a) Mix FGD50-SP0.4 + accelerator slurry (b) Mix FGD20-SP0.35 + accelerator slurry

Figure 5.11: Initial setting time results for cementitious mixture + accelerator slurry for different CaCL2 dosages

From Figure 5.11a it can be seen that if 0% CaCl2 was used in the accelerator slurry that the initial
setting time had a mean value of 144 minutes for FGD50. For higher CaCl2 dosages in the accelerator
a decrease in initial setting time could be seen, which showed that the addition of CaCl2 solution to the
accelerator slurry had an accelerating effect on the stiffness development of the combined mixture. For
the mixture with 2% CaCl2 in the accelerator slurry the initial setting time decreased to 127 minutes and
for 5% CaCl2 in the accelerator slurry this further decreased to 116 minutes for FGD50. Even higher
additions of accelerator dosage led to shorter initial setting times and at 10% CaCl2 in the accelerator
slurry the mean initial setting time of the combined mixture of cementitious mixture + accelerator slurry
was 88 minutes, which was below 90 minutes for the first time. By addition of 10% CaCl2 to the accel-
erator slurry the initial setting time could be decreased with by 39% compared to the mixture with 0%
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CaCl2 for FGD50.
From Figure 5.11b it can be seen that if 0% CaCl2 was used in the accelerator slurry that the

initial setting time had a mean value of 116 minutes for FGD20. For the mixture with 5% CaCl2 in the
accelerator slurry the initial setting time decreased to 103 minutes and for 8% CaCl2 in the accelerator
slurry this further decreased to 93 minutes for FGD20. By addition of 8% CaCl2 to the accelerator
slurry the initial setting time could be decreased by 20% compared to the mixture with 0% CaCl2 for
FGD20. So in order to reach an initial setting time of around 90 minutes for FGD50 there was 10%
CaCl2 needed and for FGD20 there was 8% CaCl2 needed.

The provided results in Figures 5.11a and 5.11b both showed that higher dosages of CaCl2 solution
in the accelerator slurry had a beneficial effect on the stiffness development of the cementitiousmixtures
+ accelerator slurry.

5.3.6. Isothermal calorimetry for cementitious mixtures + accelerator slurry
As described in section 5.2.8 the isothermal calorimetry test was performed to investigate the effect
of different accelerator dosages and different FGD dosages on the early stage hydration of the com-
bination of cementitious mixture and accelerator slurry. Faster early age hydration of a mixture would
indicate a more rapid hardening and therefore a higher structural build-up. The results of the isothermal
calorimetry test are presented in Figure 5.12.

According to the normalized heat flow results in Figures 5.12a and 5.12b, it is shown that incorporat-
ing higher dosages of CaCl2 in the accelerator slurry resulted in a shorter induction period. For the
mixtures with 20% FGD it can be seen that mix FGD20-Acc0% has the longest induction period and
that mix FGD20-Acc8% has the shortest induction period. The main hydration peak of the mix FGD20-
Acc8% was shifted to the left to occur at an earlier stage and also had a higher heat flow intensity. In
addition, the effect of fine glass dust percentage on the normalized heat flow of the mixture can also be
seen in Figures 5.12a and 5.12b. When the normalized heat flow values of mix FGD20-Acc0% and mix
FGD50-Acc0%were compared, it was found that mix FGD20-Acc0% had a shorter induction period, the
time to reach the main hydration peak was earlier and the height of the main hydration peak was larger.

If the main hydration peaks of mixtures FGD20-Acc0% / FGD20-Acc8% are compared it can be seen
in Figure 5.12b that for higher CaCl2 dosages the main hydration peak was higher and more narrow.
For Mix FGD20-Acc5% and FGD20-Acc0% the main hydration peak was more spread out and even a
second shoulder peak after the main hydration peak was observed. In the mixture with 50% FGD this
secondary peak was also observed. The second shoulder peak of mixtures with 20% FGD was found
to be at a lower intensity than the main hydration peak, but for the mixture with 50% FGD this peak was
found to be higher than the main hydration peak.

The results from the normalized cumulative heat in Figure 5.12c were in agreement with the findings of
the normalized heat flow. It was found that the mix FGD50-Acc0% released less amount of cumulative
heat than all the mixtures with 20% FGD. The reduction of cumulative heat was around 30% after 90
hours. The three mixtures with 20% FGD provided similar cumulative heat results after 90 hours. At
early material ages the mix FGD20-Acc8% had a higher increase in cumulative heat compared to mix
FGD20-Acc5% and mix FGD20-Acc0%, which was caused by the high hydration peak in the heat flow
curve around 5 hours.

Based on the results in Figure 5.12 it was found that a lower amount of FGD caused a shorter in-
duction period and a higher hydration peak, which occurred at an earlier age compared to the mixture
with a higher FGD dosage. It was also found that a higher dosage of CaCl2 in the mixture caused a
shorter induction period and a higher hydration peak at an earlier age. Both the FGD dosage and the
CaCl2 dosage had an influence on the hydration reaction and heat flow of the combined mixture of
cementitious mixture + accelerator slurry.

5.3.7. Compressive strength for cementitious mixtures + accelerator slurry
As described in section 5.2.9 the compressive strength test was performed to investigate the effect of
different accelerator dosages and different FGD dosages on the compressive strength development of
the combination of cementitious mixture and accelerator slurry for curing ages of 7 and 28 days. The
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(a) Normalized heat flow [mW/g] (b) Normalized heat flow during the first 20 hours [mW/g]

(c) Normalized cumulative heat [J/g]

Figure 5.12: Isothermal calorimetry results for mixtures FGD20 and FGD50 with different CaCl2 dosages in accelerator slurry

results of the compressive strength test are shown in Figures 5.13a and 5.13b.
For FGD50 the compressive strength for the combined mixture with 0% CaCl2 was 14.83 MPa after
7 days of curing. When this strength is compared with the result from Figure 5.8a it can be seen that
the 7 day strength decreased from 24.35 to 14.83 MPa, because of the addition of accelerator slurry
to the cementitious mixture in mass ratio 1:1. This represents a decrease in compressive strength of
39%, which could be attributed to the lower amount of Portland cement per unit of mass as discussed
in section 5.2.1. For FGD20 the 7 day compressive strength decreased from 37.18 to 24.84 MPa (com-
pare Figure 5.8a with Figure 5.13b), because of the addition of accelerator slurry to the cementitious
mixture in mass ratio 1:1. This represents a decrease in compressive strength of 33%.

For FGD50 the compressive strength of the combined mixtures increased for higher CaCl2 dosages
in the accelerator slurry for both 7 and 28 days of curing. From Figure 5.13a it can be seen that the
mixture with 2% CaCl2 in the accelerator slurry was an outlier, which could be potentially attributed to
a small error in material measurement or a change in the casting or curing process. For the rest of
the investigated mixtures the compressive strength increased from 14.83 to 16.06 MPa after 7 days of
curing for 0% and 10% CaCl2 respectively. The compressive strength increased from 21.22 to 22.49
MPa after 28 days of curing for 0% and 10% CaCl2 respectively. For FGD50 the addition of 10% CaCl2
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(a) Mix FGD50-SP0.4 + accelerator slurry

(b) Mix FGD20-SP0.0.35 + accelerator slurry

Figure 5.13: Compressive strength results for cementitious mixture + accelerator slurry for different CaCL2 dosages

in the accelerator slurry caused an increase in compressive strength of 6-8% for both 7 and 28 days of
curing.

For FGD20 the compressive strength of the combined mixtures also increased for higher CaCl2
dosages in the accelerator slurry for both 7 and 28 days of curing. From Figure 5.13b it can be seen
that the compressive strength increased from 24.84 to 25.57 MPa after 7 days of curing for 0% and
8% CaCl2 respectively. The compressive strength increased from 29.47 to 33.89 MPa after 28 days
of curing for 0% and 8% CaCl2 respectively. For FGD20 the addition of 8% CaCl2 in the accelerator
slurry caused an increase in compressive strength of 3% for 7 days of curing and 15% for 28 days of
curing.

Based on the results that are provided in Figures 5.13a and 5.13b it can be stated that the accelerator
slurry has a small hardening effect. For both 50% and 20% mixtures the addition of higher CaCl2
dosages led to an increase in compressive strength after both 7 and 28 days of curing.

5.3.8. Buildability for 3D Printed Concrete
As described in section 5.2.10 the goal of the buildability test was to investigate whether the developed
mixture FGD20-SP0.35-Acc8% was printable with set-on-demand printing, where a helical static mixer
was used to mix the cementitious mixture and the accelerator slurry just before extrusion from the
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printing nozzle. During the printing session a cylinder was printed for the buildability test and a prism
was printed for the compression strength test of the 3D printed concrete.

The results of the printing session are shown in Figure 5.14a. During the printing process it was
observed that the developed mixture FGD20-SP0.35-Acc8% was printable. Both the cementitious mix-
ture and the accelerator slurry could be pumped through the hose without high pressures and the two
separate mixtures were mixed properly in the helical static mixer. The combined mixture that was ex-
truded from the printing nozzle was uniform and no striations could be observed. According to Tao et al.
[114], striation patterns in the extruded filaments are an indication of improper mixing of the materials,
but for mix FGD20-SP0.35-Acc8% this was not observed.

The prisms were printed with a height of 6 layers with 13.3 seconds time interval between each sub-
sequent layer. During the printing of the prisms no failure occurred in the printed filaments, only small
deformations could be observed in the bottom filament.

The buildability test showed that 10 layers of a cylinder with a diameter of 180mmwith 9.42 seconds
time interval between each subsequent layer could be printed before failure of the cylinder occurred.
From Figure 5.14b it can be seen that the bottom filament had large deformation and had insufficient
strength to carry the weight of the filaments that were printed on top. Failure of the bottom filament was
the governing factor for the buildability test of the developed mixture.

(a) Overview (b) Cylinder for buildability test

Figure 5.14: Results of printing session for mix FGD20-SP0.35-Acc8%

5.3.9. Compressive strength of 3D Printed Concrete
As described in section 5.2.11 the goal of the compressive strength test was to investigate the compres-
sive strength development of the 3D printed samples of mix FGD20-SP0.35-Acc8%. These samples
were tested in three different directions, because anisotropic properties of the printed samples were
expected. The printed samples were compared with the cast samples of the same mixture to investi-
gate the effect of the printing process on the compressive strength of the mixture. Figure 5.15 shows
the results of the compressive strength test on the printed samples in three different directions: per-
pendicular, longitudinal and lateral compared to the printing direction (as presented in Figure 2.10).
Figure 5.15 shows that the cast sample reached a mean compressive strength of 25.57 MPa after
7 days of curing. This strength was the same in all directions, as the cast mortar was isotropic un-
der compression loading. Anisotropic properties were observed for the printed samples. When the
printed sample was loaded perpendicular to the printing direction, compressive strength of 26.85 MPa
was reached after 7 days of curing. This was a 5.0% increase compared to the cast sample of the
same mixture. When the printed sample was loaded longitudinally to the printing direction, compres-
sive strength of 25.51 MPa was reached, which represented a 0.2% decrease compared to the cast
sample. The compressive strength lateral to the printing direction was 19.56 MPa, which represented
a decrease of 23.5% compared to the cast sample.

