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Summary

In the energy sector, a transition is made from fossil fuels to sustainable energies. Due to an irregular
supply of these sustainable energies, it often occurs that there is a mismatch between supply and
demand. Energy storage is a promising technique to overcome this. Energy can be stored in multiple
ways; one of these is Pumped Hydro Energy Storage (PHES), which is a type of gravitational energy
storage. In this thesis, the aim is to store gravitational energy in concrete spheres which are placed on
the seabed. To be able to use this concept worldwide, a scalable and feasible design is required,
preferably with a small carbon footprint.

Therefore, this thesis aims to answer whether the most optimal construction method uses 3D Concrete
Printing (3DCP) and if so, what the optimal construction method will be using 3DCP. Based on a specific
case, five main construction methods are qualitative investigated, from which two are with 3DCP.
These main construction methods are evaluated based on ease of construction, construction time,
costs, scalability and achieving watertightness. From this, it followed that a combination of 3DCP and
conventional casting is the most promising method and is therefore selected for more in-depth
research. In this construction method, the formwork is made with 3DCP and concrete is cast in the
formwork. A prefab bottom and top part are required, because the maximum inclination (nowadays)
for printing is limited to 45°.

Based on the selected construction method, three different 3DCP-variants are investigated:
construction in the dry (1), submerged construction (2) and construction on a pontoon (3). The two
main topics that are investigated are the use of 3DCP for the formwork and the suitability of
unreinforced concrete for the sphere itself, for each variant. The possible use of 3DCP is verified based
on two failure mechanisms: plastic collapse and elastic collapse. The verification of plastic collapse
results in minimal free height h; of the printed formwork, before the concrete can be cast in the
formwork, because otherwise the stress in the lowest layer would be larger than the strength in that
layer. The verification of elastic collapse results in a maximum free height h; of the printed formwork
before the concrete should be cast, because otherwise the formwork will buckle. The suitability of
unreinforced concrete is verified based on the tensile strength and tensile stress in the concrete, during
construction and during use. In this verification, the shear force is not taken into account.

Both in case of construction in the dry and construction on a pontoon, h;is 0.20 m and h; is 0.65 m. In
case of submerged construction, h; is 0.25 m and h; is 0.72 m. For each construction method, h; is
smaller than h; which gives for every construction method the opportunity to cast concrete in the
formwork. The unreinforced wall thickness should not exceed 2.5 m because it is required that the
sphere is buoyant. For this wall thickness, a concrete strength class of C60/75 is required for
construction in the dry, submerged construction and construction on a pontoon. The construction time
(mainly based on printing time) is at least 31 days for construction in the dry and construction on a
pontoon and 24 days in case of submerged construction. An evaluation based on feasibility and
reliability, combined with the results above, shows that construction in the dry is the most promising
method, although a higher concrete class is required and construction time is lower in case of
submerged construction.

An adiabatic calculation is made of the temperature increase of the concrete, based on five different
cement compositions: ASTM1 to ASTMS5. A temperature gradient over the wall thickness leads to
differential shrinkage which leads to tensile stresses. It followed that the tensile stress (14.2 MPa) in
the concrete is higher than the tensile strength of unreinforced concrete (1.64 MPa in case of C60/75,
o = 0.8), for ASTM1 to ASTM5. However, in reality, the temperature increase is semi-adiabatic,
resulting in lower tensile stresses. It is therefore highly recommended to further investigate this
temperature increase in order to verify the suitability of unreinforced concrete. Measures that could
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be taken to lower the temperature differences are: addition of liquid nitrogen or addition of ice instead
of water for the concrete mix. Besides that, it is recommended to investigate the possible use of fibre-
reinforced concrete, which could significantly increase the tensile strength of concrete.

Vii



viii



Abbreviations

BEST

cc

3DCP
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1.Introduction to offshore energy
storage and motivation for this report

The motivation and relevance of offshore energy storage in concrete spheres, the approach and
outline of the report are given in this chapter. First the motivation for energy storage is explained
(Section 1.1). After that, the relevance of this thesis is given (Section 1.2). From this, the research
qguestions are derived, which are stated in Section 1.3. The approach that is used in this report to
answer the research questions is given in Section 1.4. The outline of the report can be found in Section
1.5.

1.1. Motivation and relevancy of (offshore) energy storage

Why is energy storage needed? Why should energy storage in concrete spheres, as a type of offshore
energy storage, be developed? This section answers these questions and explains the need for
(offshore) energy storage, starting with the energy transition from fossil fuels to more sustainable
sources of energy.

From fossil fuels to sustainable energies

Climate change has a large impact on our lives. It is assumed that climate change causes phenomena
like longer periods of drought (PBL, 2011) and sea level rise (KNMI, n.d.), which can have a large impact
on living circumstances on earth. Climate change is mainly caused by the emission of greenhouse
gasses. Greenhouse gasses trap heat in the atmosphere which causes global warming. During the 21st
Conference Of Parties in 2015 (COP21) the parties agreed on several measures to limit global warming
to 2 °C and if possible limit it to 1.5 °C above pre-industrial level (United Nations, 2015). To achieve
that goal, the emission of greenhouse gasses should be drastically reduced in the coming years and
decades.

The production of energy is mostly based on fossil fuels like coal, oil and gas. In the US in 2019, 74% of
the anthropogenic greenhouse gas emissions came from burning fossil fuels (U.S. Energy Information
Administration, 2021). The atmospheric concentration and COz-emissions increased since the start of
the Industrial Revolution, at an even higher rate since 1960. Since the start of the Industrial Revolution,
the atmospheric concentration is increased by more than 50% (Lindsey, 2020). Increases of carbon
dioxide in the atmosphere are responsible for about two-thirds of the total energy imbalance that
leads to global warming. Greenhouse gasses in the atmosphere lead to the enhanced greenhouse
effect. This means that less warmth is leaving the atmosphere, due to the increase of greenhouse
gasses in the atmosphere (KNMI, 2010). There are different greenhouse gasses and the strength of
them differs. Of all the greenhouse gasses emitted by human, CO; is the most important one: more
than 50% of the enhanced greenhouse effect is caused by CO, (Milieu Centraal, n.d.). To lower the
emission of greenhouse gasses (and thus CO;), other energy sources are needed. A few sources of
sustainable energy are solar, wind and hydro energy. The amount of energy harvested from
sustainable energy sources is rapidly increasing over the last few years (International Energy Agency,
2022).

With this energy transition from fossil fuels to renewable energy, new challenges come up. For
example the availability of wind- and solar energy is intermittent. When there is no wind, there is no
energy from wind turbines. When it is cloudy, less energy can be generated with solar panels. Besides
that, the electricity infrastructure is not ready yet for the energy transition. It occurs that the energy
from solar panels cannot be transported to the electricity grid on sunny days or wind energy on windy
days (Netbeheer Nederland, n.d.).



The need for energy storage

The transition to sustainable energy resources requires that these resources are reliable. The low
reliability of solar and wind energy as described leads to low reliable resources. Therefore, other
sustainable resources are needed or the generated energy from wind and solar needs to be stored
somehow to stabilize the electric grid. Figure 1-1 gives a visualization of the variability of generated
energy and how energy storage can overcome this problem.
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Figure 1-1 Energy storage can solve the mismatch between supply and demand (Hagrey, K6hn, & Rabbel, 2014)

Europe set the goal to become the first climate-neutral continent by 2050. This means that there is no
net-CO, production. The production of energy from renewable energy sources increased from 2% in
2004 to 15% in 2018 (Pitorac, Vereide, & Lia, 2020). This should increase in the future to become a
climate-neutral continent. As a result, the need for energy storage will also increase, as the demand
and supply will not always match. Closed loop Pumped Hydro Energy Storage (PHES) is one of the
technologies which can be used to increase the energy storage in Europe. For a 100% renewable
Europe, the storage need is estimated to range from 80 to 400 TWh with an installed capacity between
500 to 900 GW (Droste-Franke, et al., 2014).

(Pumped Hydro) Energy Storage

The underlying principle of energy storage is conservation of energy. Two main types of energy are
distinguished: kinetic energy and potential energy. When the type of energy changes, heat is released,
which determines the efficiency of the system. The sum of the two types of energy and the released
heat is the first law of thermodynamics and stays constant in a closed system.

Pumped Hydro Energy Storage (PHES) is a form in which water is stored as potential energy. Two
reservoirs with different elevation are connected to each other by pipes or channels. The potential
energy increases when water is pumped to the upper reservoir and decreases when the water is
released to the lower reservoir. PHES accounts for more than 95% of globally installed energy storage
(Stocks, Stocks, Lu, Cheng, & Blakers, 2020). The (increase of) potential energy depends on the mass,
gravitational constant and the height (difference).
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Figure 1-2 Generating energy when the demand is larger than supply and using energy when the demand is lower than
supply (Bitew, et al., 2019)

Two principal categories of PHES are distinguished: closed loop and open loop. In the first case there
is no (significant) natural inflow to either reservoir, in the second case, in at least one of the reservoirs
there is a significant natural inflow. Offshore (Pumped Hydro) Energy Storage is a type of closed loop
energy storage. To explain the need for energy storage in concrete spheres, four important other types
of energy storage are described. An elaborated version can be found in Appendix A. Only spheres are
considered in this report, as this is the most useful shape (depending on depth) (Marrewijk, 2020).

BEST

BEST stands for Buoyancy Energy Storage Technology in which energy is stored using buoyancy. Energy
is stored at the seabed with a compressed gas. The system is connected to floating solar panels or wind
turbines. When there is a surplus of energy, buoyant tubes are pulled down to the seabed, where they
are stored as potential energy (Hunt, et al., 2021). This system could have great potential in storing
energy close to the coastline near islands without variation in elevation. The estimated LCOS (Levelized
Costs Of Storage) could be reduced to $50/MWh with further optimisation (Blain, 2021).

FLASC

FLASC stands for Floating Liquid piston Accumulator using Seawater under Compression. In this
concept, water is pumped into a closed chamber containing pre-charged air (charging mode). When
the stored energy is needed, the pressurized water is released through a turbine to generate
electricity. The intended depth for this concept is 100-400 m (FLASC, n.d.). The efficiency decreases for
larger depth, because the temperature increases for larger air pressure. If this energy is lost to the
surroundings, the overall efficiency decreases.

Ocean Grazer

Another type of offshore energy storage is the concept developed by Ocean Grazer. This system
consists of two reservoirs, connected with each other by a pump-turbine module. One of the reservoirs
is embedded in the seabed, and another flexible one is placed at the seabed. In charging mode, water
is pumped from the embedded reservoir to the reservoir on the seabed. The water in the flexible
reservoir is pushed back by the hydrostatic pressure into the embedded reservoir (Ocean grazer, n.d.).
The efficiency increases for larger depth, but the complexity increases also for larger depth, because it
will be more difficult to install the pump-turbine module and the concrete reservoir under the seabed.



Maintenance will also be difficult for larger depth, because the pump-turbine is embedded in the
seabed.

Fraunhofer

The concept which is similar to the one that will be optimised in this report is the system developed
by Fraunhofer. The aim of this system is to place concrete spheres with 30 m diameter at a depth of
700 m (Geuss, 2017). Several tests were done with a scaled prototype in 2017. A pressure hose was
used to avoid cavitation. During these tests, several disadvantages where noticed. The most important
one is the fact that the pump was integrated in the system, which made maintenance difficult (Dick,
Puchta, & Bard, 2021).

Conclusion

The concrete spheres that will be used for energy storage at sea are needed to store energy at depths
between 100 and 1500 m. The other concepts shown above are mainly intended for shallower water
depths, as efficiency decreases and complexity increases for larger depth (except the one developed
by Fraunhofer). The problems regarding the concrete spheres designed by the Fraunhofer Institute
and the aim of connecting multiple spheres to one pump-turbine module in the design of this report
show that the design in this report will give an unique option for energy storage at sea.

Within the STORE Consortium, Witteveen+Bos developed together with other parties an innovative
energy storage system: the Marine Pumped Hydro-Electric Storage (MPHES). The aim of this project is
to use hollow concrete spheres on the ocean bed to store potential energy (RCAM Technologies, n.d.).
Energy from wind turbines is stored when the supply of energy exceeds the demand or when the price
for electricity is low. The energy is used to pump water out of the spheres. Vice versa, water is let in
back via turbines when less energy is generated from the wind turbines than demand or when the
price for electricity is high. Combining wind turbines with MPHES makes harvesting energy from wind
much more reliable. This report presents a design optimisation of these concrete spheres that are used
for energy storage at the ocean bed.