The results of the compressive strength test on the printed samples showed that the printed mixture
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Figure 5.15: Compressive strength results for the printed samples of mix FGD20-SP035-Acc8%

developed similar strength to the cast sample for the perpendicular and longitudinal directions. For the
lateral direction a significant reduction was observed compared to the cast sample.

5.4. Discussions
5.4.1. Pumpable cementitious mixtures
Flowability
The objective of the flowability test for cementitious mixtures as described in section 5.3.1 was to find a
suitable mix design for a pumpable cementitious mixture and to investigate the influence of Superplasti-
cizer (SP) and fine glass dust (FGD) dosage on the flowability. The results suggest that for both mixture
FGD50 and FGD20 an increasing amount of SP resulted in a larger slump flow diameter after 25 drops
for all investigated time intervals after mixing. Therefore the SP amount had a positive influence on
the flowability of the cementitious mixtures. Figure 5.16 shows the flowability comparison between the
collected data on mixtures with 50% FGD and mixtures with 20% FGD for some of the investigated
superplasticizer dosages. The possible reasons for the changes in flowability by adding different SP
dosages and the effect of FGD percentage on the flowability will be assessed in this section.

Figure 5.16: Flowability comparison for mix FGD50 and FGD20

One feasible interpretation for the increased flowability for mixtures with a larger dosage of SP is due to
the working mechanism of the superplasticizer. The surface of the cement particles in the mortar mix-
ture carries both positive and negative charges. The SP polymers are negatively charged and therefore
counterbalance the positive charges on the cement particle surface. This results in making the entire
surface of the cement particles appear fully negative. The negatively charged cement particles repel
each other, creating a dispersing effect that allows for more water permeation. This higher water per-
meation in the mixture causes a higher flowability. Another possible working mechanism of SP is steric
hindrance, which controls the selectivity in the cementitious mixture and prevents cement particles from
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agglomerating. This assures space between particles and within this space the water can move more
easily, which results in a higher flowability for the mixture when SP is added. For higher dosages of
SP for the cementitious mixture this effect became stronger, which increased flowability. For 3D Con-
crete Printing it is important that the mixture is not too stiff, because this could cause high pressures
during pumping or printing. On the other hand the flowability can also not be too high, because in that
case there could be a risk of segregation of the material during the pumping or printing process (as
described in sections 5.2.1 and 5.2.2). The boundaries for flowability of the mixtures for 3D Concrete
Printing are within 150 and 200mm for the largest possible time interval. Based on those boundaries
mix FGD50-SP0.40 and Mix FGD20-SP0.35 were chosen for the cementitious mixture.

The flowability comparison in Figure 5.16 shows that mix FGD20 possessed a higher flowability than
mix FGD50 for all investigated time intervals after mixing for the same superplasticizer dosage of 0.4%.
This higher flowability for mix FGD20 can potentially be explained by the difference in particle size be-
tween the Portland cement and the FGD. As discussed in section 3.4.1 the particles of the FGD are
larger and have a smaller specific surface area than the particles of the Portland cement even after
grinding treatment of the FGD. This resulted in a sub-optimal filler effect and particle packing of the fine
glass dust combined with the Portland cement particles. This indicates that when a higher percentage
of FGD was used in the binder that more water is captured in the voids between the particles of different
sizes. This enclosed water is not available to reduce the friction between the particles and therefore
decreases the flowability. This could clarify why the FGD50 mix had a lower flowability than the FGD20
mix with the same superplasticizer amount.

Another possible explanation is that the working mechanism of the SP mainly affects the cement
particles and had less effect on the FGD particles. For a higher replacement percentage mixtures,
there were fewer cement particles available which meant that the SP was less effective in increasing
the flowability of the mixtures. Therefore a higher dosage of SP was needed for the FGD50 mixture
to reach similar flowability to the FGD20 in which more cement particles were available. This meant
that to reach similar flowability a lower superplasticizer dosage was sufficient for mix FGD20. For mix
FGD20 it was sufficient to add 0.35% superplasticizer to the mixture to reach flowability values within
the boundaries of 3D Concrete Printing.

The findings on the effect of fine glass dust and superplasticizer dosage on the flowability of the ce-
mentitious mixture are in agreement with the findings of Lu et al. [69] and Rahma et al [92]. These
findings also showed a reduction in flowability for mixtures with a larger amount of glass powder as a
replacement for Portland cement, interpreted due to the high surface tension of the glass powder. This
high surface tension was justified by the large surface area of the glass powder particles. Rahma et al.
also showed the flowability enhancing effect when superplasticizer was added to mixtures with glass
powder. A larger dosage of SP led to a larger increase in flowability.

On the other hand research by Fanijo et al. [36] showed an increase in flowability when glass pow-
der was used to replace Portland cement in the binder. The difference between this research and the
research of Fanijo et al. was the particle size of the glass powder. Fanijo et al. used a mean particle
size of 10 𝜇m which was almost twice as fine as the mean particle size of 17.20 𝜇m which was used in
this study. The fine particles of the glass powder had an increased filler effect, because of the smaller
difference in particle sizes with the Portland cement. The increase in flowability could then be clarified
by the poor cohesion and the lower absorption capacity of the smooth glass powder particles.

So based on the provided results and discussion about the influence of superplasticizer and FGD
amount on the flowability of cementitious mixtures it can be indicated that a higher amount of pre-
treated FGD in a mixture led to a reduction of flowability compared to a lower amount of FGD mixture.
The flowability of mixtures with SP could be effectively increased by adding SP to the mixture. The
optimal mix designs for the pumpable cementitious mixture for 3D Concrete printing were mix FGD50-
SP0.4 and mix FGD20-SP0.35.

Compressive strength
The main intention of the compressive strength tests for the cementitious mixtures in section 5.3.2 was
to investigate the influence of superplasticizer (SP) dosage and fine glass dust (FGD) percentage on
compressive strength development for pumpable cementitious mixtures for 3D concrete printing. The
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results indicate that there was a difference in compressive strength development for the cementitious
mixtures with 50% and 20%FGD. For all investigated superplasticizer dosagesmix FGD20 had a higher
compressive strength development than mix FGD50. The results also suggested that SP dosage did
not have a significant influence on the compressive strength development.

One possible explanation for the decrease in compressive strength development for the mixture with
higher FGD percentage is due to the dilution effect of the FGD. The replacement of Portland cement by
FGD in the binder of the mixtures resulted in a lower amount of cement particles that were available for
hydration and thus a lower rate of hydration reaction, which is responsible for the strength development
of the mixtures at early curing ages. At a curing age of 7 days the fine glass dust mainly had a filler effect
in the binder, which indicated no significant contribution to the strength development of the mixtures in
terms of pozzolanic activity. So also for the pumpable cementitious mixture for 3D concrete printing the
dilution effect played an important role. Because of the high amount of Portland cement in the standard
mix design for the pumpable cementitious mixtures, high compressive strength values in the range of
24-25 MPa were achieved for mix FGD50 and 34-37 MPa for mix FGD20 mixture after 7 days of curing.

The results in section 5.3.2 also suggest that the superplasticizer dosage did not have a significant
influence on the compressive strength development of the mixtures. Neither the mixtures with 20%
FGD nor the mixtures with 50% FGD experienced significant strength gain or loss by the added super-
plasticizer in the mixture. This can potentially be clarified by the fact that the superplasticizer working
mechanism only influenced the flowability of the mixtures by the repulsion effect or steric hindrance
on particles, but had no influence on the hydration reaction and the amount of hydration reactions that
are formed. Therefore no significant trend could be observed between SP dosage and compressive
strength development. The small changes in compressive strength results for different superplasti-
cizer dosages could be attributed to different casting and compacting conditions due to the flowability
changes in themixtures. The investigatedmixtures with low SP dosage possessed low flowability which
complicated the vibrating and compacting conditions while filling the mould. The investigated mixtures
with high SP dosage possessed high flowability which caused a lot of water loss during vibrating and
compacting.

As described in section 3.4.2 the findings on the effect of fine glass dust on the compressive strength
development of the cementitious mixtures for 3D concrete printing are in agreement with the findings
of Boukhelf et al. [15], Nassar et al. [82], Nyantaki et al. [86] and Ibrahim et al. [46], in which low initial
reactivity was observed for mixtures with waste glass powder resulting in lower strength values than
the reference mixture. Because the mixtures were only tested at a curing age of 7 days, no influence
of pozzolanic activity of the FGD could be indicated and the dilution effect of the FGD caused the lower
strength development for mixtures with higher glass powder percentages.

Research by Hassouna et al. [44] showed that superplasticizer dosage can have an effect on the
compressive stress development of cementitious mixtures. The results suggested that if a very low
dosage of SP was used, but also if a very high dosage of SP was used, the compressive strength
would be decreased. In between there was an optimum SP dosage which resulted in the highest
strength. The main difference between the research of Hassouna et al. and this research is the mix
design that is used as well as the range of SP dosage that was investigated. The research of Has-
souna et al. investigated SP dosages ranging from 0-5%, but in this study only ranges of 0.25-0.5%
were investigated. The large range of investigated SP dosages gave a more wide spread of results,
which could clarify the more obvious trend in results for the research of Hassouna et al.

So based on the provided results and discussion about the compressive strength development of ce-
mentitious mixtures with different FGD percentages and SP dosages it can be indicated that a higher
FGD percentage led to a decrease of compressive strength, due to the dilution effect of the FGD. The
investigated range of SP dosage did not have a significant influence on the compressive strength de-
velopment of either FGD50 mix or FGD20 mix.
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5.4.2. Pumpable cementitious mixture + accelerator slurry
Initial setting time
The main goal of the initial setting time test in section 5.3.5 was to investigate the effect of FGD percent-
age and CaCl2 dosage on the initial setting time of the pumpable cementitious mixture + accelerator
slurry. The results suggest that the CaCl2 dosage in the accelerator slurry had a decreasing effect on
the initial setting time of the cementitious mixture + accelerator slurry. For all investigated mixtures
an increase in the CaCl2 dosage led to a decrease in the initial setting time. Figure 5.17 shows the
initial setting time comparison between the mixtures with 50% FGD and mixtures with 20% FGD for the
investigated CaCl2 dosages. This figure indicates that a higher percentage of FGD led to an increase
in initial setting time for the same CaCl2 dosage. The possible reasons for the changes in initial setting
time by adding different CaCl2 dosages and the effect of FGD percentage on the initial setting time will
be assessed in this section.

Figure 5.17: Initial setting time comparison for mix FGD50 and FGD20

One potential explanation for the accelerating effect of CaCl2 dosage on the initial setting time of the
cementitious mixture + accelerator slurry is due to the working mechanism of the CaCl2. The results
indicate that accelerator slurry with a higher dosage of CaCl2 caused a faster initial setting time for both
FGD50 and FGD20 mixtures. Early-age hydration of ordinary Portland cement originates from nucle-
ation and crystal growth of calcium-silicate-hydrates (C-S-H). CaCl2 is known to have an accelerating
effect on Portland cement hydration not only during the acceleration phase of the hydration reaction, but
throughout the full early-age hydration (approximately 24 hours). CaCl2 has an accelerating effect on
hydration by providing supersaturation of C-S-H during early age hydration of Portland cement. Super-
saturation affects the hydration reaction by surface activation. Nucleation can take place on surfaces
depending on the contact angle between the surface and the precipitating phase [104]. Precipitation
can occur where C-S-H is supersaturated with respect to the solution. In the presence of CaCl2, the
degree of C-S-H supersaturation increased. This led to lower free energy barriers to precipitation and
this enabled surfaces to act as nucleation sites for C-S-H in presence of CaCl2, which were previously
inactive. So the presence of CaCl2 increased the number of surfaces that are active nucleation sur-
faces for C-S-H during the cement hydration. This meant that because of the presence of CaCl2 the
nucleation and crystal growth of C-S-H nuclei was accelerated, which caused the hydration reaction
rate to increase [104]. A faster early-age hydration reaction rate meant faster stiffness development
and therefore a decrease in the initial setting time. A higher dosage of CaCl2 had an enhanced effect
on the initial reactivity and this could be a possible interpretation for the lower initial setting time at
higher CaCl2 dosages.

For 3D Concrete Printing it is important to have a fast initial setting time for the combination of ce-
mentitious mixture + accelerator slurry, because this ensures sufficient stiffness development of the
printed filaments after extrusion from the printing nozzle. This high stiffness development prevents the
printed filaments from collapsing under the load of the subsequent filaments that are printed on top
during the printing process. On the other hand the initial setting time can not be too fast, because this
could cause possible damage to the printing equipment. If the stiffness development of the combined
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mixture is too fast, there is a risk of material accumulation and high pressures at the printing nozzle if
the material can not be extruded properly. This also imposes the risk of improper quality of the printed
filaments when the stiffness development is too high before deposition of the filaments. To ensure
proper printing quality during 3D Concrete Printing the initial setting time should be in the range of 90
minutes. Based on the provided results in the initial setting time tests the cementitious mixture + accel-
erator slurry were formed by mix FGD50-SP0.4-Acc10% (10% CaCl2) and mix FGD20-SP0.35-Acc8%
(8% CaCl2).

Figure 5.17 shows the comparison of the mixtures with 50% and 20% FGD for different CaCl2 dosages
in the accelerator slurry. The data suggest that the initial setting time for the FGD20 mixture was lower
than the FGD50 mixture for the same CaCl2 dosage. For the FGD20 mixture 8% of CaCl2 was suffi-
cient to reach an initial setting time of around 90 minutes, while for the FGD50 mixture 10% CaCl2 was
needed. This meant that the FGD amount in the mixture had a delaying influence on the initial setting
time.

This can be potentially clarified by the fact that a lower amount of pre-treated FGD in the FGD20
mixture means that there was more Portland cement in the mixture. This higher amount of Portland
cement particles increased the C-S-H precipitation on nucleation sites, which was responsible for the
faster hydration reaction and faster stiffness development. This is in agreement with section 3.4.1 in
which it was discussed that the FGD possesses compounds that had a delaying effect on the hydration
reaction and the stiffness development. For the FGD50 mixture, more Portland cement was replaced
by FGD, which had a delaying contribution to the nucleation and crystal growth of C-S-H structures.
This decreased the initial hydration reactivity and delayed the stiffness development. This led to a
higher initial setting time for the FGD50 mixture and thus more CaCl2 was needed to reach an initial
setting time of 90 minutes.

Another possible explanation is that the CaCl2 worked most effectively on the acceleration of hydra-
tion of Portland cement particles. In the FGD20 mixture, more Portland cement particles were present,
so the accelerator could maximize its effect on all the cement particles to accelerate the hydration re-
action. As discussed earlier, this was potentially done by increasing the C-S-H supersaturation, which
meant that more surfaces were available for cement particles to form C-S-H crystals on. In the FGD50
mixture less Portland cement particles were present, so more CaCl2 was needed to reach the same
effect for the acceleration of the early-age hydration reaction.

The findings on the initial setting time of the cementitious mixture + accelerator slurry are in agree-
ment with the findings of Mansell et al. [72], which showed that the presence of CaCl2 promotes the
supersaturation of C-S-H in the solution, which activates locations in the cementitious solution that
would otherwise have been unable to have nucleation. The increased rate of precipitation has an influ-
ence on the hydration reaction in both nucleation and growth of the hydration products, which results
in a faster initial setting time when CaCl2 was added to the mixture. These results are in conformity
with the findings of Steger et al. [109], Salain et al. [100] and Souza et al. [105], which all showed
that CaCl2 could be effectively used to increase the stiffness development and therefore decrease the
initial setting time of cementitious mixtures. Souza et al. [105] found that higher contents are needed if
accelerator is used together with superplasticizer to compensate for the repulsive effect. This is in line
with the findings in this research in which 10% CaCl2 was needed for the FGD50 mix and 8% CaCl2
was needed for the FGD20 mix, because superplasticizer was used for the pumpable cementitious
mixture.

So based on the provided results and discussion about the initial setting time of the cementitious mix-
ture + accelerator slurry it can be indicated that a higher percentage of pre-treated fine glass dust led
to an increase in initial setting time. A higher dosage of CaCl2 in the accelerator slurry could effectively
reduce the initial setting time by accelerating the early-age hydration reaction. To reach an initial setting
time of around 90 minutes mix FGD50-SP0.4-Acc10% and mix FGD20-SP0.35-Acc8% were used.

Heat evolution
The main objective of the isothermal calorimetry test in section 5.3.6 was to investigate the effect of
CaCl2 dosages and FGD percentages on the heat evolution during the early-age hydration of the com-
bination of cementitious mixture + accelerator slurry. The results indicate that a lower amount of FGD
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in the mixture had a positive influence on the hydration reaction rate. The mixture with 20% FGD had
a shorter induction period, a higher heat flow during the main hydration peak and a larger normalized
cumulative heat value than the mixture with 50% FGD for the same accelerator dosage. The results
also suggest that the CaCl2 dosage caused a shorter induction period and a higher heat flow during the
main hydration peak at an earlier age. This means that the CaCl2 dosage had a positive influence on
the acceleration of the hydration reaction at an early age. It was also found that the accelerator dosage
had no significant effect on the total normalized cumulative heat that was developed, but only caused
an increase in hydration reaction rate during the main hydration peak. So both the FGD dosage and
the CaCl2 dosage influence the early-age reaction rate and the heat flow of the combined mixture of
cementitious mixture + accelerator slurry, which is in accordance with the initial setting time discussion
in section 5.4.2.

One potential explanation for the decrease in main hydration peak for the FGD50 mix compared to
the FGD20 mix is due to the dilution effect of the FGD. The replacement of Portland cement by FGD
in the binder of the mixtures resulted in a lower amount of cement particles that were available for
hydration reaction. The particle size of the FGD was also larger than the particle size of the Portland
cement. The larger FGD particles with lower surface area provided a reduced number of nucleation
sites compared to the Portland cement particles, which resulted in a decline in hydration reaction. The
larger fine glass dust particles decreased the precipitation rate of dissolved cement particles and there-
fore reduced the amount of C-S-H crystals that could originate and grow. The amount of FGD particles
had a negative influence on the hydration rate at an early age and this could clarify the lower peak in
hydration for the FGD50 mixture compared to the FGD20 mixture. The lower rate of hydration addi-
tionally affects the total amount of C-S-H structures that are formed during the hydration and therefore
influences the total heat of hydration. This could also explain the lower cumulative heat value for the
FGD50 mix compared to the FGD20 mix.

The heat flow results suggest pozzolanic activity for the FGD50 mix as a second hydration peak could
be observed which was higher than the initial peak. The initial hydration peak is known for the hydra-
tion of C3S, the main component of cement clinker. For the mixtures with FGD20 this peak was higher
than for the FGD50 mix, because more cement particles were available and therefore more hydration
of C3S occurred. The pozzolanic activity of the fine glass dust is slower and generates less heat than
the cement, because the reaction is similar to the hydration of C2S. For the FGD50 mix this secondary
hydration peak could be clearly observed, which could indicate pozzolanic activity of the mixture with
50% FGD. This second shoulder peak may also be attributed to the delayed hydration reaction of spe-
cific compounds in the cementitious mixture, according to Scrivener et al. [102]. According to Quennoz
et al. [91], this peak might be regarded as the secondary formation of ettringite. For the investigated
mixtures with 20% FGD this secondary hydration peak could also be observed around the same time,
but these were less significant than for the FGD50 mixture. This could be interpreted by the difference
in fine glass dust particles available for pozzolanic reaction between the FGD50 and FGD20 mixture.

As described earlier in this section in the discussion on the initial setting time in section 5.4.2 the
working mechanism of the CaCl2 in the accelerator slurry might have an acceleration effect on the hy-
dration reaction by higher nucleation and growth rate of C-S-H nuclei in the presence of CaCl2. During
the C3S hydration the Ca2+ ion concentration could influence the growth of the C-S-H structures by
higher nucleation and growth rate. This indicates a faster formation of hydration reaction products in
the presence of higher CaCl2 dosages. The calcium and chloride ions in the accelerator mainly affect
the C3S hydration and C3S is the main component of Portland cement clinker, so the working mecha-
nism of the CaCl2 accelerator is enhanced if more Portland cement is available. For the investigated
mixtures with 20% FGD, the addition of higher dosages of CaCl2 caused a shorter induction period and
a sharper and higher peak of hydration. This indicates that the CaCl2 mainly influenced the induction
phase and the acceleration phase of the hydration reaction. As suggested by the cumulative heat re-
sults, the CaCl2 did not influence the total amount of hydration products that are formed, the process
was only accelerated during the early age.

The findings on the heat evolution of the pumpable cementitious mixture + accelerator slurry are in
agreement with the findings of Boukhelf et al. [15] and Kamali et al. [52], which both showed a de-
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crease in main hydration peak height when a larger percentage of glass powder was used to replace
Portland cement in the binder. This could be mainly attributed to the dilution effect of the Portland ce-
ment as the main hydration peak is caused by the hydration of C3S. Higher replacement percentages
mean that less C3S particles were available in the binder to produce heat during the main hydration
peak. The glass powder is mainly contributing to the heat evolution by pozzolanic activity, which pro-
duced less heat than the hydration of C3S. This could explain the lower amount of cumulative heat for
mixtures with more glass powder.
Rapp et al. [94], Yum et al. [131] and Kishar et al. [62] were in accordance with the findings on the
acceleration effect of CaCl2 on the early-age heat flow development of cementitious mixtures. The
results of these researches showed an increase in initial hydration reactivity which contributed to a
shorter induction period and a faster and higher main hydration peak. Yum et al. showed that sec-
ondary hydration peaks could be observed when supplementary cementitious materials are used to
replace Portland cement. The height of these secondary hydration peaks was lower than the main
hydration peak, likely due to the fact that the chemical reactivity of the supplementary cementitious
material was lower than that of Portland cement clinker. In this current study the secondary hydration
peak was higher than the main hydration peak for the mixture with 50% FGD. The differences between
the results of these researches could be interpreted by a large difference in investigated replacement
percentages 50% of cement replacement in this research compared to 20% cement replacement in the
research of Yum et al [131].

So based on the provided results and discussion about the heat evolution of the cementitious mix-
ture + accelerator slurry it can be indicated that a higher percentage of pre-treated fine glass dust led
to a decrease in heat flow evolution during the main hydration peak and a reduction in total amount
cumulative heat that was produced. A higher dosage of CaCl2 in the accelerator slurry could effectively
reduce the induction period and increase the heat flow during the main hydration peak by accelerating
the early-age hydration reaction.