1.2. Problem analysis

Several uncertainties and problems need to be overcome before concrete spheres for energy storage
can be deployed. They are explained in this section. The size and weight of the sphere will determine
the draft. However, this could be a problem when the desired depth is not available or in case the
weight is larger than the buoyancy, which will make it sink. This is explained first. Secondly, it is
preferred to use 3D Concrete Printing (3DCP) to lower the carbon footprint, because the aim of 3DCP
is to place concrete only where necessary. However, this is an upcoming technology and several
aspects regarding strength and stability need to be investigated. Besides that, the spheres should be
watertight. However, can watertightness be ensured at large depths?

Investigation of buoyancy and draft

The design of the spheres should enable deployment at depths between 100 and 1500 m. The spheres
should withstand a hydrostatic force, which increases to 15*10% kN/m? at a depth of 1500 m. Therefore
a thick concrete wall is needed to make sure that the sphere will not collapse at large depths. This will
increase the weight of the spheres drastically. After the spheres are constructed, they should be
transported to the location where they will be deployed. To enable this transport, the buoyancy of the
sphere should be such that the sphere will float. This should be investigated.

The use of 3DCP to construct the spheres
The construction industry accounts for 25 — 40% of the world’s total carbon emissions. A large amount
of these emissions comes from the use of concrete in the construction industry (Renz & Solas, 2016).



Therefore, an innovative solution is to make use of 3DCP. 3DCP has a lot of advantages: concrete is
only placed where necessary, all kind of shapes can be made and formwork is often not necessary or
can be made much easier (Wolfs, 2019). Therefore, the carbon footprint will be lower in case 3DCP is
used.

The potential savings by using 3DCP are high. According to a report from Markets and Markets, 3DCP
has the potential to lower construction waste with 30 to 60%, reduce labour costs with 50 to 80% and
reduce construction time with 50 to 70% (3Printr, 2016). If the spheres are built with a traditional
formwork, the labour costs are high because for every sphere the formwork has to be rebuild which is
labour intensive.

It is not possible yet to apply steel rebars as reinforcement in printed concrete as in conventional
concrete. Concrete can take significant compressive forces, but the tensile strength is limited. Due to
hoop forces in the sphere, it could be that tensile stresses larger than the tensile strength occur in the
sphere during the construction phase, which should be investigated.

Although the advantages of 3DCP are promising, there are also numerous topics that are unknown yet.
At this stage, 3DCP is mostly used in cases where compression is dominant in the concrete. This is
because reinforcement (on large scale) cannot be added while printing. It is unknown whether there
will be always compression in the entire sphere.

Cracking and watertightness of the concrete spheres

The forces acting on the sphere can be divided into external and internal loads. External loads are
applied during construction (formwork) and during operation. Internal loads may occur due to
shrinkage. Due to hardening of the concrete, the concrete will shrink. It is the result of interaction
between cement paste and aggregates (Lu, Li, & Huang, 2021). Cement paste does shrink, whereas the
aggregates do not shrink and deformation may develop. If the deformation is restrained, tensile forces
may develop which cannot be taken by the concrete itself and cracks will occur due to that.

Deformation is also possible under thermal loading. Temperature differences may causes shrinkage or
expansion, which may lead to cracks in concrete. While hardening, water and cement react with each
other. Since this is an exotherm reaction, heat is released. Generally, if the concrete wall thickness
exceeds 0.8 m, the temperature differences are significant over the cross-section (de Vries, 2005). Due
to this, cracks may occur. This is an important part of the design of the spheres. These cracks may
affect the strength of the concrete.

Moreover, in this case another important problem is the watertightness of the spheres. The
hydrostatic pressure will vary between 10° kN/m? and 15*10° kN/m?. In case that the spheres are
empty, the pressure difference between outside and inside the sphere is high. Therefore, even a small
crack through the entire cross section may lead to leakage into the sphere which reduces the efficiency
of the energy storage.

Problem statement

Combining the different problems that are stated above, a problem statement is defined. 3DCP is an
upcoming technology and has a potential for constructing concrete spheres for energy storage, but
numerous topics are unknown. The relevant failure mechanisms of 3DCP are unknown and little
research has been done for combining reinforcement and printed concrete to achieve structural
concrete which can meet requirements as they are nowadays (Gebhard, Mata-Falcon, Anton,
Dillenburger, & Kaufmann, 2021). It is not known whether reinforcement is required and how
watertightness can be ensured.

A list of bottlenecks and unknowns is given below. This presents the problem statement.
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- Itis unknown whether tensile forces will develop in the sphere during construction and during
use. This is necessary to verify whether reinforcement should be applied;

- Itis unknown if 3DCP can be used to construct the spheres;

- Itis unknown what is most important regarding crack formation in the spheres and what the
estimated crack width will be;

- Itis unknown whether the sphere fulfils the requirements regarding watertightness.

1.3. Goal of the thesis and research questions

The goal of this thesis is to come with an optimisation of the conceptual design of the spheres and how
the spheres could be built. To end up with this optimal design, several topics are required to investigate
further. It should be investigated how watertightness can be ensured, whether tensile stresses will
develop in the sphere or not and whether the preferred construction method makes use of 3DCP.

Combining these topics, the research question is as follows:

How does the optimal design of a concrete sphere, that will be used for energy storage at large
water depth, look like?

Several things should be investigated to come up with an optimisation of the design. To make it more
organized, the question is divided in several sub-questions:

- Does the best construction method make use of 3DCP?
- How can 3DCP be used in an optimal way to construct the spheres?

- Isit possible to construct the spheres with unreinforced concrete?

1.4. Method used to answer the research question

This thesis aims an optimal design of concrete spheres for energy storage. To be able to come up with
an optimisation, several parameters and calculation methods regarding 3DCP and requirements
regarding crack width and watertightness should be determined, before the design optimisation can
be done. To achieve these requirements and calculation methods, literature will be reviewed. This is
step 1 of the approach. In the design of the concrete spheres, a design method will be used which is
explained below. This is step 2 of the approach.

Step 1 - Literature study

To answer the research (sub-)question(s), a few important topics will be reviewed in literature. For
each topic the relevance is given for the optimisation of the design. The following topics will be
reviewed in literature:

- What are the properties of 3DCP and what are possibilities of 3DCP?
The development of strength and stiffness of 3DCP in time will influence the affect the ability to use
3DCP in the design of the spheres. Therefore, these subjects should be investigated. Topics that will be
reviewed in literature are the development of 3DCP, strength properties in fresh state, strength
properties in hardened stage, bonding between different layers and what influences these properties.

- How can submerged concrete hollow structures be watertight?



Leakage will cause a lower efficiency and therefore leakage should be avoided. Literature will be
reviewed how watertightness is achieved for submerged hollow concrete structures. Eurocode 2 gives
a rule regarding watertightness; the applicability for this case will be reviewed.

- What are causes for cracks in thick-walled concrete structures?
Cracks through the entire cross-section will cause leakage. Literature will be reviewed regarding
different types of shrinkage, especially in case of thick-walled structures. The hardening of concrete in
a thick-walled structure causes temperature differences which could lead to thermal cracking. It will
be reviewed how large these temperature differences can be and what the influence is on crack
formation. This information is needed to come up with measures (if needed) to lower crack width and
to improve watertightness.

Step 2 - Design method

In this report, a specific case is used in the design of the spheres. In the design, the engineering design
process is used as a basis for the design method used in this report (TeachEngineering, n.d.). The design
consists of the following steps:

2.1 The case is analysed,;

2.2 From the case analysis, the requirements and boundary conditions are determined;

2.3 The concepts, based on main construction methods, will be developed,;

2.4 A qualitative verification is made for the main construction method,;

2.5 A selection of main construction method is made based on a Multi Criteria Analysis (MCA);

2.6 Variants are developed, based on the selected main construction method;

2.7 A quantitative verification is made for the variants;

2.8 An evaluation and selection is made based on a Multi Criteria Analysis (MCA);

2.9 The hydration heat is estimated, crack width calculations are performed and
watertightness will be verified;

1.5. Outline of the report

- InChapter 2, the literature review is given. In this chapter, literature is reviewed on the current
stage of 3DCP and calculation methods for 3DCP, requirements regarding watertightness and
concrete cracking of thick-walled constructions.

- The case that is used in this report is analysed in Chapter 3. The requirements and boundary
conditions are determined from this analysis (steps 2.1 and 2.2 of the design method) and
several starting points are given.

- In Chapter 4, concepts are developed based on the different (main) construction methods
(step 2.3 of the design method). A qualitative verification and selection is made based on main
construction methods (step 2.4 & 2.5). After that, 3 3DCP-variants are described, based on the
selected main construction method (step 2.6). A quantitative verification is given for the 3DCP-
variants (step 2.7) and a choice is made based on evaluation criteria (step 2.8).

- In Chapter 5, calculations are performed regarding hydration heat, (thermal) shrinkage &
(thermal) cracking and watertightness, which is step 2.9 of the design process.

- Chapter 6 gives an discussion of choices that have been made during the design and describes
limitations of models that are used;



- Thereport ends in Chapter 7 with answering the research questions and recommendations for
further design.



2. Literature research into required
parameters and calculation models

In this chapter, several topics are reviewed from literature. The relevance of each section is given at
the start of each section. Section 2.1 gives an overview of required parameters and calculation models
regarding 3DCP. The characteristic properties regarding strength and stability in fresh and hardened
state are described and conflicting requirements are mentioned. Section 2.2 gives an overview of
watertightness of submerged concrete structures and how crack width is related to watertightness.
Besides that, it is given how the amount of leakage can be calculated. In Section 2.3 several types of
shrinkage are described, from which the impact on crack width is described. This information is
necessary to carry out steps 2.7 and 2.9 of the design method. At the end of each section, a conclusion
is given and how the knowledge is applied during the design.

2.1. Applications and properties of 3DCP

3DCP is an upcoming technique which may have a large impact on the construction sector. Extensive
research is done in the past decades and is still needed to overcome some serious challenges regarding
the strength development, stability and bonding between different layers, before 3DCP can be widely
used in the construction sector. The properties of 3DCP can be roughly divided into properties of the
‘fresh’ stage and the ‘hardened’ stage. These properties and especially the development of the
strength are important to verify whether it will be possible to construct the spheres with use of 3DCP.
An introduction to 3DCP is given in Appendix B, which gives some information about the current
applications of 3DCP. The strength development of 3DCP during and shortly after printing are given in
Section 2.1.1. Fresh concrete may also collapse due to insufficient stiffness and stability. Therefore,
important information about this is also given in Section 2.1.1. Section 2.1.2 describes the properties
of printed concrete in the hardened stage. This information is necessary to perform step 2.7 of the
design method.

2.1.1. Investigation to properties of fresh printed concrete

The shape of printed concrete is maintained by the gravitational load of the concrete, without the
support of a formwork. This should be taken into account when designing the concrete mix, which is
an fundamental issue for 3DCP. The concrete should reach the requirements of pumpability,
extrudability and buildability. The water/cement ratio should be high enough to reach the pumpability.
To fulfil the requirement of extrudability, often the maximum aggregate size is relatively small
compared to conventional cast concrete, because most existing printers work with small nozzles; this
reduces the strength of the concrete. However, to reach enough strength, the binder content should
increase.

Pumpability of 3DCP

Pumpability can be defined ‘as the characteristic of the print mix to be workable enough to be
mobilized through a pumping system under pressure to the printing head while retaining its initial
properties for the entire time’ (Zhang, et al., 2021). Higher workability means better pumpability, but
lower stiffness. This contradicts with the requirement of stiffness for 3DCP, because the extruded
material should remain their shape in absence of a formwork. In the pipe, the mix tends to segregate
under high pressures (Choi, Roussel, Kim, & Kim, 2013). Therefore, the mix should be able to resist this
segregation.



Extrudability of 3DCP

Extrudability can be defined ‘as the ability of the print mix material to be extruded smoothly as a
continuous filament exiting the nozzle at the printhead with an unhindered material flow’ (Zhang, et
al., 2021). This partly coincides with the pumpability. If the mix does not segregate during pumping,
the extrudability is higher. At the other side, when the aggregates will accumulate to the centre of the
pipe, the mix can be blocked in the end of the pipe or in the nozzle.