5.4.3. 3D Printed Concrete
Buildability and compressive strength of printed samples
The main objective of the buildability and compressive strength test in sections 5.3.8 and 5.3.9 was
to investigate the printability and compressive strength development of the designed mixture FGD20-
SP0.35-Acc8%. The buildability test showed that the developed mixture was printable at a printing
speed of 3600 mm/min and a time interval of 9.42 seconds between subsequent layers. 10 layers
could be printed with the developed mixture before failure of the cylinder. The bottom filaments had
large deformation and had insufficient strength to carry the weight of the filaments that were printed
on top. The compressive strength test showed anisotropic properties for the printed samples, in which
the perpendicular and longitudinal directions provided similar results as the cast sample. However for
the lateral direction a significant reduction in compressive strength was observed. Possible reasons
for these results are analyzed in this section.

One potential interpretation for the buildability result is that the structural build-up was not strong
enough. This means that the bottom layer had not developed sufficient strength and stiffness to with-
stand the loads of the subsequent filaments that were printed on top. Under this high load the bottom
layers had a significant deformation, which eventually could lead to the failure of the printed cylinder
after 10 layers. The structural build-up of the printed filaments could potentially be improved by adding
a higher dosage of CaCl2 to the accelerator slurry, which could lead to faster stiffness development in
the bottom layers after printing. This suggests that more filaments could be stacked upon the bottom
filaments before failure occurs.

A second possible influencing factor for the buildability results was the time duration between mix-
ing and printing. During the mixing process of the buildability test there were 2 mixers available, which
meant that the mixing procedure could be fast. This led to the fact that the time between mixing and
printing was very short and the material had high flowability. At the start of the printing session the
printed filaments had a large layer width due to the high flowability of the mixtures. These flowable
printed filaments were loaded by the filaments on top, which caused even more deformation and even-
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tually led to failure of the printed cylinder. The buildability of the developed mixture could potentially
be improved by a small increase in the time between mixing and printing, or a small reduction in the
superplasticizer dosage, so that the bottom layers have a little less flowability and more shape reten-
tion when printed. The buildability could also potentially be improved by changes in the nozzle moving
speed. With a lower nozzle moving speed the time interval between subsequent layers will be longer.
This means that the printed filaments will have more time available for strength and stiffness develop-
ment before the subsequent layers are printed on top. Higher strength and stiffness development in
the extruded filaments could cause an increase in structural build-up of the developed mixture.

A potential explanation for the anisotropic compressive strength development of the printed samples
might be due to the interface between the printed filaments and the printing quality. The layer-by-layer
extrusion process of concrete printing created interfaces between the printed filaments. These inter-
faces often have lower strength compared to the printed filaments and therefore might be governing
the anisotropic properties under different loading directions [126] [89].

The results indicated that the perpendicular and longitudinal loading relative to the printing direction
resulted in similar strength values as the cast sample after 7 days of curing. Lateral loading compared
to the printing direction resulted in a significant strength reduction. The high strength of the perpendic-
ular direction could possibly be explained by compaction of the printed filaments in the vertical direction
during the printing session. The weight of the subsequent layers that are printed on top could cause
increased compaction in the bottom layers and this high compaction could be responsible for the high
compressive strength of the samples that were loaded perpendicular to the printing direction. The high
strength of the longitudinal direction could potentially be explained by the motion pattern of material in
the printing process. The longitudinal direction is the same direction as the printing direction. Therefore
the particles in the middle of the printed filaments in the longitudinal direction may be better placed and
compacted during extrusion from the nozzle. This better placement and compaction leads to a denser
structure, which could potentially improve the strength in the longitudinal direction. The reduction in
strength for the lateral direction might be explained by the sample geometry after sawing. After sawing
the samples to the required size for compressive strength testing, the layered surface from printing was
still present on the sides of the sample. During the extrusion process very little compaction of particles
occurred, which means that a less strong structure is formed in this direction. Also for testing com-
pressive strength in the lateral direction, this layered surface had to be placed into the loading jig. The
applied load on the layered surface might have caused uneven loading on the surface and therefore
caused stress concentrations in the sample. These stress concentrations together with low interlayer
bonding and low compaction of the particles could potentially be responsible for the lower strength in
the lateral direction.

The high strength of extruded material compared to the cast sample might also be justified by the
formation of a denser matrix during the printing of the filaments [89]. During the extrusion process of
filaments from the nozzle, pressure is applied to the fresh state material, which could potentially help
to reduce the voids in the printed filaments. This lower void content could contribute to high strength
filaments. However for multiple layers of extruded material this mechanism might not be so dominant,
as the interlayer surface between printed filaments significantly influences the material properties.

The findings on the compressive strength development of the printed samples are in agreement with
the findings of Wolfs et al. [126] and Bos et al. [13], which both indicated anisotropic properties of
printed concrete caused by a weak interlayer surface due to stacking printed filaments on top of each
other. For the strength of the printed samples compared to the cast sample of the same mixture there is
a lot of variation between different studies [24] [16] [89] [125] [126]. These studies showed variation in
the compressive strength of the printed samples, which could be higher or lower compared to the cast
mixture. Also the loading direction which resulted in the highest strength showed a lot of differences
between the studies. This can potentially be caused by a large variety of concrete printers, printing pro-
cesses and printing parameters. Printing parameters were variable in each study, like the time interval
between printing two subsequent layers, layer thickness of linear nozzle speed of the printer. Because
there are no regulations or standards for 3D Concrete Printing yet it is difficult to compare the results
of different studies.



5.4. Discussions 113

So based on the provided results and discussion about the buildability and compressive strength de-
velopment of the 3D printed concrete it can be indicated that the developed mixture FGD20-SP0.35-
Acc8% was printable and that failure of the printed cylinder occurred after printing 10 layers with an
interval time of 9.42 seconds between subsequent layers. Failure was potentially caused by insufficient
structural build-up of the bottom printed filaments. Compressive strength development of the printed
samples was comparable to the cast samples for the perpendicular and longitudinal loading direction.
For the lateral loading direction a significant reduction in compressive strength was observed.

5.4.4. Limitations
This section describes the limitations of the study on the suitability of fine glass dust for 3D Concrete
Printing. For different aspects of the study the limitations are discussed and proposals are made in
which the study could be improved based on the limitations.

The flowability test on the pumpable cementitious mixtures was performed to determine the influence
of superplasticizer (SP) dosage on the flowability of the mixture. However the flowability tests were all
performed with the same volume of mixtures, as for all tests 1 liter of mixture was prepared. This means
that the volume effect of the superplasticizer was not taken into account. When the same dosage of
SP is used for a mixture with a larger volume, the increase in flowability will be larger because of the
volume effect of the superplasticizer [44]. In this study only small material quantities were used for
flowability tests, so this led to unpredictability when large amounts of mixture had to be prepared for
the printability test, because it was not known how the flowability would change with large batches of
material. This could be improved by investigating the flowability of different volumes of mixture with the
same SP dosage.

The same holds for the initial setting time of this study. For the investigation of the accelerating
effect of CaCl2 dosage on the initial setting time of the mixture, similar material volumes were prepared
for all investigated mixtures. With this research design it was not possible to determine the effect of
CaCL2 dosage in larger material quantities and how this changed the accelerating mechanism of the
CaCl2.

Material supply was a significant limitation during the study of the suitability of fine glass dust for 3D
Concrete Printing. As described in section 3.4.3 the pre-treatment of the fine glass dust was a slow
process, due to oven capacity and availability. Therefore the amount of pre-treated fine glass dust
was limited during this part of the research. Pumpability test and buildability test both required large
material quantities, which was difficult with the material shortage of pre-treated fine glass dust. Due
to the limited supply of material only one pumpability test was performed (for mix FGD50-SP0.4) and
only one buildability test was performed (for mix FGD20-SP0.35-Acc8%). This could be improved by
a larger oven capacity, which could cause a larger supply of pre-treated fine glass dust during the study.

For the isothermal calorimetry tests no FGD50 mixtures with CaCl2 were included. Due to this test
profile the two things that could be investigated during the isothermal calorimetry test were the effect
of FGD percentage and CaCl2 dosage on the heat evolution of the paste mixtures. However it was
not possible to investigate the heat evolution effect of different CaCL2 dosages on FGD20 mixtures
compared to FGD50 mixtures. By implementing mixtures with different CaCl2 dosages with FGD50
the accelerating effect of calcium chloride on FGD50 compared to FGD20 could be investigated.





6
Applicability of the developed mixture in

practice
This research investigated 3D printable mixtures with two different fine glass dust percentages to re-
place Portland cement in the binder. Set-on-demand printing technique was used, which meant that
both a pumpable cementitious mixture and an accelerator slurry had to be defined. For the pumpable
cementitious mixture different dosages of superplasticizer were used to find the optimal flowability prop-
erties for pumpability. For the accelerator slurry different CaCl2 dosages were added to find a suitable
setting time for 3D concrete printing when the cementitious mixture and accelerator slurry were added
together. From the test results in Chapter 5 it was evident that both mix FGD50-SP0.40-Acc10% and
mix FGD20-SP0.35-Acc8% provided good results in terms of flowability, pumpability and initial setting
time. However mix FGD20-SP0.35-Acc8% showed higher compressive strength development at all
curing ages and was therefore chosen in section 5.2.10 to perform the buildability test to check the
structural build-up after printing. Next to this comes the fact that mix FGD50-SP0.40-Acc10% showed
high expansion and volume instability. It is unknown how the volume instability of this mixture will in-
fluence the 3D printability of the mixture and the structural build-up and stability of the printed filaments.

Based on the reasons mentioned above, the mix FGD20-SP0.35-Acc8% might be more suitable for
future 3D concrete printing applications. This chapter aimed to provide an outlook for the applicability
of mix FGD20-SP0.35-Acc8% for 3DCP in practice for structural applications. The suitability of the
developed mixture with fine glass dust in a structural application is discussed based on a case study
for a concrete bus shelter in Canberra, Australia. The goal of this chapter was to investigate if it was
possible to produce a concrete bus shelter with the developed 3D printable mixture and to determine
if this was strong enough to withstand the loads based on a finite element analysis. Also a feasibil-
ity analysis for the developed mixture is performed to evaluate the potential of the recycled fine glass
utilization in 3DCP mixtures.

6.1. Background information on concrete bus shelter
The concrete bus shelters in Australia’s capital city Canberra are considered as an icon in the environ-
ment. Cylindrical concrete bus shelters are placed throughout the entire city and remain a landmark
value for almost 50 years now (see Figure 6.1). The bus shelters were designed in 1974 by the archi-
tect Clem Cummings [38][54]. The design was for a cylindrical bus shelter made from concrete, with
window frames on each side and a bench inside, which was made from fiberglass. The orientation of
the opening in the cylindrical concrete shelters is that the passengers that are inside can see in the di-
rection of the arriving busses. Construction and installation of the concrete bus shelters started in 1975
and at least 477 bus shelters were produced and placed by the government in the city of Canberra.
On February 1977, a new bus transport system was launched in Canberra, the ACT Internal Omnibus
Network (ACTION) which made use of transportation along these concrete bus shelters [40][54]. To
this date still 455 of these bus shelters remain in use, which means that over a time span of almost
50 years only 22 bus shelters were put out of use because of damage or other means [38]. Between
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1980 and 1990 the inside murals of the bus shelters were painted by school children and community
groups to discourage vandalism and promote community art [40]. Over the years the concrete shelters
have become an admired element of Canberra’s urban landscape and the locals often refer to the bus
shelters as their ”iconic bunkers”.

(a) Total view (b) 3D model

Figure 6.1: Canberra bus shelter made out of concrete

The reason for the concrete bus shelters in Canberra and themain advantages are that they are durable
and cheap. The construction cost of a single shelter in 1977 was around 2300 dollars. This provided a
durable concrete bus shelter that remains in service for almost 50 years to this date [54]. The concrete
bus shelter provides protection against sun, rain and all other types of extreme weather possibilities in
Australia and provides a safe waiting area for bus travelers. The bus shelter also has high protection
against vandalism, because a concrete shelter is more difficult to damage than glass bus shelters. This
decreases the cost and labor hours for repair or renovation works and leads to a long lifespan for the
concrete shelters. As described in the previous paragraph the concrete bus shelters in Canberra are
seen as an iconic landmark by many people. These are both inhabitants of Canberra as well as visiting
tourists from other countries. The cultural value of these concrete bus shelters is further increased
by displaying community art and local school children’s paintings on the inside concrete walls, as pre-
sented in Figure 6.2 [40].

Figure 6.2: Canberra bus shelter with art displayed on the inside

Newcastle artist Trevor Dickinson increased the popularity of the concrete bus stops by making a mu-
seum exhibition consisting of a 50-photo-long gallery from different concrete bus shelters all around
Canberra [54]. Dickinson called his exhibition: The beautiful bus shelters of Canberra, in which he
showed real images and artist impressions of the concrete bus shelters placed in different environ-
ments. This gallery raised more awareness and appreciation for the concrete bus shelters in Canberra.
Based on the success of the gallery exhibition Dickinson decided to write a book on the beautiful bus
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shelters of Canberra with the goal of further putting the concrete shelters back on the map.

6.2. Design of the concrete bus shelter
During construction of the concrete bus shelters in 1975 the walls and roof structure were made out of
precast concrete elements. These large concrete elements were produced in a large concrete factory
and transported by road to their placement location all around Canberra. Once arrived at the place-
ment location the concrete bus shelter was hoisted from the transportation vehicle and placing it on the
ground [38].

Figure 6.3: Transportation of the prefabricated bus shelters [38]

The design that was used for the construction of the concrete bus shelters can be seen in Figure 6.4.
All the bus shelters that are placed throughout Canberra have the same design and dimensions. The
design is made in a cylindrical form with an opening on one side. This opening is placed to make the
bus shelters easily accessible and that the bus travelers can look in the direction of the arriving busses.
The height of the cylindrical wall structure is 2100 mm. On top of this cylindrical wall the roof structure
is placed with a height of 500 mm and a roof slab thickness of 100 mm. The total height of the bus
shelter from the ground to the top is 2600 mm. The roof structure expands over the entire cylindrical
area, to protect the bus travelers from rain falling into the bus shelter. The outer diameter of the cylin-
drical concrete wall is 2740 mm and the walls have a thickness of 75 mm, so this means that the inner
diameter is 2590 mm. This is the available area for the bus travelers to wait for their arriving bus. On
the inside of the shelter a 75 mm thick concrete slab is placed on the floor. Under the floor a shallow
foundation is made from concrete blocks and slabs that are placed in the ground. Fiberglass seats
and back plates are placed on galvanized steel brackets to provide a seating area in the back of the
concrete bus shelters. The bench inside the shelter provides seating area for a maximum of 3 people
at once. On both sides of the bench windows are made in the concrete wall to provide a view for the
waiting bus travelers. The windows are made from fiberglass and have a diameter of 600 mm. From
the design drawings it can be seen that the opening in the wall structure is 1/3 of the full circle (see
bottom middle design drawing in Figure 6.4). This means that the perimeter of the cylindrical wall is
(2/3) ⋅ 2 ⋅ 𝜋 ⋅ 1332.5 = 5581.56𝑚𝑚.

6.3. Design verification of 3D printable mixture for concrete bus
shelter

For the design verification of the wall structure of the concrete bus shelter, the loads on the wall had
to be determined. For this case study it was assumed that the loads on the wall consisted of the self-
weight from the roof structure and the wall itself and a wind load that was placed on the side of the wall.
The self-weight of the concrete structure was placed as a line load on top of the wall and the wind load
was placed as an area load on the side of the wall. For the calculations of the loads the dimensions
from Figure 6.4 were used.
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Figure 6.4: Design drawing for the concrete bus shelters [40]

Calculation of the self-weight:
- Volume of the roof slab: 𝑡𝑟𝑜𝑜𝑓 ⋅ 0.25 ⋅ 𝜋 ⋅ 𝑑2𝑟𝑜𝑜𝑓 = 0.1 ⋅ 0.25 ⋅ 𝜋 ⋅ (2.592) = 0.53𝑚3
- Volume of the roof wall: ℎ𝑟𝑜𝑜𝑓 ⋅ 𝑡𝑤𝑎𝑙𝑙 ⋅ 2 ⋅ 𝜋 ⋅ 𝑟𝑤𝑎𝑙𝑙 = 0.5 ⋅ 0.075 ⋅ 2 ⋅ 𝜋 ⋅ 1.3325 = 0.31𝑚3
- Volume of the wall: ℎ𝑤𝑎𝑙𝑙 ⋅ 𝑡𝑤𝑎𝑙𝑙 ⋅

2
3 ⋅ 2 ⋅ 𝜋 ⋅ 𝑟𝑤𝑎𝑙𝑙 = 2.1 ⋅ 0.075 ⋅

2
3 ⋅ 2 ⋅ 𝜋 ⋅ 1.3325 = 0.88𝑚

3

- Total volume of concrete: 0.53 + 0.31 + 0.88 = 1.72𝑚3

- Total mass of concrete: 𝑉𝑜𝑙𝑢𝑚𝑒𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 ⋅ 𝜌𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 = 1.72 ⋅ 2400 = 4127.79𝑘𝑔
- Total weight of concrete: 𝑀𝑎𝑠𝑠𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 ⋅ 9.81 = 4127.79 ⋅ 9.81 = 40493.6𝑁
- Line load on top of the wall: 𝑊𝑒𝑖𝑔ℎ𝑡𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒/(

2
3 ⋅ 2 ⋅ 𝜋 ⋅ 𝑟𝑤𝑎𝑙𝑙) = 40493.6/(

2
3 ⋅ 2 ⋅ 𝜋 ⋅ 1.3325) = 7254.89𝑁/𝑚

So the self-weight of the roof structure and the wall were modeled by a line load of 7254.89 N/m on top
of the cylindrical wall.

Calculation of the wind load:
The wind calculation was based on the Australian Standard AS/NZS 1170.2 [1].
Design wind speed for the bus shelter: 𝑉𝑑𝑒𝑠 = 𝑉𝑟 ⋅ 𝑀𝑑 ⋅ 𝑀𝑧,𝑐𝑎𝑡 ⋅ 𝑀𝑠 ⋅ 𝑀𝑡
Where:
𝑉𝑟 = Regional zone 3 seconds gust wind speed; Canberra is region A2; 𝑉𝑟 = 46𝑚/𝑠
𝑀𝑑 = Wind direction multiplier; Assume wind can come from all directions; 𝑀𝑑 = 1.0
𝑀𝑧,𝑐𝑎𝑡 = Terrain/height multiplier; Terrain category 2 (relatively open) and height smaller than 3 m;
𝑀𝑧,𝑐𝑎𝑡 = 0.91
𝑀𝑠 = Shielding multiplier; Assuming no very large blocking buildings; 𝑀𝑠 = 1.0
𝑀𝑡 = Topographic multiplier; Assuming no peaks or hills; 𝑀𝑡 = 1.0

Design wind speed for the bus shelter: 𝑉𝑑𝑒𝑠 = 46 ⋅ 1.0 ⋅ 0.91 ⋅ 1.0 ⋅ 1.0 = 41.86𝑚/𝑠

Design wind pressure: 𝑝 = 0.5 ⋅ 𝜌𝑎𝑖𝑟 ⋅ (𝑉𝑑𝑒𝑠)2 = 0.5 ⋅ 1.2 ⋅ (41.86)2 = 1051.35𝑃𝑎 = 1051.35𝑁/𝑚2
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So the wind load on the concrete bus shelter was modeled by an area load of 1051.35 N/m2 on the
side face of the cylindrical wall. In order to validate the maximum stresses in the cylindrical wall, the
wind had to be placed in the most unfavorable direction. For the design of the bus shelter the most
unfavorable direction was if the wind load was placed on the back side of the cylindrical wall (in the
opposite direction of the opening in the shelter). More additional information on the full load calculation
on the concrete bus shelter can be found in Appendix B.

Once the loads on the cylindrical wall were determined, the cylindrical wall of the bus shelter was
modeled to validate the stresses that would occur when the loads were placed on the wall. The model
of the cylindrical wall was made with Finite Element Method (FEM) software called DIANA. With the
use of the Finite element method the model could be divided into very small elements, for which the
stresses could be calculated. The finite element model for the cylindrical wall is shown in Figure 6.5.
Based on the dimensions of the design drawings in Figure 6.4, the cylindrical wall is modeled as 2/3 of
a full circle with the same dimensions as the original design. In Figure 6.5a it can be seen that available
space for the windows was included in the wall by cutting out circular windows with a radius of 300 mm.
For this design verification the window openings are not filled within the DIANA model, because the
circular openings in the cylindrical wall could cause stress concentrations under the applied load during
construction before the windows were placed and this could be governing for the design verification.
This problem can be solved by integrating the windows directly in the printing process, however this
solution for the printing procedure was beyond the scope of this case study. At the bottom the cylindri-
cal wall had a clamped support, which means that it was not allowed to rotate or move in any direction
at the base. The clamped support was used to model the shallow foundation under the bus shelter
which prevented the wall from moving and/or rotating. From Figure 6.5a it can also be seen that two
different loads were placed on the wall. First a line load of 7254.89 N/m was placed on top of the wall
in vertical direction (negative Z-direction). Secondly an area load of 1051.35 N/m2 was placed on the
side of the wall in the most unfavorable direction (negative Y-direction). These two loads represented
the self-weight and the wind load on the bus shelter. In Figure 6.5b it can be seen that the model is
divided into very small elements. For this 3-dimensional model quadratic quadrilateral finite elements
were used and a mesh size of 50x50 mm2 was applied.

(a) DIANA model (b) DIANA mesh

Figure 6.5: Diana model for the cylindrical wall of the bus shelter

The finite element model of the cylindrical wall was used to run a linear static analysis, which means
that the loads are placed on the wall and the deformations and stresses in each of the elements were
calculated. The goal of this analysis was to determine the maximum stresses in the cylindrical wall
under the applied loads. The maximum stresses could then be compared with the strength of the de-
veloped 3D printable mixture in order to determine if the mixture would be suitable for the construction
of this concrete bus shelter. The results of the FEM analysis are presented in Figure 6.6.