Buildability of 3DCP

The buildability can be defined as the ability of the print material to keep its form after extrusion.
Printed concrete without any formwork need to have stability from gravity. Therefore, the bonding
need to be strong enough, in particular if the layers are printed little sidewards of the previous layer.
The strength of the fresh concrete should be high enough to endure the weight of the subsequent
layers. The strength of the concrete while printing is therefore higher than the strength of concrete
when it is conventionally cast. This also depends on the time between printing two layers above each
other and is therefore dependent of the geometry of the structure. For 3D printing, the buildability is
a challenging issue, due to conflicting requirements. The viscosity of the mix while pumping should not
be too high, whereas for better buildability a higher viscosity is needed.

These three (conflicting) requirements are important for the design of the concrete spheres. Figure 2-1
represents the workability requirements and the rheological requirements. These are important to
keep in mind for the construction of the spheres.

Workability requirements

Hose

' Pumpability
e : . Low dynamic yield stress to increase flow
ozzie W+ | Extrudability
- Buildability “ High static yield stress to resist flow
®
3D printing concrete Printability < -

Figure 2-1 Conflicting requirements for 3DCP (Zhang, et al., 2021)

Failure modes of 3DCP

Failure of 3DCP can be caused by two failure modes: plastic failure and elastic failure. In case of plastic
failure, the stress in the bottom layer increases due to the increase in weight of the printed layers
which are added on top. When the stress in the bottom layer exceeds the strength, the structure will
collapse. The second failure mode is elastic failure and depends on the geometry and the slenderness
of the structure.

Failure mode 1: plastic failure

Pumpability, extrudability and buildability are also closely related to yield stress (Perrot, Rangeard, &
Pierre, 2016). The yield stress can be divided into static yield stress and dynamic yield stress. Static
yield stress refers to the stress to make the material flow from a state of rest. If the material is in state
of rest and the stress is lower than the yield stress, the material exhibits elastic behaviour. Because
layers are printed above each other during the printing process, the compressive stress increases for
the lowest layers. If the stress becomes higher than the yield stress, the material will flow and the
structure will collapse. The dynamic yield stress is the stress which is needed to keep the state of
movement, once the material is moving and is lower than the static yield stress. The ratio of the static
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yield stress to the dynamic yield stress can be used as a thixotropy index of the material (Zhang, et al.,
2021).

The increase of yield stress depend on re-flocculation and structuration. Re-flocculation is the
‘reversible particle flocculation process’, which largely occurs shortly after removal of applied energy.
In case of 3DCP, this refers to the moment after extrusion. During re-flocculation, the bonding
increases and thus the static yield stress increases too.

The structuration rate describes the second part. The time scale of structuration is much longer. The
structuration rate mainly describes the early formation of hydration products and is influenced by
more factors than the re-flocculation rate. It could be influenced by for example accelerators in the
concrete mix and environmental conditions like humidity and temperature (Kruger, Zeranka, & Zijl,
2019).

Below, 3 models are given which describe the static yield stress increase. The third model (from Kruger)
makes a distinction between the re-flocculation and the structuration.

Yield stress - Roussel

Roussel developed a model, in which the strength evolution is linear (Roussel, 2006). The development
of yield stress according to Roussel is given in Eg. 2.1. He combined the re-flocculation and the
structuration in one parameter.

To(t) = 79(0) + Appix - t (2-1)
Where:
7o(t) = yield stress [N/mm?]
7o(0) = initial yield stress, typical value of 4*¥10°3 [N/mm?] (Jiao, Schryver, Shi, &

Schutter, 2021)

Awmix = Structuration rate, typical value of 0.5*10®  [N/(mm? - s)] (Jiao, Schryver, Shi, &
Schutter, 2021)

t = time [s]

Yield stress - Perrot

Perrot made a new model, by proposing an exponential increase of the yield stress (Perrot, Rangeard,
& Pierre, 2016). They proposed a model which gives a smooth transition from the linear to the
exponential yield stress development, which is given by Eq. 2.5. To verify their theory, they simulated
loading on a cylindrical sample (which could be the first layer of a cylinder) by loading this cylindrical
sample with increments of 1.5 N, representing new layers printed above. They also showed the effect
of the time span between the increments by ranging this from 11 to 60 s. This represents 3D printing
of a column with a building rate ranging from 1.1 to 6 m/h. The tests showed that the longer the time
span between load increase, the longer it took before the sample collapsed. The development of yield
stress is given in Figure 2-2, in which can be seen that the exponential model starts to deviate from the
linear model at 30 minutes. The model can be used for layers with a maximum of 6 hours after
extrusion.
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Figure 2-2 Results from research done by Perrot (Perrot, Rangeard, & Pierre, 2016). The exponential model starts to deviate
from the linear model at 30 minutes.

The exponential behaviour of the yield stress development is given in Eq. 2.2.

trest
To(t) = Atpix * te - (e e — 1) + To,0 (2-2)
Where:
t. = characteristic time value to get best fit [s]
trest = time of concrete at rest [s]

Yield stress - Kruger

In both models, the re-flocculation rate is not clearly defined. To make a clear distinction between the
re-flocculation rate and the structuration rate, which have a different time scale, Kruger (Kruger,
Zeranka, & Zijl, 2019) developed a new bi-linear model in which both the re-flocculation and the
structuration are taken into account. In the research they have done, the main focus was on the re-
flocculation. Therefore, the model is mostly based on Roussel’s model, because he also used a linear
model. The bi-linear model is shown in Figure 2-3.

Static Yield Stress
A

Tg(t)

Ts,i

Tp,i-

F o

Lot Material Resting Time/

1
Re-NMoceulation Structuration
)

-t F o

Time After Deposition

Figure 2-3 Development of static yield stress, with a distinction between re-flocculation and structuration (Kruger, Zeranka,
& Zijl, 2019).

The corresponding equations are given in Eq. 2.3, Eq. 2.4 and Eq. 2.5.
Ts(t) =1Tp, + Rthix 't fOT' [t < trf] (2-3)
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t-rf — Tsi—TD,i (2_4)

Rtnix

T5(t) = Tsi + Amnix " (t —try)  for [t >tr] (2-5)
Where:
z5(t) =staticyield stress [N/mm?]
Zi(t) =initial static yield stress [N/mm?]
Zpi(t) =initial dynamic yield stress [N/mm?]
Reix  =re-flocculation rate [N/(mm? - s)]
tr =time at which structuration starts  [s]

Yielding of the concrete can be described using the behaviour of soils, as the fresh concrete fails due
to sliding of the particles rather than crushing of particles (Hoogeveen, 2020). This criterion is described
in Eq 2.6, which makes use of the More-Coulomb criterion.

To(t) > c(t) + g, (t) - tan (@) (2-6)
Where:
c(t) = cohesion [N/mm?]
On = normal stress [N/mm?]
@ = friction angle [degrees]

Failure mode 2: elastic failure

Another failure mode of printed concrete is elastic buckling. The stresses in the concrete depend on
the weight of the concrete on top of the layer and the geometry of the structure. For uniaxial
behaviour, the stresses are related with the Young’s modulus and the uniaxial strain. The lateral
contraction is defined with the Poisson’s ratio. Therefore, the two properties, which develop with time,
which influences the stability of the structure, are the Young’s modulus £(¢) and the Poisson’s ratio
V(t). These properties both develop with time. It should therefore be ensured that the strength,
depending on these two properties, should always be higher than the loads stresses acting on the
structure (Wolfs, 2019).

Description of model used to estimate the critical buckling height

Suiker (2018) and Roussel (2018) both developed a model to estimate the critical length at which
buckling is expected to occur for a vertical, straight wall. To start with Roussel, one simple equation
gives an (underestimated) value of the critical height and is thus conservative. However, the increase
of stiffness and strength is not taken into account, as well as the vertical growth velocity of the wall.
These aspects do get included in the model of Suiker, which is more comprehensive. The support
configuration is taken into account as well in this model. Therefore, the model of Suiker is used in this
report to calculate the critical buckling height; the model of Roussel is given in Appendix D.

Suiker starts with the vertical wall growth velocity (Eq. 2.7). This equation can be simplified by
modelling it as a continuous growing process, which depends on several printing parameters.

: Q )
= — (2-7)
Where:
I = vertical wall growth velocity [m/s]
Q = discharge of material [m3/s]
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Vi = horizontal velocity of printer head [m/s]
h = wall thickness [m]
T = period of printing one layer [s]

The increase of stiffness is given with the curing rate &. This curing rate can be determined by
measuring the stiffness of the printed concrete at different time steps after the concrete is deposited.

Regarding support conditions at the sides, Suiker makes a distinction between a free wall, simply
supported wall and a fully clamped wall.

Case 1: Free wall
In case of a free wall, the critical height can be calculated with the approximation given in Eq. 2.8.

1
—_ . h_ y
ler = (pgo )3 “ler (2-8)
I, = 1.98635 + 0.996 - (£,)* " (2-9)
Where:
1
sl _ (Do \3.& .
&= ()4 (2-10)
_ Eo'h3
0™ 12.(1-v2) (2-11)
Where:
Ior = critical buckling height [m]
& = curing rate elastic stiffness  [s7]
Dy = initial bending stiffness [Nm]
Ey = initial elastic stiffness [N/m?]
1% = Poisson’s ratio [-]

Case 2: Simply supported or Fully-clamped wall

In case of a simply supported and fully clamped wall, de design graphs of Figure 2-4 need to be used
to find the dimensionless critical buckling height, depending on the dimensionless linear curing rate
and the dimensionless wall length. The dimensionless wall length can be calculated with Eq. 2.12.

1

W= (%)E w (2-12)

Where:
w = wall length [m]
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Figure 2-4 Design graphs to obtain the dimensionless critical buckling height in case of simply supported wall and fully-
clamped wall (Suiker, 2018)

2.1.2. Properties of hardened printed concrete

The properties of hardened printed concrete are somewhat different than cast concrete. These
differences are explained in this section, to understand how the strength and stability relates to
conventionally cast concrete.

Mixture composition of 3DCP

Due to the requirements of pumpability, extrudability and pumpability, the mixture composition is
different than the mixture composition of conventional concrete. Coarse aggregates are hardly ever
used in printed concrete, because they make it less extrudable. However, coarse aggregates are
normally added to make the concrete more compact, decrease the need for water and cement and
also gives mechanical strength to the concrete (Cemex, n.d.). Thus, to get the same strength, more
cement is needed than for conventional concrete. Cement could also be replaced by other binders, to
lower the usage of cement, but also to optimise the properties of the fresh and hardened stage of
3DCP (Zhang, et al., 2021).

Interlayer bonding

A structure which is printed consists of several layers of concrete above each other. An important
factor of the strength of the structure is the bonding between the layers. This depends on the material
composition as well as process parameters (Zhang, et al., 2021). Rheological properties, which depend
on the composition of 3DCP, affect the interlayer bond and their strength. Process parameters that
influence the bond strength are the time interval between two deposited layers, extrusion pressure,
nozzle geometry and ambient condition (Zhang, et al., 2021). A longer time interval leads to less bond
strength, for a higher extrusion pressure the concrete is more pressed into the last layer, which result
in a higher bond strength and higher humidity also leads to higher bond strength.

Eurocode 2 gives some parameters which influences the bond strength between two layers of concrete
that are cast at different time. These parameters are the roughness of the concrete mix, surface
roughness coefficients, stress normal to interface and if present, the degree and orientation of
reinforcement (EN 1992, 2011). Although these parameters are not sufficient to describe the interlayer
bonding, knowledge about these is important.

Regarding the interlayer bonding, Wolfs et al. (2019) did several tests to verify the impact of the layer
interval time, covered versus uncovered dehydration and the nozzle height. The strength clearly
reduces for larger layer interval time, but it is only a minor drop from an time interval of 15s to 4h. As
can be seen in Figure 2-5, the drop of bond strength is larger for the tensile splitting strength than for
the flexural tensile strength.
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Figure 2-5 results of layer interval time for flexural tensile strength (left) and tensile splitting strength (right). All specimens
have been covered for the duration of the time span, with exception of the 15s interval time (Wolfs, Bos, & Salet, 2019).

This reduction of strength should be related with the process parameters used in the research. For
example, Kim et al. (2017) reported reductions of 72% with an interval time of 60 min and Panda et al.
(2018) indicated a reduction of 75% with 20 min time interval. This clearly shows that the process
parameters have a large impact on the bonding between two layers.