From Figure 6.6a it can be seen that the maximum stress in the horizontal X-direction was 7.49 ⋅ 104
N/m2 which is equal to 74.9 kPa. The maximum stress in the horizontal x-direction occurred in the top
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(a) Horizontal stress SXX (b) Horizontal stress SYY

(c) Vertical stress SZZ (d) Shear stress SYZ

Figure 6.6: DIANA analysis results for cylindrical wall of bus shelter

part of the cylindrical wall at the location opposite to the opening. From Figure 6.6b it can be seen that
the maximum stress in the horizontal Y-direction for the cylindrical wall was 3.27 ⋅ 105 N/m2 which is
equal to 327 kPa. The maximum stress in the horizontal Y-direction occurred at the top and bottom
part of the circular window openings in the cylindrical wall. From Figure 6.6c it can be seen that the
maximum stress in the vertical Z-direction was 5.56⋅105 N/m2 which is equal to 556 kPa. The maximum
stress in the vertical Z-direction occurred at the left and right sides of the circular window openings in
the cylindrical wall. From Figure 6.6d it can be seen that the maximum shear stress in the YZ-direction
for the cylindrical wall was 2.11 ⋅ 105 N/m2 which is equal to 211 kPa. The maximum shear stress in
YZ-direction occurred at the diagonals of the circular window openings.

From the FEM results in Figure 6.6 it becomes clear that the circular window openings in the cylin-
drical wall of the concrete bus shelter were the main location for high stresses during the linear static
analysis. The reason for this is that the window openings caused a discontinuity in the cylindrical wall
during the construction process which prevented a vertical load transfer from the top of the wall (where
the line load is applied) to the bottom of the wall (where the base of the wall is supported). Because
of the circular openings the load transfer can not be fully vertical but has to go around the openings,
which means that stress concentrations occur at that location. This process of stress concentration is
clarified in Figure 6.7.

Figure 6.7: Force flow around a circular opening

For the applicability of the developed printable mixture FGD20-SP0.35-Acc8% the maximum stresses
in different directions from the FEM analysis in Figure 6.6 are compared with the compressive strength
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results of the 3D printed sample of section 5.3.9. In Figure 5.3.9 it is shown that the strength of the
printed samples perpendicular to the printing direction was 26.85 MPa after 7 days of curing. The high-
est compressive stress in the vertical direction (SZZ) was 5.56 ⋅ 105 N/m2, which corresponds to 0.56
MPa (Figure 6.6c). The strength of the printed samples longitudinal and lateral compared to the print-
ing direction were 25.51 and 19.56 MPa respectively after 7 days of curing. The highest compressive
stresses in both horizontal directions (SXX and SYY) were 7.94 ⋅ 104 N/m2 and 1.64 ⋅ 105 N/m2, which
correspond to 0.08 and 0.16 MPa respectively.

The printed concrete of the designed mixture FGD20-SP0.35-Acc8% developed sufficient compres-
sive strength after 7 days of curing to withstand the designed loads in this case study on compression
(self-weight and wind load). The strength of the printed filaments was way higher than the designed
stresses during the use phase of the construction in this simplified case study. It would provide valu-
able information if the strength of the printed filaments was determined at earlier curing ages, for ex-
ample very shortly after printing. As discussed in section 5.4.3 the buildability of the developed mixture
FGD20-SP0.35-Acc8% could be increased by increasing the CaCl2 dosage in the accelerator slurry.
If the bottom filaments are able to withstand the loads of the subsequent filaments and have sufficient
structural build-up, the buildability of the printed mixture will be higher and this mixture could potentially
be used for the printing of the concrete bus shelter.

6.4. Suitability of developed mixture for 3D printable concrete bus
shelter

Section 6.3 showed that the developed mix design FGD20-SP0.35-Acc8% was strong enough for the
realisation of the bus shelter. The maximum stresses in this case study in three different directions
were lower than the strength of the printed samples of the developed mixture after 7 days of curing. So
the developed mixture is strong enough to withstand the loads on the bus shelter. This section analyses
two possible methods for the construction of the concrete bus shelter by 3D printing with the developed
mixture in this study. This is done to assess the suitability of the developed mixture for 3D printing a
concrete bus shelter structure with concrete. For each construction principle the construction procedure
is described and advantages and disadvantages are discussed to compare the two possible methods
for printing the concrete bus shelter with the developed mixture FGD20-SP0.35-Acc8% from this study.

On-site 3D concrete printing
The first possible principle on how to make the concrete bus shelter printable is based on on-site print-
ing. With on-site printing a 3D concrete printer is used to print the concrete bus shelter on the desired
placement location. With on-site printing the concrete bus shelter is printed in one session, which
means that the cylindrical wall, the wall of the roof and the roof slab are all printed together in one
session. In order to print the difficult geometry of the concrete bus shelter, an inflatable air cushion with
specific geometry can be used on the inside of the bus shelter, like the construction of concrete domes
[122] [74]. The concrete is printed around the inflated air cushion in the desired geometry of the bus
shelter and if the material is hardened enough to support its own weight the air cushion can be deflated.
Because the developed mixture contains a high amount of CaCl2 in the accelerator slurry this stiffening
process will be fast and the air cushion does not need to give support for a very long time. The inflat-
able air cushion is needed, because with concrete printing it is not possible to print the roof slab directly
on top of the wall, because there is insufficient support for the printed filaments. With 3D concrete
printing it is only possible to directly print filaments on top of each other so that the printed filaments
can support and carry the weight of the filaments that are printed on top. The air cushion creates tem-
porary support for the roof wall and roof slab in the early stage, until these can support their own weight.

Because the entire structure is printed in one session the connections between the cylindrical wall,
roof wall and roof slab are all monolithic, this means that no additional connection is needed to keep
the structure stable. On the other hand monolithic connections have a low tolerance for deformations,
which can cause damage to the concrete bus shelter in the case of imposed deformations due to tem-
perature changes. The printing session of the entire structure together has the advantage that the
printing speed can be high, which means a low printing time and low labour time for the concrete work-
ers that control the concrete printer.
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If the entire structure is printed on site it is possible to realise the printing path of the cylindrical wall
in one line. In this way the wall can be realised by printing multiple lines next to each other depend-
ing on the width of the printing nozzle and the printed filaments to reach the total wall thickness of 75
mm. The printing path of the wall can then be 2/3 of a circle for multiple filaments next to each other
to form the entire layer of the wall, which is shown in Figure 6.8. This relatively simple printing path
has the advantage that it saves printing time, due to the simple geometry. But on the other hand the
disadvantage is that the wall will be printed as a massive unit of concrete which leads to the fact that
there is no available space to apply reinforcement bars vertically in the structure. This printing path of
the wall makes it very difficult to place or integrate any form of reinforcement for the wall during or after
the printing process. The absence of reinforcement decreases the durability of the printed bus shelter.

Figure 6.8: Top view of printing path for cylindrical wall for on-site printing

When the concrete bus shelter is printed on-site there is one large 3D concrete printer needed to print
all the parts of the entire bus shelter continuously. This has the advantage that there is no need for the
transportation of heavy concrete elements from the production factory to the placement location, be-
cause the material is directly printed on the placement location. A large printer that can cover the entire
bus shelter and sufficient material supply is needed to ensure good printing quality during the print-
ing process. A disadvantage of on-site printing are the unpredictable outside weather circumstances.
Changes in temperature, wind and humidity can all influence the concrete properties and therefore
influence the printing quality of the concrete bus shelter with the developed mixture.

Prefabricated 3D concrete printing
The second possible principle on how to make the concrete bus shelter printable is based on con-
structing with prefabricated 3D concrete printed elements. With this construction principle the different
elements of the bus shelter are 3D printed separately in the factory and are then transported to the
placement location of the concrete bus shelter where they are assembled. This means that the cylin-
drical wall, the wall of the roof and the roof slab are printed separately and are connected later. This
leads to a more easy printing path for the separate elements, which can all be printed from the ground.
No special balloon or other form of temporary mould is needed to support the weight of the printed
filaments, but all three separate elements can be printed by stacking layers on top of each other.
Because the total structure of the concrete bus shelter is divided into separate elements a smaller con-
crete printer is sufficient for this construction principle. Another advantage of the prefabrication of the
3D printed elements is that in the construction factory the printing circumstances can be kept almost
constant, which means that there is no influence of weather changes and standard printing quality can
be ensured for all prefabricated elements. However this has the disadvantage that the prefabricated
elements have to be transported from the production factory to the placement site, which leads to high
transportation and installation costs. At the placement site the separate elements of the bus shelter
are connected to ensure structural stability of the structure. These connections can be very costly or
difficult to fabricate, which increases the cost of the construction process. On the other hand with the
free choice of connections it is possible to design connections in the shelter that allow deformations
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until a certain limit. This deformation freedom decreases the stresses by imposed deformations on the
structure and therefore increases the durability of the printed bus shelter.

The prefabricated cylindrical wall is printed with a specific printing path. This printing path consists
of a geometry in which an inner and outer layer are printed for the wall to reach a total wall thickness
of 75 mm with diagonals that are placed in between. A possible printing path for the cylindrical wall of
the concrete bus shelter is presented in Figure 6.9.

Figure 6.9: Top view of printing path for cylindrical wall for precast printing

The diagonals in the printing path allow for structural stability of the wall during the printing process.
After the printing process of the cylindrical wall, the space between the printed filaments provides room
for insulation and the placement of reinforcement bars. After the reinforcement bars are placed, the
spaces in the wall are filled up with cast concrete so that it results in a massive wall structure. In this
way it is possible to add reinforcement to a 3D concrete printing structure. Prefabrication makes this
process easier, because elements are printed separately and the connection of the different elements
happens at the placement site. The reinforcement bars in the printed cylindrical wall increase the dura-
bility of the structure, which means that the lifespan of the concrete bus shelter can be expanded.
The developed mixture in this study consists of CaCl2 as an accelerator that allows for rapid stiffness
development of the printed filaments. However it has been shown in previous studies that the inter-
action between standard steel reinforcement bars and calcium chloride increases the corrosion rate
of the reinforcement bars [124] [6]. Corrosion of the reinforcement bars will lead to the deterioration
of the reinforcing steel and weakening of the bond between concrete and reinforcement bars, which
can ultimately result in spalling and cracks on the concrete surface. Therefore in mixtures with calcium
chloride as an accelerator, the use of steel reinforcement bars might not be the best choice.

So in order to apply reinforcement in the concrete, other possibilities for reinforcement of the cylin-
drical wall have to be explored. One potential solution for the reinforcement in combination with the
CaCl2 in the developed mixture is the use of bamboo reinforcement [71] [12]. Long bamboo sticks are
placed vertically in the openings of the printed wall structure to replace the steel reinforcement bars and
the remaining space is filled with cast mortar. In this way bamboo can function as reinforcement for the
cylindrical wall of the bus shelter. One of the advantages of bamboo is that bamboo is a very strong
natural fibre with a tensile strength comparable to steel reinforcement bars. Bamboo is very lightweight
compared to steel, which means that bamboo is almost six times stronger than steel by weight [55].
Another important advantage is that bamboo is easily available in nature and has a very fast regrowing
capacity. This indicates that the use of bamboo as reinforcement is a cheap and sustainable solution as
a replacement for steel reinforcement bars. Also bamboo contains an almost impermeable protection
in the outer layer which protects from rotting due to moisture in the cementitious mixtures [55].