A large factor that influences the bond strength is whether dehydration is covered or uncovered. Wolfs
et al. (2019) showed that the for a layer interval time of 4h, the decrease in strength for uncovered
dehydration is 51% with respect to covered hydration, as shown in Figure 2-6. In case of a layer interval
time of 24h, this drop is 26%. Although it was surprisingly that the drop was lower for the longer layer
interval time, it is clearly shown that the strength significantly reduces for uncovered dehydration.
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Figure 2-6 difference in strength for covered and uncovered dehydration (Wolfs, Bos, & Salet, 2019).

Durability of 3DCP

Besides the interlayer bonding, the fact that a structure consists of layers above each other makes it
also more sensitive for water that penetrates in the concrete. This can severely reduce the durability
and may affect its strength. Another challenge regarding durability of printed concrete is the
combination of high cement content and absence of a formwork. Due to the higher amount of cement
and no or low amount of (coarse) aggregates, plastic shrinkage increases and more cracks will develop
due to drying shrinkage (Zhang, et al., 2021). As 3DCP is a relative new construction method, the long-
term durability is still under research. Therefore 3DCP will not be used in this case for elements which
have a long design life time.
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2.1.3. Concluding remarks regarding 3DCP

3DCP is an promising technology to use in the construction sector. 3DCP can be used to build
constructions of all kind of shapes and has therefore potential to be used during construction of the
concrete spheres. The properties in fresh state regarding strength and stability are most important to
keep in mind during the design of the spheres, as they will determine whether the structure will
collapse or not.

A distinction can be made between plastic failure and elastic collapse. Plastic failure occurs when the
yield stress is lower than the yield strength. 3 models are available to describe the strength
development, depending on the initial yield strength, structuration rate and re-flocculation rate. The
model which can be used best for the design depends on the timescale. For an increasing timescale,
the sequence is Kruger (seconds to minutes), Roussel (minutes) and Perrot (hours).

Regarding elastic failure, Suiker (2018) gives an estimation of the height at which buckling is expected
to occur. A distinction is made between a free wall, simply supported and fully-clamped wall. The
results will be accurate at the middle of the sphere, where the wall can be assumed vertical over a
certain height. For an increasing angle, bending becomes more important than buckling.

The properties of 3DCP are determined by the mix composition and the climate conditions after the
concrete is printed. Covered dehydration gives a significant higher strength than uncovered
dehydration, which is therefore an important design aspect. Besides that, the layer interval time will
determine the bonding between different layers. A smaller interval time leads to higher bond strength
which increases tensile strength. However, a longer interval time gives the lower layers more strength,
which decreases the change that the printed concrete will collapse in fresh state. This should also be
taken into account during the development of concepts (step 3 of the design).

2.2. Literature review into requirements to achieve required watertightness

Leakage should be avoided, as this could affect for example safety or, in the case of the spheres, it
affects the efficiency. Therefore, watertightness of submerged hollow concrete hollow structures is
important. Leakage can be through the porous concrete wall, through cracks and through joints,
whereas the ratio of these three is 10° : 10* : 10'° (Breugel, Veen, Walraven, & Braam, 1996). Leakage
through a concrete wall depends on the thickness of the wall, the pressure difference between outside
and inside of the structure and the crack width. Eurocode 2 combines these components.

Estimation of leakage using Darcy moisture flow

The amount of leakage through a uncracked concrete wall can be estimated with the Darcy moisture
flow, given in Eq. 2.13. The leakage depends on the area, pressure difference, dynamic viscosity,
thickness of the member and the permeability of the concrete.

Q= (%) K (2-13)
Where:

Q = leakage through concrete [m3/s]

A = area through which leakage occurs [m?]

Ap = pressure difference [Pa]

n = dynamic viscosity of fluid [N - s/m?]

D = thickness of the member [m]

K = intrinsic permeability [m?]
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The amount of leakage through a cracked concrete wall can also be calculated with the Darcy moisture
flow, given in Eq. 2.14. The leakage depends on the surface roughness, crack width, pressure
difference, dynamic viscosity, thickness of the member and the length of the crack width.

_ . (78p) | -
Q—a(n.D) L (2-14)
Where:
a = roughness factor [-]
w = crack width [m]
L = length of the crack [m]

Using Eq 2.13 and Eq. 2.14, the leakage in uncracked and cracked stage can be estimated. The leakage
through the uncracked sphere, with the dimensions of the sphere in this specific case, is in the order
of 0.025 m3/hr and the leakage through the cracked sphere, assuming 1 crack through the whole cross-
section every m?, is in the order of 80 m3/hr. The entire calculations can be found in Appendix F.

Requirements regarding watertightness according to Eurocode 2

Leakage should be limited to a small amount. This is because the amount of leakage negatively
influences the efficiency of the entire system. Therefore, the watertightness of the spheres should be
in Tightness Class 1, according to Eurocode 2-3 (Eurocode 2, 2006), Table 2-1. For this particular Class,
cracks through the full thickness of the cross section should be limited to wx;. This crack width
requirement depends on the ratio of hydrostatic pressure, Az and the wall thickness d. If hq/d <5,
Wiz = 0.2, while for hq/d > 35, wi; = 0.05. between these ratios, linear interpolation may be used. In
the case that is used in this report, the ratio is 1000/2.5 = 400. This is far out of the range and it could
be questioned whether the criterion of 0.05 mm is applicable.

Table 2-1 Tightness Classes (EN 1992-3)

Tightness Class Requirements for leakage
0 Some degree of leakage acceptable, or leakage of liquids irrelevant.
1 Leakage to be limited to a small amount. Some surface staining or damp patches
acceptable.

Leakage to be minimal. Appearance not to be impaired by staining.

Mo leakage permitted

The maximum crack width is based on experiments done by Lohmeijer regarding self-healing of the
concrete under hydrostatic pressure (Breugel, Veen, Walraven, & Braam, 1996). The results are given
in Figure 2-7.
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Figure 2-7 Critical crack width for which self-healing can be assumed, depending on the ratio of depth and thickness
(Breugel, Veen, Walraven, & Braam, 1996)

Lohmeijer based the criterion on observations in the field, whereas the results of Meischner come
from tests done in a laboratory. This could explain why the criterion of Meischner results in a larger
allowable critical crack width, as environmental conditions could negatively affect the observations of
Lohmeijer in the field. If cracks occur through the entire cross-section and if they are smaller than the
critical crack width, the cracks will disappear through self-healing. Prerequisites for this are (Breugel,
Veen, Walraven, & Braam, 1996):

- Stable crack width (no temperature differences)
- Low flow velocity through crack
- The fluid should not be leaching

Combining this, a structure will be watertight when (Breugel, Veen, Walraven, & Braam, 1996):

- There are no cracks

- Cracks occur, but not through the entire cross section. The compression zone should be larger
than the smallest of 50 mm and 0.2*element thickness.

- Cracks occur through the entire cross section, but are smaller than the critical crack width
given in Figure 2-7.

Conclusion regarding requirements to achieve the desired watertightness

The spheres are classified in Leakage Class 1. The maximum crack width therefore should be lower
than 0.05 mm. This rule is based on experiments from Lohmeijer. Self-healing will occur for lower crack
width, if enough cement is added to the concrete mixture. The criterion of 0.05 mm will be used for
this case, as the results of Lohmeijer asymptoticly tends to 0.05 mm for an increasing ratio of depth
over thickness.

Besides that, the ratio of leakage through the concrete wall, through cracks and through joints is 10°:
10% : 10'° (Breugel, Veen, Walraven, & Braam, 1996). Therefore, joints should be avoided as much as
possible, and special attention should be given to the joints which are necessary. This will be used in
step 3 of the design, where the concepts will be developed. Crack width calculations and leakage
calculations are performed during step 4 of the design method.

2.3. Literature review into required models to calculate shrinkage

Cracks in concrete occur when the tensile stress becomes higher than the tensile strength. Cracks
should be avoided in this case, as it will reduce strength and, more important, could affect
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watertightness. The tensile strength develops with time, as well as the compressive strength.
Shrinkage and loads are two main causes for tensile stresses in the concrete, which may cause cracking.
The relevant types of shrinkage are described in this section, to understand which factors contribute
to shrinkage. If the shrinkage could be minimized, crack width can also be minimized. The loads are
described in Chapter 3.

2.3.1. Types of shrinkage

In this paragraph, four types of shrinkage are described, with a formulation how they can be
estimated/calculated. As the wall-thickness of the spheres is large, much hydration heat will be
released. This may become a problem, when the temperature difference between the edge and the
centre of the concrete wall will cause differential shrinkage, causing thermal cracking. Therefore, this
is extensively explained.

Plastic shrinkage

Volumetric changes or differential settlement of the plastic concrete (not yet hardened) may cause
stresses higher than the tensile strength, resulting in cracks. Changes in volume often occurs when
water is rapidly lost from the fresh concrete. This could be due to suction of old concrete underneath
or evaporation of surface water, which is most common (Larosche, 2009). Aggregates and cement has
a higher density than water, which causes bleeding: the water goes up and aggregates and cement
goes down. If the bleeding rate is smaller than the evaporation rate, the concrete surface dries and
shrinks. The amount of evaporation depends on several parameters. Higher temperatures, low
humidity and high wind speed causes more evaporation. The rate of evaporation can be estimated
with the nomograph given in Figure 2-8, depending on the three mentioned aspects.
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Figure 2-8 Nomograph for estimating amount of evaporation (Larosche, 2009)

Higher evaporation rate than bleeding rate causes tensile stresses at the surface which lead to
cracking. The cracks have a short length and occur in an irregular pattern (Larosche, 2009). Whereas
the evaporation is related to ambient conditions, the relative amount of water in the concrete mix also
determines the amount of evaporation. To avoid cracking from plastic shrinkage, the mix should
designed such that the w/c ratio is as high as possible and ambient conditions should be kept such that
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the evaporation is low. Another option could be to revibrate the concrete after cracks have formed,
but before initial set (time at which concrete starts to lose plasticity) (Day & Clarke, 2003).

Drying shrinkage

After the concrete has hardened, the volume reduction that occurs due to loss of water is known as
drying shrinkage. This water is stored in the capillary pores of the hardened concrete and evaporates
when the concrete is exposed to relative low humidity. The loss of moisture results in a volume
reduction which lead to tensile stresses if this volume reduction is restrained. If this is unrestrained,
the volume can freely contract and no cracks will occur (Larosche, 2009).

Plastic shrinkage (not yet hardened concrete) and drying shrinkage are influenced by mostly the same
factors. The tensile stresses that occur due to drying shrinkage are influenced by the rate of shrinkage,
degree of restraint, amount of creep and modulus of elasticity (Larosche, 2009). Shrinkage of the
cement paste is primarily responsible for drying shrinkage. Therefore, to reduce drying shrinkage, the
cement volume should be reduced or replaced with another binder and conditions should be kept such
that evaporation is minimized.

Autogenous shrinkage

The autogenous shrinkage is a chemical shrinkage and occurs when the concrete hardens (and no
water is added). In the hydration process, the volume of the reacting constituents (water and cement)
is higher than the volume of the hydrated product. Especially concrete with a relatively low w/c ratio
of (w/c < 0.4) the concrete is susceptible to autogenous shrinkage (Larosche, 2009).

Drying shrinkage and autogenous shrinkage are both described in Eurocode 2 (EN 1992, 2011). These
two components both depend on time: drying shrinkage develops slowly and ranges from days to
months, whereas autogenous shrinkage is linearly linked to the hardening of the concrete, which is

mostly in the first days. The total shrinkage is given in Eq. 2.15 to Eq. 2.21.

Ecs = €ca T Eca (2-15)

Eca = .Bds(t: ts) “kp - €cd0 (2-16)

Table 2-2 Value for k, depending on the fictitious thickness of the cross-section

hg IF(h
100 1,0
200 0,85
300 0,75
= 500 0,70
Where the fictitious thickness equals:
AC
hy =2 o (2-17)
t—ts
Bas(t, ts) = ————F— (2-18)
(t—ts) +0.04-\E
The autogenous shrinkage:
Eca(t) = Bas(t) * €cq () (2-19)
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with:

Ecq(0) = 2.5 (fe — 10) - 107¢ (2-20)
and:
Bas(®) =1 —exp(—0.2-t%5) (2-21)
Where:
Ecs = total shrinkage [-]
Ecd = drying shrinkage [-]
Eq0 = initial drying shrinkage [-]
Eca = autogenous shrinkage [-]
Bas = factor for drying shrinkage [-]
Las = factor for autogenous shrinkage [-]
A = area of the cross section [mm?]
u = perimeter of the cross section [mm]
t; = time when drying shrinkage starts [s]
ho = fictitious thickness of cross section [mm]
fex = characteristic compressive strength [N/mm?]

Thermal shrinkage

Thermal shrinkage can play a significant role in thick-walled concrete. Due to the hydration process,
the temperature can go up to 70 °C or 80 °C, whereas a temperature difference of 20 °C is used as a
limit to avoid large thermal cracking (Structural Guide, n.d.). If the exterior of the concrete is not
insulated, large temperature differences may occur, which can lead to cracking. As the thickness of the
spheres is calculated at order of magnitude of 2.5 m in early design stage, thermal shrinkage can be
significant in this case, and it is therefore important to know how temperature increases and how
temperature (differences) can be minimized.

The hydration heat can be large, especially in thick-walled concrete. For thick-walled concrete, the
exterior will cool earlier than the interior. This can lead to relative large temperature differences. This
non-uniform cooling will cause differential shrinkage and internal tensile stresses may develop which
causes cracking (Larosche, 2009). The rate at which the heat is generated and the peak temperature
both depends on the type and amount of the cement, the initial temperature, type of the formwork
and the geometry of the structure (Day & Clarke, 2003).

The production of heat in the concrete highly depends on the degree of hydration. The hydration
process can be divided into three different parts (Breugel, Veen, Walraven, & Braam, 1996):

- Dormant period: when cement comes into contact with water, a thin layer is formed at the
surface of the cement. This thin layer causes hydration to slow down, so there is hardly any
hydration.

- Acceleration period: at the end of the dormant period, the acceleration period starts. In a
relative short time, most of the hydration products are formed. Most of the heat is released
during this period.

- Deceleration period: this period is the last period. As most of the hydration products are
formed during the acceleration period, the hydration rate decreases, as well as the heat
release.

Regarding the heat production and maximum temperature inside the concrete, the second period is
most important. If this period is longer, the hydration is spread out over a longer period of time,
resulting in a lower maximum temperature. The temperature difference then will be lower which gives
lower thermal stresses.
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Another important aspect is the time when the acceleration period starts. The dormant period can be
influenced by adding accelerators or decelerators to decrease respectively increase the dormant
period (Breugel, Veen, Walraven, & Braam, 1996). For a shorter dormant period, the maximum
temperature is sooner reached, which leads to lower temperature difference between the exterior
and interior concrete, provided that the heat release at the exterior is the same as for a longer dormant
period. This results in lower thermal stresses.

Adiabatic temperature increase of concrete

The amount of heat that is released depends on the degree of hydration. In this report, it is assumed
that the temperature increase is adiabatic. The semi-adiabatic formulation is given in Appendix E. The
degree of hydration can be obtained by dividing the amount of hydrated cement by the original
amount of cement, Eq. 2.22 (Breugel, Veen, Walraven, & Braam, 1996).

VCE (0)_VC€ (t)

ap (t) = Ve (0) (2_22)
Where:
ap = degree of hydration [-]
Vee(0) = initial volume cement [m?3]
Vee(t) = volume of cement at time t [m?3]

As the amount of hydrated cement is approximately equal to the amount of heat that is released, the
degree of hydration can also be given as in Eq. 2.23 (Breugel, Veen, Walraven, & Braam, 1996).

t
an(t) = % (2-23)
Where:
Q = amount of heat released [J]
Qmax = maximum heat released ]

The heat that is released near the outside can be released into the air but the heat that is released in
the core of the member results in warming of the concrete. Therefore, if the member becomes thicker,
the maximum temperature will also increase, as the distance to the outside is larger and thus less heat
is released into the air. The temperature increase, which can be considered adiabatic when no heat is
released into the air, at time t, depends on the amount of cement in the concrete, the specific mass,
specific heat and the hydration rate at time t, as given in Eq. 2.24 (according to Van Breugel (1996)).

AT, (£) = 20 Cnax (2-24)
PcCc
Where:
AT, (t) = adiabatic temperature increase (K]
C = cement content per unit volume [kg/m3]
Pe = specific mass of concrete [kg/m3]
ce = specific heat of concrete [/ (kg - K)]

With this formula, the temperature in adiabatic conditions can be formulated as in Eq. 2.25.

e ap (1) (2-25)

Ta(t) = TR + ATa(t) = TR +

Where:
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T, = surrounding temperature [K]

Qmaxis the maximum amount of energy that is released when the cement hydrates. In reality however,
not all the cement will hydrate (Breugel, Veen, Walraven, & Braam, 1996) & (Martinelli, Koenders, &
Caggiano, 2013). This is related to the degree of hydration and given in Eq. 2.26.

Qmax = Qmax [gfg) ah(t)] = Qmax " Ah max (2-26)
Where:

Q’max = maximum amount of released energy ]
Anmax = maximum degree of hydration [-]

Based on results of experimental testing on hardening concrete samples, in adiabatic conditions, two
possible analytical expressions were given to approximate the time evolution of the hydration heat
Qa(t) (Breugel, 1991):

Qa(t) = Q:nax ' (1 - e—r-t) (2-27)
e
Qa(t) = Qmax € \t (2-28)
Where:
r, rand [ = parameters introduced to control the shape of the heat evolution [-]

Estimation of hydration heat

An estimation of the temperature increase can be made with the heat that is released during
hydration. The heat that is released depend on the constituent. Different cement types have a different
composition of constituents. OPC (Ordinary Portland Cement) consists for more than 95% of clinker.
The main components of Portland clinker are tricalcium silicate (CsS), dicalcium silicate (C5S), tricalcium
aluminates (CsA) and calcium ferro-aluminate (C,AF). These components react at a different timescale,
as shown in Figure 2-9. CEM IlI-B is another type of cement. In this type of cement, the amount of
clinker is lowered and replaced by furnace slag. The composition of this cement type results in less
heat production during hydration, and is therefore often used for large concrete structures. Because
the rate of hydration also depends on temperature, the early age strength is lower.

B0 S

Progress of hydration (%)

Hydration time (h)

Figure 2-9 Hydration kinetics of ordinary Portland cement (Hewlett & Liska, 2017)
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The heat of hydration of the constituents determine the increase of temperature in the concrete. The
timescale at which the temperature increase is most important depends on the hydration rate and
thus on the cement type. The heat of hydration of the main four constituents of Portland clinker is
given in Table 2-3.

Table 2-3 Heat of hydration of four Bogues Compounds (Civil Giant, n.d.)

Constituent Heat of hydration [J/g]
CsS 500
CoS 260
CA 865
C.AF 420

With the rate of hydration and the heat of hydration of different constituents, a given w/c ratio and
composition of cement type, the heat of hydration can be calculated with time. With the specific heat
of concrete (typical 900 J/(kg*°C)), the temperature increase at time t can be calculated.

2.3.2. Options to minimize crack width due to thermal shrinkage

Several options are applied in practice to lower thermal shrinkage and crack width due to shrinkage.
Some of these are given below.

Adjust mix composition

The hydration heat comes from the exothermal reaction between cement and water. The most
straight-forward way to lower the hydration heat is to use as little cement as possible to reach the
design strength. This will give the lowest possible amount of hydration heat and the lowest
temperature differences. Other binders could be used to reach the binder content that is needed.

The mix could also be adjusted by using Low Heat Cement (LHC), which is a type of Portland cement,
instead of Ordinary Portland Cement (OPC). As the name says, low heat is generated during the
chemical reaction, which lowers the temperature differences. This is achieved by replacing CasAl,O¢
(tricalcium aluminate), which releases most of the heat, by Ca,SiO4 (dicalcium silicate). As a result, the
temperature difference can be 20 °C to 30 °C smaller. This type of cement is developed in US during
1930 to construct large gravity dams (Parmar, n.d.). A disadvantage is that the hydration process is
relatively slow, which leads to a slower strength development (Wang, Yang, Zhou, Chen, & Tang, 2018).
Blast furnace cement would also be an option. In this type of cement, part of the OPC is replaced by
blast furnace slag, which lowers the hydration heat. This is also more eco-friendly, as the slag is reused.

Use of insulation

Thermal cracking occurs due to differential shrinkage, which is due to different temperatures. If this
temperature gradient is decreased, differential shrinkage is lower and cracks will be limited. This can
be achieved by insulating the exterior of the concrete. Better insulation then leads to lower
temperature differences, as the heat is held in the concrete and will not be released. The insulation is
related to the thermal conductivity: a lower thermal conductivity means better insulation.

A disadvantage of insulation is that the insulation should remain until the temperature differences
between the core and the outside of the concrete are lowered again, otherwise cracking will still occur
when the insulation is removed by a thermal shock due to the ambient temperatures (Gajda & Nasvik,
2017).

Cooling of the concrete
- Cooling with ice
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The temperature of the concrete can be cooled in two ways: pre-cooling and post-cooling. Cooling with
ice is a form of pre-cooling. Water can be replaced by ice to reduce the initial temperature of the
concrete. This makes that the maximum temperature due to hydration heat will also be lower
(LagundZija & Thiam, 2017).

- Cooling with nitrogen
Pre-cooling can also be done by adding liquid nitrogen to the concrete mix, just before the concrete is
cast. This lowers the initial temperature and thereby also the maximum temperature in the concrete.
Pre-cooling with nitrogen is used during construction of the Calandtunnel in The Netherlands.
Measurements showed that the initial temperature and the maximum temperature were both 10 °C
lower than in case no nitrogen was used. This shows the potential of liquid nitrogen.

A important disadvantage of cooling with nitrogen is the safety during construction. As the
temperature of liquid nitrogen is -196 °C, special equipment is needed. Prolonged exposure to skin
may cause severe injuries. This makes it an expensive solution, but it could be a good solution. Another
point of attention is that nitrogen may lead to local freezing of the concrete, pausing the hydration
process (Juenger, Hema, & Solt, 2007)

- Cooling with cooling pipes in the concrete
The temperature inside the concrete can also be reduced with post-cooling. A technique that is widely
used is cooling with pipes that are integrated in the structure, Figure 2-10. Cold water flows through
these pipes, by which the concrete is cooled. Topics that should be considered regarding post-cooling
are the pipe material, spacing between pipes, temperature of cooling water, convective heat transfer
coefficient and flow rate of water (Tasri & Susilawati, 2019).

Figure 2-10 White cooling pipes are installed between the reinforcement to lower the maximum temperature (Kalhara,
2021)

Although pipe cooling could be an adequate solution to control the temperature of the concrete, there
are some disadvantages. It is important to keep in mind that the temperature of the water is much
lower than the temperature of the concrete around the pipes. This temperature difference may cause
local cracking of the concrete around the pipes (Qiu & Zhang, 2017).

Dense pattern of reinforcement

Cracks develop due to low tensile strength of the concrete. If a (dense) pattern of reinforcement is
applied, the tensile stresses are taken by the steel. The pattern of reinforcement leads to more cracks,
resulting in a smaller crack width.

26



2.3.3. Concluding remarks

The relevant types of shrinkage are: plastic shrinkage, drying shrinkage, autogenous shrinkage and
thermal shrinkage. The most important one for the concrete spheres will be thermal shrinkage, as it is
a thick walled structure. The other types are less relevant, because if they lead to cracking, cracks occur
at the surface. This will hardly affect the strength and durability, in case no reinforcement is applied.
Therefore, they will be neglected in this design optimisation.

Thermal differences may cause differential shrinkage, which can lead to cracks. The maximum
temperature difference is reached later for thicker walls and will also be higher. If cracks larger than
the critical crack width develop through the entire cross-section, leakage will occur, which decreases
the efficiency. The mix composition is an important factor for the number of cracks and the crack
width. The measures given to lower the thermal differences will be taken into account during the
during step 2.9 of the design.

An estimation of the temperature at time t can be made with the hydration kinetics of the four main
constituents of cement. The constituents all have a different hydration rate in time which results in
different temperature development for different cement compositions. The temperature that is
calculated is in the case of a fully adiabatic process. The temperature will be lower for a semi-adiabatic
process, but this calculation is outside the scope of this report.
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3. Case analysis and requirements &
boundary conditions for the design

In this report, a specific case is used to be able to make a quantitative verification of construction
methods. The case is described in Section 3.1. From this, the boundary conditions and requirements
are derived. Besides that, the starting points for the design are determined. These topics are given in
Section 3.2.