However on the other hand bamboo has some important disadvantages for the use as a reinforce-
ment in concrete. The main disadvantage of bamboo as reinforcement is the lower durability compared
to steel reinforcement bars. Bamboo is prone to fungus and insect attacks and these are important
degradation mechanisms that can deteriorate bamboo over time. Bamboo has also shown to be a brit-
tle material with a low modulus of elasticity and therefore can crack under high deflections. Compared
to yielding of the reinforcement steel cracks in the bamboo can possibly lead to failure of the cylindri-
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cal wall under high loads [71]. Also for bamboo the adherence to the mortar mix is lower than steel
reinforcement, as the steel reinforcement bars have ribs for additional bond capacity and the surface
of the bamboo reinforcement is mainly smooth and flat.

Another potential solution for the reinforcement in combination with the CaCl2 in the developed mix-
ture is the use of fibre reinforced polymers (FRP). Fibre Reinforced Polymer materials are composite
materials that typically consist of strong fibres embedded in the cement matrix which can take up the
tensile stresses in the concrete [95] [81]. The fibres provide stiffness and strength to the cementitious
mixture and generally carry most of the applied loads along the length of the fibres. The fibres are
anisotropic, which means the properties vary in different directions. The best mechanical properties
are in the direction of fibre placement. The cement matrix acts to bond the fibres, protects the fibres
and provides stress transfer from fibre to fibre through shear stresses [95]. Different types of fibres
can be used for fibre reinforced polymers. The most common fibres are carbon, glass and synthetic
fibres [81]. The fibres are lightweight and have very high strength characteristics, which makes them
ideal for reinforcement in the cylindrical wall. In the available space between the printing path of the
cylindrical wall a cast in-situ mortar can be placed with a high dosage of fibre reinforced polymers.
These fibres can act as a replacement for steel reinforcement bars. The fibre reinforced polymers are
non-conductive and non-corrosive, which means that these can be combined with the CaCl2 in the
developed mix design for the concrete bus shelter.

Based on the analyzed construction principles it is suggested that prefabricated 3D concrete print-
ing would be the optimal solution for printing the concrete bus shelter with the developed mixture. The
advantages of the prefabricated 3D printing principle outweigh the disadvantages. Separate production
of construction elements, constant printing quality due to constant weather conditions and the possi-
bility of integrating FRP reinforcement in the structure to increase the strength and durability of the
structure all contribute to the applicability of the developed mixture FGD20-SP0.35-Acc8% in practice.

6.5. Feasibility for the utilization of fine glass dust in 3DCP mix-
tures

Sections 6.3 and 6.4 showed a potential applicability for the developed fine glass dust 3DCP mixtures
and proved that on a technical aspect the cement replacement in 3DCP mixture provided a suitable uti-
lization for recycled fine glass dust. This section presents a discussion on the feasibility of utilizing fine
glass dust as cement replacement in 3DCP mixtures. This section presents the value and relevance
of the developed mixture in this study and also suggestions are proposed to increase the feasibility of
the pre-treated fine glass dust in practice.

The yearly production of recycled fine glass dust by Maltha BV is 5000 tons per year. Based on the
capacity of this recycling plant it is estimated that the total yearly production of fine glass dust is 200.000
tons per year for the entire glass recycling industry in Europe (D. Timmers, personal communication,
August 31, 2022). With the developed Mix FGD20-SP0.35-Acc8% for 3DCP this means that 1.0 ⋅ 109 L
which equals 1.0 million cubic meters of 3D printed concrete can be produced in Europe every year with
the developed fine glass dust mixture in this thesis. With 1.0 million cubic meters of 3D printed concrete
per year the equivalent of 580.000 concrete bus shelters could be printed with the developed mix de-
sign. This would result in a decrease of 200.000 tons per year of Portland cement clinker consumption
and the utilization of the fine glass dust that would otherwise be incinerated or used as landfill. The
CO2 emissions related to Portland cement clinker are found to be around 830 kg CO2/ton according
to Prakasan et al. [90]. This means that every year the emission of CO2 into the atmosphere due to
the concrete construction industry in Europe could be reduced by 166 million kg when the developed
mixture with fine glass dust is used for 3D concrete printing. This not only has an advantageous con-
tribution to the sustainability of the concrete industry by replacing part of the Portland cement with fine
glass dust, but this application is also beneficial for the circularity of the glass recycling industry. This
byproduct from the glass recycling industry otherwise was difficult to recycle, had limited applications
and would mainly be placed in landfill, however this study presented a new utilization for the fine glass
dust as a cement replacement in 3DCP mixtures, which could contribute to closing the loop for glass
recycling.
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An important topic to address for the feasibility of the fine glass dust as cement replacement for 3DCP
mixtures is the large variation in organic content and material composition between different batches
of fine glass dust. This is caused by the difference in recycled glass products and the various amount
of impurities and food waste on the glass products that are delivered to the glass recycling plant. Be-
cause of the small particle sizes of the fine glass dust, these impurities and organic compounds are
difficult to remove during the recycling process. The varying organic content and material composition
make it difficult to accurately predict the properties when different batches of fine glass dust are used as
cement replacement in 3DCP mixtures. Sufficient heat-treatment has shown in this thesis to remove a
large part of the organic compounds from the fine glass dust and can ensure a more consistent material
composition between different batches of fine glass dust.

A larger material production with a more constant quality could potentially be achieved by using the
fine glass fraction. Every recycling plant in Europe has a fine glass fraction after recycling and sepa-
ration with a particle size between 0-6 mm. This fine glass fraction has a comparable material com-
position as the fine glass dust, only with a higher silica content (around 75%) and a lower organic
content, because food waste and impurities in the glass stream can be removed more efficiently on
larger particles. Nowadays this fine fraction is partly used as aggregate replacement in concrete, but
mainly used as landfill. With this process a lot of material goes to waste and this does not contribute
to the circularity of the glass recycling stream. Based on the promising results of the fine glass dust as
cement replacement in this study, there could be a possibility to grind the fine glass fraction until glass
powder. For sufficiently long grinding times the particle sizes can be reduced to comparable sizes as
the fine glass dust. In this case a ground fine glass powder can be produced with a lower organic
content, a higher silica content and similar properties to the fine glass dust in this study. The main
advantage is that the production capacity of the ground fine glass powder is a lot higher. From every
glass recycling plant in Europe an estimated 10% is fine glass fraction that can potentially be ground to
fine glass powder (D. Timmers, personal communication, August 31, 2022). From a total of 13 million
tons per year of recycled glass products in Europe [37], an estimated amount of 1.3 million tons of fine
glass fraction per year could potentially be produced to ground glass powder. With the developed Mix
FGD20-SP0.35-Acc8% for 3DCP this means that 6.5⋅109 L which equals 6.5 million cubic meters of 3D
printed concrete can be produced every year with the developed fine glass dust mixture in this thesis.
By using the developed printable mixture in this thesis for 3DCP the amount of Portland cement that is
used, is lowered by 1.3 million tons per year. This equals a reduction of 1.08 billion kg of CO2 emission
for the concrete industry every year when this ground fine glass powder could be used to replace 20%
of Portland cement in 3DCP mixtures [90]. The only disadvantage of this utilization is that it requires an
extra step of grinding and sieving for the glass recycling industry. This extra production step requires
extra time and money during the recycling process, but if done correctly this could potentially decrease
the environmental burden of cement clinker production by replacing part of the Portland cement with
this fine glass powder in the mixtures for 3DCP. Also the utilization of this fine glass fraction in cemen-
titious mixtures further contributes to the circularity of the glass recycling industry.

For the fine glass dust to be feasible for the 3D Concrete printing industry the advantages of the cement
replacement have to outweigh the disadvantages. This means that the financial burden of an extra pro-
duction step or an extra pre-treatment step for the fine glass dust and the loss in strength compared
to the reference mix have to be covered by the potential advantages analyzed earlier in this section.
The advantages of using fine glass dust as a cement replacement for 3DCP could be enhanced by
financial support from the government for using a lower carbon footprint cementitious mixture. Another
possibility could be the implementation of mandatory regulations in Europe that necessitate the use
of recycled material as a cement replacement in the binder of concrete mixtures to reduce the CO2
emissions from the construction industry. Financial support or regulations regarding the use of recy-
cled material for cementitious mixtures could provide a promising solution, which would increase the
feasibility and applicability of the pre-treated fine glass dust in this thesis as cement replacement in
3DCP mixtures. In this way the utilization of fine glass dust as a cement replacement in 3DCP mixtures
can contribute to increase the sustainability of the construction industry and the circularity of the glass
recycling industry.





7
Conclusions and recommendations

Based on the provided results and discussions conclusions were formulated in section 7.1 to answer
the research questions from section 1.4. Recommendations for further research based on this thesis
are formulated and presented in section 7.2.

7.1. Conclusions
Based on the presented results in Chapter 3, the following conclusions could be formulated with regards
to the raw material characterization and the optimal pre-treatment methods for fine glass dust.

• The most efficient heat-treatment of the fine glass dust in terms of mass loss could be achieved
by placing the fine glass dust in an oven at 600∘C for 1 hour. The material that was collected
from the oven was still in powdered form and the corresponding mass loss of this heat-treatment
was 7.66%. Determination of organic content had shown that at this temperature the organic
compounds were effectively removed from the fine glass dust.

• Themost efficient grinding treatment for the fine glass dust was achieved by grinding in the ball mill
machine for 1 hour. Results had shown that the grinding treatment led to a significant reduction
of particle sizes for the fine glass dust and it especially decreased the number of large particles.
After 1 hour of grinding the D90 value of the fine glass dust decreased from 48.96 to 34.92 𝜇m.

• BET specific surface area analysis had shown that both the heat-treatment and the grinding treat-
ment had a positive influence on the specific area of the fine glass dust. This could be attributed
to the removed organic compounds and the finer particle sizes.

• The heat-treatment at 600∘C did not lead to the formation of new crystalline phases in the fine
glass dust. The amorphous silica content of the fine glass dust after heat-treatment was not
significantly changed as was shown by the results of the XRD analysis.

• Both the heat-treatment and the grinding treatment had a positive influence on the early age
compressive strength development of mortar mixtures with 15% cement replacement by fine glass
dust. The delaying effect on hydration was reduced by the heat-treatment and reactivity of the
fine glass dust was increased by the grinding treatment. This led to an increase in early age
strength development.

• Heat-treatment of the fine glass dust had a positive influence on the later age compressive
strength development of mortar mixtures with 15% cement replacement by fine glass dust. Addi-
tional grinding of the fine glass dust showed comparable results to the mix with only heat-treated
fine glass dust and did not lead to further strength increase for the mortar mixtures at longer curing
ages.
The mixtures with pre-treated fine glass dust showed slightly higher strength development at later
curing ages compared to the reference mixture. Between 28 and 90 days of curing the compres-
sive strength relative to the reference mix was increased and secondary strength development
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was observed. This indicated that the possibility for the fine glass dust to possess some poz-
zolanic activity after pre-treatment when 15% was used to replace Portland cement in the binder
was likely.

• Compression strength results showed that the mixture with heat-treated and ground fine glass
dust could approach the reference mixture strength up to 90% for curing ages between 3 and 90
days.

• The dilution effect on hydration for the untreated fine glass dust (Mix 2) increased the initial setting
time compared to the reference mixture (Mix 1) from 220 minutes to 303 minutes. After only heat-
treatment (Mix 3) the initial setting time was reduced to 208 minutes. The heat treatment and
grinding treatment combined led to a further reduction of the initial setting time to 166 minutes for
Mix 5.