3.1. Case analysis

The aim of the energy storage in the concrete spheres is to provide a long duration energy storage
solution to balance the supply and demand of energy. In the North of Isle of Lewis (Scotland), a new
wind farm is proposed. Because the aim of the Marine Pumped Hydro Energy Storage is to smoothen
the energy supply, this location is chosen as a case for this thesis.

Location of proposed offshore energy storage

The location of the proposed wind farm is about 30 km North of Isle of Lewis. The energy that is stored
and generated depends on the depth at which the spheres are placed. A larger depth means larger
potential energy. This potential energy, together with the construction costs, installation costs,
operation costs and demolition costs are expressed with the Levelized Cost Of Storage. These costs
become lower when the depth at which the spheres are placed, increases. The efficiency of the
pump/turbine module increases for an increasing depth and the storage capacity increases also for an
increasing depth. For this case a depth of 1000 m is chosen because this is near the location of the
wind turbines (Figure 3-1). The conceptual design with indicative dimensions is given in Figure 3-2. The
pedestal connects the sphere to the foundation.

&

74.948 km
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@9 74:948.km
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Figure 3-1 Location of wind farm (N3) and distance to 1000 m depth (A. van Dalfsen, personal communication, April 19,
2022)
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Figure 3-2 Main dimensions of the concept design (A. van Dalfsen, personal communication, April 19, 2022)

Storage capacity

The storage capacity depends on the depth and the size of the spheres. For this case, the intended
depth is 1000 m and the intended storage capacity equals 20 MWh. With an expected overall efficiency
of 0.8, the inner diameter of the spheres is 25.6 m.

Maintenance
Maintenance is expensive at large depth and should therefore be avoided as much as possible. The
concrete components will be designed for 50 years without maintenance.

3.2. Determination of requirements, boundary conditions and starting

points for the design

In this specific case, the design is verified based on buildability, crack width and watertightness. The
requirements which follow from these design aspects depend on several parameters, which could be
different for several cases. For a smaller storage capacity, the spheres could be constructed easier,
because a printer with less capacity is needed for example. For a different ratio of depth and thickness,
the critical crack width could be different. If a thinner wall is needed, thermal cracking due to hydration
will be less critical. The influence of these parameters are described in Chapter 6.

In this section the requirements, boundary conditions and starting points are described. They follow
from the case description in Section 3.1. The requirements regarding all phases (construction,
transport, installation and use phase) are given in Section 3.2.1. The boundary conditions are given in
Section 3.2.2 and the starting points are given in Section 3.2.3.

3.2.1. Requirements for the design

The design of the sphere is based on several requirements. The requirements are related to the
construction phase, transport phase, installation phase and use phase. An suitable solution for the end
of life is preferred to be found too. The requirements are divided into structural requirements and
functional requirements.

Structural requirements

- Consequence Class 2 (CC2). Damage to the system or collapse of the system would have
significant economic damage, whereas danger for humans is limited (EN 1990, 2019);

- Exposure classes XC4 and XS3. Class XC4 because the inside of the sphere is alternating wet
and dry; carbonation could lead to corrosion. Class XS3 (corrosion due to chlorides) because
the system is alternating wet and dry. This influences the construction class. Regarding class
XC4, the construction class can be lowered with one for concrete classes higher than C40/50.
Regarding class XS3, the construction class can be lowered with one for concrete classes higher
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than C45/55. The starting class for structures is S4 (EN 1992, 2011). The minimum concrete
strength class for exposure classes XC4 and XS3 is C35/45;
The sphere should meet the requirements of watertightness class 1;

Functional requirements
To derive the functional requirements, a functional analysis is made which is given in Figure 3-3.

Accommodate
. 4
pump/turbine

Take in, store Use surplus of
and release energy to take 5
water water in
Release
Store energy at : generated 6
seabed using energy back to
water land
Operate Avoid 7
unvented disturbance
Operate based
on 5-yearly 8

maintenance

Figure 3-3 Function analysis for energy storage

The requirements below follow from the functional analysis.

The carbon footprint should be as low as possible; at least lower than the revenue of lifetime.
Energy storage is needed for the energy transition which is needed to lower the anthropogenic
emissions of CO; (explained in Section 1.1); this requirement is based on function 1;

The system should be suitable for depths between 100 - 1500 m. The aim is to use the system
at more locations where depth could be different than in this case. This is based on function 1
& 2;

The system should be suitable for seawater (salt) without need for extensive maintenance.
This is based on function 7 and 8;

Design life of concrete components: 50 years. The Levelized Costs Of Storage become lower
when the storage system is deployed for a longer period and if little maintenance is required.
This is based on function 3 & 8;

The buoyancy of the structure should be larger than the weight of the structure resulting in a
floating structure. This enables towing of the structure.

Besides the structural and functional requirements, it is also preferred to have a modular design.

3.2.2. Boundary conditions for the design
Boundary conditions in this case describe shipping and the environmental conditions such as waves
and currents. They are given in this section.

Temperature, salinity and density of seawater

The density of seawater is higher than the density of clear water and depends on the temperature and
the salinity. These two parameters change in depth and depend on the latitude. The pycnocline, which
is defined by the thermocline (transition from warm water at the surface to cold water at deep water)
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and halocline (transition in salinity from the surface water to deep water) differs per latitude, which is
depicted in Figure 3-4. This is therefore important to keep in mind during design for other locations.
The project location in this case is at 60 °N where there is no pycnocline. Therefore, the density (1030
kg/m?3) and temperature (3 — 4 °C) are constant over depth.

Greenland Equator Antarctica
Surface
Mixed layer
300
Pycnocline
€ 600
£
g 900
Deep layer
1200
1500 ° o ° * ° o °
60 40 20 0 20 40 60
North Latitude South
© 2006 Amencan Weavomsogeal Sochny

Figure 3-4 The pycnocline depends on the latitude. Above 50 °N and below 50 °S there is hardly any pycnocline
(Oceanmotion, n.d.).

Waves and currents

Transport of the spheres will be done in calm seas. Waves during transport are therefore neglected for
the design. The impact of waves during use phase depends on the wavelength. Waves will not initiate
any motion near the bottom when the depth is larger than half of the wavelength (Water Encyclopedia,
n.d.). The ocean tide and tsunamis have a wavelength that are larger than the depth in this case. It
should be kept in mind for other cases, especially in shallower water, that waves could have an impact
on the system at the seabed. For this specific case, tsunamis are neglected. For a 1/50 year current
(tidal and ocean current) at seabed level, a current of 1 m/s shall be applied (A. van Dalfsen, personal
communication, April 19, 2022).

Shipping

At the location where the spheres will be deployed, there is little shipping (MarineScotland, n.d.).
When the spheres are installed at the sea bed, shipping may be possible at that location. There will be
no influence of shipping on the system at the seabed. The risk of vessels that may sink and attack the
spheres is accepted.

Ecology

Marine life at large depth is largely unknown, because it is difficult to investigate at large depth.
Sunlight is an important factor for marine life. Until a depth of 200 m, photosynthesis takes place,
which enables marine life. Sunlight could penetrate until 1000 m, but the amount is small. For this
specific location, the marine life should be investigated with an Remotely Operated Vehicle (ROV) to
be able to estimate the impact of the spheres on the marine life. This is beyond the scope of this report.

3.2.3. Starting points for the design
In this section, the most important starting points are given.
- The shape that will be considered in this report is a sphere. Depending on the depth, wave
influence and the dimensions of the structure, the optimal shape can be estimated (Marrewijk,
2020), which is a sphere in this particular case;
- Buildability depends on the maximum printing angle. Experiments show that, in case
accelerators are added at the nozzle, hardening is accelerated and the maximum printing angle
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can go up to 45° (S. Wu, personal communication, October 31, 2022). This is therefore used as
a starting point;
The maximum interlayer time is set to 20 minutes, according to experiments (S. Wu, personal
communication, October 31, 2022);
The following print parameters are used:

o Layer thickness =1 cm

o Layer width=10cm

o Maximum print rate = 5-8 |/min
The ratio between the tensile strength and compressive strength of 3DCP is related to the ratio
of the tensile strength and compressive strength of conventional concrete, which is
approximately 1/15. Therefore, a factor 1/15 is added to the compressive strength
development to get the tensile strength development.
Regarding cast concrete, five cement types will be considered in the design regarding
hydration heat: ASTM type 1 to type 5. This is to verify the impact of different cement types
on the temperature differences in the concrete, which may lead to thermal cracking, reducing
watertightness.
In case the wall of the sphere is constructed with unreinforced concrete, the design
compressive strength and design tensile strength are lowered with a factor 0.8 (= ac), due to
less ductile behaviour.
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4.0verview and selection of sphere
concepts based on construction
method

The construction method is an important factor for the design of the spheres. For example, in case the
sphere is made of prefab elements, reinforcement can be added easily. In case of a fully printed sphere,
reinforcement cannot be applied with current techniques. Besides that, the spheres should be
watertight to ensure the desired efficiency. For example, in case the sphere is made monolithically,
the sphere is less sensitive to leakage, although it costs more labour to construct a formwork for the
sphere.

Therefore, in this chapter, the optimal design is described, based on the most suitable construction
method, which is step 3 of the design process. First, an overview of optional construction methods is
given in Section 4.1. A qualitative comparison is made in Section 4.2, based on the requirements given
in Section 3.2. The design, based on the construction method with the highest potential (based on the
score on the requirements) is optimised in Section 4.3.

4.1. Overview of sphere concepts

The construction process is an important factor determining whether the design could be used for
energy storage at numerous places in the world. Measures to achieve watertightness and reducing
(thermal) cracking are important topics which will influence the design. It is assumed that the concepts
which are described in this section satisfies structural requirements. In Section 4.2 a selection is made
based on the evaluation criteria mentioned below.

Evaluation criteria regarding construction
A thickness of 2.4 m is foreseen in the conceptual design, resulting in an outer diameter of 30.6 m (A.
van Dalfsen, personal communication, April 19, 2020), which is used as an starting point. The solution
for construction should be safe and feasible. A list of evaluation criteria follow from construction
possibilities, which are listed below.

- The structure should be easy buildable;

- The construction time should be kept as low as possible;

- The costs should be kept as low as possible;

- The design should be scalable;

- Watertightness should be achieved easily.

1: 3DCP + cast in place

A promising variant is to use 3D Concrete Printing (3DCP) in combination with conventional cast
concrete. 3DCP will be used to construct a formwork and in this formwork, the concrete is cast. The
formwork will consist of an outer and inner shell, in between which the concrete is cast, see Figure 4-1.
The construction process consists of the following steps (A. van Dalfsen, personal communication, April
19, 2022):

- Building and installation of temporary concrete factory on site;
- Building and installation of 3D concrete printer in a dry dock;
- Printing outer and inner shell;
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- After a small time step, simultaneously casting concrete in between the outer and inner shell.
The time step is needed for the printed concrete to gain strength;
- The bottom and top element could be made as follows:
o Printed bottom and top element. A supporting structure is needed for these element,
due to a large cantilever;
o Construct bottom and top element with cast in place concrete. In this case, a formwork
is needed for the bottom and top element;
o Prefab bottom and top element, which will be placed with a crane.
- Inundation of dry dock and transport of spheres to installation site.

Figure 4-1 Printing outer and inner shell and casting of concrete (2D view). The bottom and top element can be made with
prefab elements (light grey).

2: Fully printed sphere

Another variant which makes use of 3DCP is a fully printed hollow sphere, see Figure 4-2. In this variant,
buckling will be less critical, as the width of the printed layers equals the thickness of the sphere. Plastic
failure will also be less critical, as the printing time per layer increases, for an equal rate of extruded
concrete. On the other hand, to reach the desired bond strength, the printing time per layer could be
critical. The construction process consists of the following steps (A. van Dalfsen, personal
communication, April 19, 2022):

- Building and installation of temporary concrete factory on site;
- Building and installation of 3D concrete printer(s) in a dry dock;
- Printing the sphere;
- The bottom and top element could be made as follows:
o Printed bottom and top element. A supporting structure is needed for these elements,
due to a large cantilever;
o Construct bottom and top element with cast in place concrete. In this case, a formwork
is needed for the bottom and top element;
o Prefab bottom and top element, which will be placed with a crane.
- Inundation of dry dock and transport of spheres to installation site.
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Figure 4-2 The full cross section of the sphere is printed. Prefab elements (light grey) are used for the bottom and top as this
cannot be printed without formwork, due to a large cantilever.

Although the emphasis is on construction with 3DCP, several other construction processes are
considered as well.

3: Slip/jump forming concrete

Slip forming construction is a construction method in which the concrete is continuously poured in a
continuously moving formwork, see Figure 4-3. One of the advantages is that the structure can be
made without seams, which increases watertightness (Section 2.2). There is no need to build a
formwork for the entire sphere, as the formwork is continuously moving. However, the cross section
of the sphere changes in vertical direction, so the formwork should also be changing with height. The
speed at which the formwork moves depends on the strength development of the concrete. High initial
strength is required for this type of construction.

A slightly different form is jump forming construction. In this case, the formwork moves in steps and
the concrete is poured in steps as well. This enables the concrete to gain enough strength. When the
strength is sufficient, the formwork is replaced (‘jumped’) to a higher level, where the next part of the
structure is poured. Special attention should be given to the seams, because they are prone for
leakage.

The construction process consists of the following steps (A. van Dalfsen, personal communication, April
19, 2022):

- Building and installation of temporary concrete factory on site;
- Construction of formwork to start construction in a dry dock;

o For slip forming: the formwork should be made such that the shape of the formwork
can be adapted continuously, as the cross section of the sphere changes in vertical
direction;

o For jump forming: the formwork should be made such that the shape can be adapted
easily, so the formwork will fit for each vertical level of the sphere.

- Casting of concrete and simultaneously (slip forming) or in steps (jump forming) placing and
adapting formwork for a higher level;

- To finish construction, a prefabricated element is mounted on top;

- Inundation of dry dock and transportation of spheres to installation site.
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Figure 4-3 Construction sequence in case of slip or jump forming concrete.

4: Conventional casting

Conventional casting is a proven construction method. It is used for all kind of structures, although it
is more challenging for structures with a complex geometry. This method allows to integrate
reinforcement as well. When a formwork is made for the entire sphere and the concrete is cast in one
go, there will be no seams, which positively affects watertightness. The construction process consists
of the following steps (Figure 4-4):

- Building and installation of temporary concrete factory on site;

- Construction of formwork in a dry dock;

- Casting of concrete;

- The interior formwork should be removed before casting of the concrete is finished, otherwise
this cannot be removed anymore;

- To finish the construction, a prefab element on top is applied.

- Inundation of dry dock and transport of spheres to installation site.

N VA
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Figure 4-4 Construction sequence in case of conventional casting. First, a formwork is made, then the concrete is poured. A
prefab element is placed on top.

5: Prefab

Another variant for construction is prefab, see Figure 4-5. Several prefabricated elements will be made
in a factory, which are assembled using prestressing cables. The seams should be carefully injected, as
the seams are prone for leakage. A formwork is necessary when assembling the prefab elements. For
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tensioning the cables and injection of the seams labour is needed. The construction process consists
of the following steps (A. van Dalfsen, personal communication, April 19, 2022):

- Construction of prefabricated elements;

- Transport of prefabricated elements;

- Construction of formwork in a dry dock;

- Assembling of prefabricated elements;

- Tensioning the cables;

- Injection of the seams;

- Inundation of dry dock and transport of spheres to installation site.
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Figure 4-5 Construction sequence in case of prefab construction. The elements are assembled in a dry dock and at the end
the seams are injected.

4.2. Selection based on main construction method criteria

A qualitative selection is made based on the evaluation criteria regarding construction, mentioned in
Section 4.1. The different construction methods will be reviewed regarding these evaluation criteria:

- Ease of construction;

- Construction time;

- Construction costs;

- Scalability of the design;

- Ease of achieving watertightness.

1: 3DCP + cast in place

The aim of 3DCP in this construction method is to act as a formwork, so the formwork does not need
to be built before, which saves money and labour. Printing the formwork and casting the concrete in
between the printed shells simultaneously decreases the construction time. Moreover, the
construction of the spheres is an continuous process, so there will be no seams. This affects
watertightness positively. Besides that, the design is easily scalable. Special attention should be given
to the bottom and top elements, in case they are made with prefab elements. The surface of these
elements should be rough to reach an optimal bonding with the cast concrete.

2: Fully printed sphere
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In case of a fully printed sphere, there is no need for any formwork. The top and bottom part will be
made differently, as this the angle will be too large for printing. For this construction method, several
nozzles and pumps are needed, otherwise construction time will be long. If one pump would be used
with capacity of 0.5 m3/h, the printing time would be 500 days. When more pumps and nozzles are
applied, construction time can be decreased. The advantage of this method is that the spheres can be
constructed with 3DCP only, besides the bottom and top part. Therefore, there will be no joints in the
structure, improving watertightness. The design is also scalable.

3: Slip/jump forming concrete

The advantage of slip or jump forming concrete is that the formwork is not made for the entire sphere.
This reduces costs for constructing the formwork. However, the formwork should be made such that
the shape could be adapted easily, as the formwork moves continuously (slip forming) or in steps (jump
forming). As a result, the complexity of the formwork increases. In case of slip forming, there are no
seams which positively affect watertightness. In case of jump forming, there will be seams between
the different segments, making it prone to leakage. The design is also less scalable with this
construction method.

4: Conventional casting

In case of conventional casting, a formwork is made for the entire sphere. Therefore, costs are high
due to labour and material for the formwork. The formwork can be reused for spheres with exactly
same dimensions but not for other dimensions. Construction time decreases when the formwork is
made for each sphere. However, costs will increase in that case, due to labour and materials. An
advantage is that there will be no seams, which positively affect watertightness.

5: Prefab

In case of prefabricated elements, concrete quality can be ensured. Besides that, thermal shrinkage is
less important and can be controlled better, although the other types of shrinkage become more
important in this case. Regarding thermal shrinkage, the maximum temperature will be lower as more
heat is released to the environment because the surface/volume ratio is larger. Besides that, a less
complex formwork is required.

A disadvantage of this construction method is the scalability. In case the dimensions of the sphere are
changed for different locations, the formwork for the precast elements should be adjusted too, which
is an time consuming process and labour intensive (A. van Dalfsen, personal communication, April 19,
2022). Besides that, the amount of seams will negatively affect watertightness and extensive labour is
needed to inject all the seams to reach Leakage Class 1.

Conclusion
The score of the different requirements regarding construction for each construction method is given
in Table 4-1.

Table 4-1 Trade-off matrix regarding construction methods. Scores regarding ease of construction, construction time and
costs are based on personal communication (A. van Dalfsen, personal communication, April 19, 2022).

3DCP + cast Fully printed Slip/jump Conventional prefab
in place forming casting
Ease of construction + + - - +
Construction time + - &+ + T
Costs + + - - +
Scalability ++ ++ - - -
Watertightness ++ + + + -
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It can be concluded that, based on a qualitative comparison, that 3DCP + cast in place has the highest
potential to come to an optimal and scalable design. Therefore, this construction method is used as a
starting point for Section 4.3.

4.3. Investigation into the most suitable 3DCP method

In Section 4.2 it is concluded that 3DCP + cast in place has the highest potential to come to an optimal
and scalable design. This construction method is further described in this section. 3 different sub-
variants are described: construction in a dry-dock, submerged construction and construction on a
pontoon. The 3 3DCP-variants are described in Section 4.3.1. The verification is made in Section 4.3.2,
4.3.3 and 4.3.4 for variant 1, 2 and 3 respectively.

4.3.1. 3 different 3DCP-construction methods

The first sub-variant is the basis for the other two sub-variants. Quality can be ensured best in case of
construction in the dry, so this is the first variant. The second variant is submerged construction. The
main difference between the first and second one is the submerged weight. It will be investigated what
influence this has on the stresses and stability. The third variant describes construction on a pontoon.
During construction, the sphere will sink due the weight. This third variant will be investigated because
the hydrostatic pressure at the outside has a positive effect on the stresses in the sphere. This is until
the sphere is constructed halfway, because from then on both the hydrostatic pressure and the own
weight are directed inwards.

Construction in the dry

3DCP will be used to construct a formwork and in this formwork, the concrete is cast, see Figure 4-6.
The formwork will consist of an outer and inner shell, in between which the concrete is cast. The
construction process consists of the following steps (A. van Dalfsen, personal communication, April 19,
2022):

- Building and installation of temporary concrete factory on site;
- Building and installation of 3D concrete printer in a dry dock;
- Printing outer and inner shell;
- After a small time step, simultaneously casting concrete in between the outer and inner shell.
The time step is needed for the printed concrete to gain strength;
- The bottom and top element could be made as follows:
o Printed bottom and top element. A supporting structure is needed for these element,
due to a large cantilever;
o Construct bottom and top element with cast in place concrete. In this case, a formwork
is needed for the bottom and top element;
o Prefab bottom and top element, which will be placed with a crane;
- Inundation of dry dock and transport of spheres to installation site.

39



Figure 4-6 Printing outer and inner shell and casting of concrete (2D view). The bottom and top element can be made with
prefab elements (dark grey).

Submerged construction

An important challenge of 3DCP is the contradiction between the requirements for pumpability and
buildability. A lower viscosity is needed for pumpability, whereas a higher viscosity is needed for
buildability. A solution for this is submerged concrete printing, see Figure 4-7. The submerged weight
is significantly lower, which increases buildability (A. van Dalfsen, personal communication, April 19,
2022). The increase of buildability depends on the development of the yield stress for submerged
printed concrete and the submerged weight. The construction process consists of the following steps:

- Building and installation of temporary concrete factory on site;
- Building and installation of 3D concrete printer;
- Flooding of a dry dock. Printing at sea or in a bay will be more difficult, because continuous
supply of fresh concrete is required;
- Printing outer and inner shell;
- After a small time step, simultaneously casting concrete in between the outer and inner shell.
The time step is needed for the printed concrete to gain strength;
- The bottom and top part could be smaller, because the maximum angle that can be printed
submerged is larger and could be made as follows:
o Printed bottom and top parts. A supporting structure is needed for these parts, due to
a large cantilever;
o Construct bottom and top part with cast in place concrete. In this case, a formwork is
needed for the bottom and top part;
o Prefab bottom and top part, which will be placed with a crane.
- Transport of spheres to installation site.
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Figure 4-7 Printing outer and inner shell and casting of concrete (2D view), submerged. The bottom and top element can be
made with prefab elements (dark grey).

Construction on a pontoon

The advantage of this third variant is that printing and casting can be done on a pontoon ‘in the dry’.
This pontoon should be designed such that printing and casting is always emerged and on the other
hand, that as much as possible of the structure is submerged due to the weight, see Figure 4-8. This
will give more stability to the structure. The construction process consists of the following steps:

- Building and installation of temporary concrete factory on site;
- Building and installation of 3D concrete printer;
- Flooding of a dry dock and installation of a pontoon in the flooded dock. Construction at sea is
more difficult because continuous supply of concrete is required;
- Aninner and outer shell are printed on a pontoon;
- After a small time step, simultaneously casting concrete in between the outer and inner shell.
The time step is needed for the printed concrete to gain strength;
- Tokeep printing and casting in the dry and simultaneously as much as possible of the structure
submerged, it is preferred to be able to change the buoyancy manually during construction.
- The bottom and top part could be made as follows:
o Printed bottom and top parts. A supporting structure is needed for these parts, due to
a large cantilever;
o Construct bottom and top part with cast in place concrete. In this case, a formwork is
needed for the bottom and top part;
o Prefab bottom and top part, which will be placed with a crane.
- Transport of spheres to installation site.
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Figure 4-8 Printing outer and inner shell and casting of concrete (2D view) on a pontoon. The bottom and top element can be

made with prefab elements (dark grey).

Evaluation criterion regarding construction with 3DCP

The 3 different 3DCP-variants will be verified in Section 4.3.2, 4.3.3 and 4.3.4. After that, the different
3DCP-construction methods will be evaluated based on 5 different evaluation criteria to make the
choice for the preferred 3DCP-construction method. The evaluation criteria are:

4.3.2.

Feasibility of construction method;
Reliability of construction method;
Required concrete class;

Time span for casting concrete;
Construction time.

Verification of 3DCP + cast in place

Regarding 3DCP, two important failure mechanisms are described in Section 2.1 and will be
investigated in this section for the sphere: plastic collapse (strength verification) and elastic buckling
(stability verification). These failure mechanisms are depicted in Figure 4-9. H; is the height at which
the printed concrete collapses and h; is the height at which the printed concrete buckles.