• The heat-treatment and grinding treatment did not cause any major differences for the fresh-
state properties of the mortar mixtures. For the slump value and slump flow diameters very small
differences were observed for all investigated mixtures.

• Based on the presented results and discussions it was observed that both heat-treatment and
grinding treatment were beneficial to the fresh state and hardened properties of mortar mixtures
with fine glass dust. However the difference between 1 hour grinding and 6 hours grinding was not
very significant in terms of compressive strength development and initial setting time. Therefore
this investigation concluded that the most optimal pre-treatment for the fine glass dust was a
combination of a heat-treatment at 600∘C for 1 hour and a grinding treatment of 1 hour.

Based on the presented results in Chapter 4, the following conclusions were formulated with regards
to the cement replacement percentage investigation.

• A higher replacement percentage of fine glass dust resulted in a lower compressive strength
development for all investigated curing ages between 3 and 28 days. This showed that the fine
glass dust had no significant contribution to the strength development of the mortar and mainly
had a filler function at early curing ages.
The mixtures with the investigated cement replacement percentages of fine glass dust showed
slightly higher strength development at later curing ages compared to the reference mixture. Be-
tween 28 and 90 days of curing the compressive strength relative to the reference mix was in-
creased and secondary strength development was observed. This indicated that the possibility
for the fine glass dust to possess pozzolanic activity after pre-treatment was possible not only for
15%, but also for higher replacement percentages.

• Higher fine glass dust replacement percentages had no significant influence on the investigated
fresh-state properties of the mortar for replacement percentages between 0 and 30%. For high
replacement percentages (45%) a sharp reduction in slump value was observed. No clear trend
could be observed for the slump flow values for low tomedium replacement percentages. For high
replacement percentages (45%) the slump flow value increased, which indicated and increase in
flowability for high FGD percentages.

• The pre-treated fine glass dust showed small amounts of pozzolanic activity when it was used
to replace 15% Portland cement in the binder of concrete mortar. This was indicated by the
reduction of C-H content between curing ages of 28 and 56 days for the fine glass dust mixture,
which might be caused by the consumption of calcium hydroxide for the secondary formation
of C-S-H by pozzolanic reaction. This was also in agreement with the increase of secondary
compressive strength development at higher curing ages compared to reference mixtures.

• The mixture with 25% Portland cement replacement by fine glass dust caused volume instability
and significant formations of secondary products. For a cement replacement percentage lower
than 10% by fine glass dust, no significant secondary formations could be observed.

Based on the presented results and discussion in Chapter 5, the following conclusions can be given
with regards to the suitability of fine glass dust for 3D Concrete Printing.
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• Optimal flowability for 3DCP for the cementitious mixture with 50% FGD was achieved by adding
0.4% SP to the mixture. Optimal flowability for the cementitious mixture with 20% FGD was
achieved by adding 0.35% SP to the mixture. Both Mix FGD50-SP0.4 and Mix FGD20-SP0.35
proved to be cementitious mixtures with good pumpability and suitable for the pumping process
of 3D Concrete Printing with set-on-demand printing technique.

• Superplasticizer dosage had a negligible effect on the 7 day compressive strength development
for both mixtures with 50% and 20% FGD. Investigated cementitious mixtures with 20% FGD had
higher compressive strength development after 7 days of curing than cementitious mixtures with
50% FGD.

• Variable CaCl2 dosage in the accelerator slurry had no significant effect on the flowability of the
combination of cementitious mixture + accelerator slurry. Both mixtures with 50% and 20% FGD
showed comparable slump flow results for all investigated CaCl2 dosages.

• Initial setting time of the combination of cementitious mixture + accelerator slurry could be signif-
icantly shortened by the addition of higher CaCl2 dosages in the accelerator slurry. For cementi-
tious mixture FGD50-SP0.40 accelerator slurry with 10% CaCL2 was sufficient to reach an initial
setting time of 90 minutes. For cementitious mixture FGD20-SP0.35 accelerator slurry with 8%
CaCL2 was sufficient to reach an initial setting time of 90 minutes.

• A lower amount of FGD caused a shorter induction period for the hydration reaction and a higher
hydration peak, which occurred at an earlier age compared to the mixture with a higher FGD
dosage. A higher dosage of CaCl2 in the mixture caused a shorter induction period and a higher
hydration peak at an earlier age. Both the FGD dosage and the CaCl2 dosage influenced the
hydration reaction and heat flow of the combined mixture of cementitious mixture + accelerator
slurry.

• CaCl2 dosage in the accelerator slurry had a small hardening effect. For both the mixtures
FGD50-SP0.4 and FGD20-SP0.35 the addition of higher CaCl2 dosages led to a small increase
in compressive strength development after 7 and 28 days of curing. Investigated cementitious
mixtures + accelerator slurry with 20% FGD had higher compressive strength development after
7 days of curing than cementitious mixtures + accelerator slurry with 50% FGD.

• The developed mixture FGD20-SP0.35-Acc8% proved to be printable with set-on-demand con-
crete printing. A cylindrical column could be printed up to 10 layers and failure of the printed
specimen was potentially caused by insufficient structural build-up of the bottom printed filaments.
Compressive strength development of the printed samples was comparable to the cast samples
of the samemixture for the perpendicular and longitudinal loading direction. For the lateral loading
direction a significant reduction in compressive strength was observed.

Based on the presented results in Chapter 6, the following conclusions were formulated with regards
to the applicability and feasibility of the developed mixture for 3DCP in practice.

• The printed specimens of the developed printable mixture FGD20-SP0.35-Acc8% are strong
enough to withstand the modeled self-weight and wind loads on the concrete bus shelter. There-
fore the developed 3DCP mixture could be applicable for producing the concrete bus shelters in
practice.

• The suggested construction principle for the 3D printed concrete bus shelter with the developed
mixture is based on prefabricated 3D concrete printing. With this principle separate elements of
the structure are produced in a factory and reinforcement can be added to the printed concrete
structure by designing a specific printing path for the wall. For the reinforcement Fibre Reinforced
Polymer reinforcement is suggested to be compatible with high CaCl2 dosages in the developed
mixture.

• The utilization of fine glass dust in 3DCP mixtures not only has an advantageous contribution to
the sustainability of the concrete industry by replacing part of the Portland cement and therefore
reducing CO2 emission significantly, but this application promises also to be beneficial for the
circularity of the glass recycling industry by utilizing a byproduct that would otherwise be mainly
disposed as landfill.
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7.2. Recommendations for further study
The objective of this thesis was to investigate the suitability of fine glass dust for 3D Concrete Printing
with set-on-demand printing technique. Based on the presented results, discussions and limitations,
recommendations for further study are summarized in this section.

• Investigating the effect of a combination of Portland cement, pre-treated fine glass dust and an
other Supplementary Cementitious Material (SCM), like silica fume or fly ash in the binder of
the cementitious mixture for 3D printing. By combining three different constituents in the binder
a ternary blend can be produced and the positive aspects of all constituents can be combined.
Mixtures with fly ash have shown to increase the compressive strength development compared
to the reference mixture in a study by Nath et al. [83]. When fly ash is added to the fine glass
dust mixture, this could potentially compensate for the decrease in strength for the fine glass dust
mixtures. By investigating mixtures with different ternary blends as binder a potentially higher
strength than the reference mixture could be obtained, while still having sustainable benefits
reducing the Portland cement content in the binder.

• Investigating the effect of large aggregate fraction in the fine glass dust mixtures. In this thesis
only mortar mixtures with sand as fine aggregates were used. For 3D Concrete Printing the
largest aggregate fraction had to be smaller than 2 mm, because there was a risk of damage
to the printing equipment, when larger aggregate particles were used. However for practical
applications with cast concrete not only mortar mixtures with small aggregates, but also concrete
mixtures with large aggregates are used. Therefore it could be interesting to investigate the
interaction between the fine glass dust and the large aggregates in concrete mixtures.

• Investigating the ASR effect on the fine glass dust mixtures. Alkali-Silica reaction is a potential
danger for the deterioration of concrete, especially when fine glass dust with a large silica content
is used to replace Portland cement in the binder. However on the other hand research by Huang
et al. [45], Taha et al. [111] and Du et al. [31] showed that finely ground glass powder may
inhibit possible ASR reaction. So investigation of the effect of fine glass dust on the possible
acceleration or inhibition of ASR in concrete mixtures would provide valuable insights.

• Investigating longer grinding times or a better sieving procedure after grinding. Due to large
batches of material and limited capacity, grinding times not longer than 6 hours were investigated
in this thesis. After grinding relatively large sieve sizes were used for sieving the ground material,
so larger particles may have passed through the sieve. Also the analyzer for the particle size
distribution was not very accurate in analyzing particles smaller than 10𝜇m. Research by Shi et al.
[103] and Du et al. [32] showed that very fine glass powder was achieved by long grinding times,
which could significantly improve the pozzolanic activity and compressive strength development
of glass powder mortars. Therefore it would be interesting to investigate longer grinding times
with a better sieving procedure and PSD analyzer, to reach better properties of the fine glass dust
mixtures.

• Investigating the secondary formations in themixtures with high fine glass dust percentage. In this
thesis the unwanted secondary formations, potentially caused by volume expansion of hydrated
free lime, were briefly investigated with SEM analysis, but no significant conclusion could be
formulated from this. It would be interesting knowledge to study the secondary formations of the
mixtures in more detail, by analyzing the type of compounds that form and also how to reduce the
formation of these compounds in the mixture. If the secondary formations could be reduced and
volume stability of the mixture is achieved, it would potentially be possible to use higher Portland
cement replacement percentages in the cementitious mixture for set-on-demand printing.

• Investigating glass powder with higher silica content. As shown in Figure 2.1 the fine glass dust
that was used for this study had a silica content of 55.90% and a high organic content. As de-
scribed in the feasibility study in section 6.5 a possibility would also be to grind the fine glass
fraction to a powder, which results in a powder with higher silica content and lower amount of or-
ganic compounds. This material composition could potentially lead to an increase in pozzolanic
reactivity of the glass powder when it is used as a cement replacement. Another potential ap-
plication as cement replacement could be the use of borosilicate glass, which is a glass product
with a typical composition of 80-81% of SiO2 [39].



A
SEM images for secondary formations

test

Figure A.1: Overview SEM image mix FGD50 (zoom 125x)

131



132 A. SEM images for secondary formations test

Figure A.2: Close-up SEM image 1 mix FGD50 (zoom 1000x)

Figure A.3: Close-up SEM image 2 mix FGD50 (zoom 1000x)
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Figure A.4: Close-up SEM image 3 mix FGD50 (zoom 1000x)

Figure A.5: Overview SEM image mix FGD20 (zoom 125x)



134 A. SEM images for secondary formations test

Figure A.6: Close-up SEM image 1 mix FGD20 (zoom 1000x)

Figure A.7: Close-up SEM image 2 mix FGD20 (zoom 1000x)
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Figure A.8: Close-up SEM image 3 mix FGD20 (zoom 1000x)





B
Load calculation for concrete bus shelter

(a) Self-weight calculation for the concrete bus shelter

(b) Wind load calculation for the concrete bus shelter

Figure B.1: load calculation for the concrete bus shelter
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