\V/
Veooow —

Elastic buckling Plastic collapse

Figure 4-9 Failure mechanisms of fresh 3DCP (Suiker, 2018).
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When the concrete is cast in between the printed formwork, the stress will increase in the formwork.
Then, the lowest layer should carry the load of the formwork and the load of the cast concrete.
Therefore, until the printed formwork is bonded to the cast concrete in the formwork, the lowest layer
should be strong enough to carry the load of the formwork and the cast concrete. This is represented
in Figure 4-10. This determines the minimal time span (t1) between the onset of printing and onset of
casting. The stress in the formwork due to the cast concrete is calculated with RFEM.

[ ™

:!'—)-:

Figure 4-10 Load on the formwork due to the cast concrete.

The stresses in the lowest layer are the result from the loads shown in Figure 4-11. F; is due to the self-
weight of the layers on top, Mg is due to the eccentricity of the layers on top and M. is due to the load
of the cast concrete.

s e
QM%-H/Q/ — %_”Hg

Figure 4-11 Representation of vertical stresses in lowest printed layer.

Elastic buckling occurs when the free height of the printed formwork becomes larger than the buckling
height (h,, Figure 4-12). To prevent the formwork from buckling, the concrete should be cast in
between the formwork before the free height of the formwork reaches the buckling height. Combining
these two criteria (strength and stability) give two values of height (h; and h;) in between the concrete
can be cast. The height of the formwork depends on time and thus these two criteria give a certain
timespan in which the concrete can be safely cast (t: and t,). It is important to mention that the
principle of the upper part of Figure 4-12 is the same for compression and tension. Thus, it is a
combination of tensile stress, tensile strength and where 4o is a tensile stress or a combination of
compressive stress, compressive strength and where 4o is a compressive stress.

43



Strergf), s
- <L 7/
Sbeess .7
< Sress
7~
- /M-
- ol [}
7 >
1 ! ght ¢
heght I ‘ %
_i by i :
| |
| f
|
hf - - . |
; o,
s & ?

Figure 4-12 Development of strength and vertical stress (due to self-weight) in lowest layer. Ao determines when the
concrete can be cast. This coincides with t; and h;. When the height of the formwork becomes larger than h;, the formwork
will buckle (at time = t,).

Figure 4-13 The height of the formwork should be at least h; (regarding strength) and at most h; (regarding stability) when
the concrete is cast in between.

Determination of minimal height h1

In this part, the strength and stress for the critical layer, which is the first layer, are shown. This is the
upper part of Figure 4-12. In case of plastic collapse, the stress in the lowest layer is higher than the
strength of the material. In Section 2.1, three models are given to calculate the strength development.
A thickness of 1 cm and width of 10 cm is used for the printed layers. For conventional 3D concrete
printers, a maximum print rate of 5-8 |/min is used. Then, at the onset of printing, the interlayer time
ranges from 8 minutes to 13 minutes. Perrot showed that the strength increase is exponentially from
approximately 30 minutes. Because the strength of the lowest layer is verified when multiple layers
are added on top, the timescale of the model of Perrot fits best.

The stress can be divided into normal stress due to the weight of the layers on top and bending
stresses, due to the eccentricity of the layers on top, in case the layers are inclined. This is represented
in Figure 4-14. The normal stress o;; and bending stress ;2 in layer i are given in Eq. 4.1 and Eq. 4.2
respectively, in case 1 m length is used.
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Figure 4-14 First printed layers of concrete at the prefab element (left) and stresses in lowest printed layer due to a layer on

top.

The calculation of stresses in the lowest layer is shown in Appendix G. For each layer that is added on
top of the first layer, the normal stress due to weight and bending stress due to the eccentricity of the
layer on top is calculated. The results for the lowest layer are shown in Figure 4-15. Each green and red
dot represents an added layer on top. A factor 1/15 is added to the compressive strength development
of 3DCP to get the tensile strength development (stated in Section 3.2.3). The following parameters

are used:
b = layer width =01 [m]
h = layer thickness =0.01 [m]
dnax = maximum cantilever =0.01 [m]
Yo, = density =2200 [kg/m3]
g = gravity constant =981 [m/s?]
0015 printing time = 30.3 days, printing rate = 4.2 |/min

® Compressive strength development, layer 1
Tensile strength development, layer 1

® Compressive stress for layer 1

0,010 ® Tensile stress for layer 1
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tension part
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Figure 4-15 Development of stress and strength of lowest layer for construction in the dry. Each dot represents an added

layer on top.

The tensile stress should always be smaller than the tensile strength and the compressive stress should
always be larger than the compressive strength. The stress increase (both tensile and compressive)
depend on the print rate. From an iterative process, it follows that the maximum printing rate, with

the chosen dimensions, is 4.2 |/min.

Verification of concrete pressure on printed formwork
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The cast concrete will lead to a lateral pressure onto the formwork. Therefore, the printed formwork
should have gained enough strength before the concrete can be cast. This lateral pressure depends on
the height of the cast concrete, vertical growth rate and consistency class. The construction time is
such that the concrete cast at the bottom will have gained certain strength level, which reduces the
pressure of the concrete on the formwork. The distribution of fresh concrete pressure over the height
of the formwork is given in Figure 4-16 (NEN 8670, 2021).
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set (hardened) concrete

upper level of concrete

hydrostase fresh concrete pressure
y-iimes hydrostatc fresh concrete pressure
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Figure 4-16 Distribution of fresh lateral concrete pressure over the height of the formwork (NEN 8670, 2021)

The pressure distribution for fresh concrete for this specific case is shown in Figure 4-17.

Figure 4-17 Concrete pressure of fresh concrete onto the formwork. The concrete between the prefab element and fresh
concrete is yet hardened.

The maximum pressure ouxmax Can be calculated with Table 4-2 and Table 4-3 (NEN 8670, 2021).
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Table 4-2 Characteristic value of maximum lateral concrete pressure (NEN 8670, 2021)

Maximum lateral fresh concrete pressure
. when placed in opposite direction to the rise in level (from above)

1 Consistency class

Ohk,max

kN/m?
2 F1 (5-v+21)-K1>25
3 F2 (10-v+19)-K1 > 25
4 F3 (14-v+18)-KI> 25
5 F4 (17 v+17)-K1225
6 F5 25+30-v-KI1>30
7 F6 25+38-v-KI1>30
8 SCC 25+33.v-KI>230

Table 4-3 Factor Kl, depending on setting behaviour (NEN 8670, 2021)

1 Consistency

class Factors K1

End of settin End of settin End of settin

2 aeh e 10h L 20h General ®
3 F12 1,0 1,15 1,45 1+0,03 (g —5)
4 F22a 1,0 1,25 1,80 1+ 0,053 - (1 — 5)
5 F32 1,0 1,40 2,15 1+ 0,077 - (1. — 5)
6 F4 2 1,0 1,70 3,10 1+0,14 - (e - 5)
7 F5, F6, SCC 1,0 2,00 4,00 e!5
# Applies for concreting sections of a height # up to 10 m.
® Applies for 5h < e <20 h; igin h.

Where:
1% = rate of placement (vertical) [m/h]

The consistency classes are classified between dry (F1) and very liquid (F6). SCC (Self Compacting
Concrete) depends on several other parameters. To be on the save side, the most liquid concrete mix
is assumed (F6), together with a setting time of 20 hours. The maximum vertical rate of placement
depends on the vertical velocity of the printed formwork and is at the onset of casting. In case of a
construction time of 30.3 days, the maximum rate of placement at the onset of casting is 0.018 m/h.
Then, the maximum lateral pressure equals:

max [25 + 38 v - KI;30] = max[ 25 + 38-0.018 - 4;30] = 30 kN/m?

However, in this case, the concrete has reached a height of 0.36 m after 20 hours. This corresponds to
a lateral pressure of 9 kN/m?in case a hydrostatic pressure gradient is assumed (weight of concrete
that is used: 25 kN/m?3). Therefore, the maximum pressure of 30 kN/m? is not reached. In Figure 4-16,
the lateral pressure goes from onxmax to zero between the interface of fresh and hardened concrete.
This principle is also used to model the lateral pressure for this case. A safety factor yr of 1.5 is used
for the design pressure. The stresses will be the highest at the onset of printing and casting, where the
printed formwork is at an angle of 45 degrees. Per meter width, this results in a characteristic load of
9 kN/m and a design load of 13.5 kN/m (Figure 4-18).
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Figure 4-18 Modelling concrete pressure on the formwork.

The stresses in local x-direction (radial) and local y-direction (axial) at both sides of the printed
formwork are calculated using RFEM (Figure 4-19).

Figure 4-19 graphical result of stresses in local x-direction at positive (local-)z-side and representation of local axis system.

The results of the stresses in x-direction (radial direction) and y-direction (axial direction) are given in
Table 4-4. The numbers are given for the positive surface side (positive local z = outside) and negative
surface side (negative local z = inside).

Table 4-4 Results of stresses due to concrete pressure on formwork. Positive stresses are tensile stresses, negative stresses
are compressive stresses.

Stress type Oy + Ox.- Oy + Oy.-
Stress -0.108 < 0x+<0.916 | 0.101<0x.<1.115 | -0.018<0y.<0.061 | -0.092<oy.<0
[N/mm?] ' ' ' Y

The maximum stress that determines the minimum height of the formwork before the concrete can
be cast is 0x.-, which is 1.115 MPa.
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printing time = 30.3 days, printing rate = 4.2 I/min

® Compressive strength development, layer 1
14 ® Tensile strength development, layer 1
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Figure 4-20 Difference between strength and stress required to cast the concrete in the formwork.

The difference between stress and strength is large enough from the 20" printed layer (each dot is one
layer). Therefore, the minimum height h; of the printed formwork is 0.2 m in case the thickness of a
printed layer is 0.01 m.

Determination of buckling height to determine maximum height h2
Elastic buckling is the second failure mode of printed concrete (Figure 4-21). This has to do with the
geometry and stability of the structure.
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Figure 4-21 Elastic buckling of the printed formwork.

The model that is used to predict the buckling height is the model from Suiker (presented in Section
2.1). The vertical wall growth velocity [ can be simplified by modelling it as a continuous growing

process, which depends on printing parameters (print rate, print velocity, wall width and interlayer
time).

Y
L= Vn'b'T (4-3)

The increase of stiffness is given with the curing rate &. This curing rate can be determined by
measuring the stiffness of the printed concrete at different time steps after the concrete is deposited.
In this report, the initial stiffness and curing rate of stiffness are taken from Figure 4-22, based on
experiments by Suiker (2018). From this, the linear relation equals:
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E =0.0781 + 0.0012-t (4-4)

Then, the curing rate equals:

0.0781 . - -
&L= =0.0154 min"! =2.6-10"*s7! (4-5)
0.0012
0.25
.
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Figure 4-22 Initial stiffness and increase of stiffness for printed concrete, coming from experiments (Suiker, 2018)

Case 1: Free wall
In case of a free (unrestrained at both vertical sides) vertical wall, the critical height can be calculated
with the approximation given in Eq. 4.6.

1

—_ . b S
ler = (%)3 Loy (4-6)
[, = 1.98635 + 0.996 - (€4)* " (4-7)
Where:
1
1 _ (Do 5,% -
$k = (p-g-b) i (4-8)
_ Egb®
D, = 12-(1-v2) (4-9)

In case of a vertical wall, the critical buckling height is given in Figure 4-23. The critical buckling height
depends on the y-value (axis given in Figure 4-6). The red part is in case of printing under an angle
larger than 45 degrees, the green part shows the result for a wall with an angle between 45 and 0
degrees. It should be kept in mind that the wall is only vertical at y=0. However, the order of the
buckling height at the onset of printing does not differ from a vertical wall. Besides that, bending
stresses become more important than buckling when the inclination increases. The calculation is
shown in Appendix G and the result is shown in Figure 4-23.
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buckling height of printed concrete, depending on y

critical buckling height [m]

b=01m,h=001mQ=42I/min
T T T T T

=15 =10 -5 0 5 10 15
y [m]
Figure 4-23 Buckling height of printed concrete, in case of vertical printing. The critical buckling height depends on the y-
value.

03

It follows that the buckling height for a free vertical wall, with these parameters, is 0.85 m.

Case 2: Simply supported or Fully-clamped wall

In case of a simply supported and fully clamped wall, design graphs need to be used to find the
dimensionless critical height, depending on the dimensionless linear curing rate and the dimensionless
wall width. The dimensionless wall width can be calculated with Eq. 4.10.

1

— _ (pgb\3 )
W= (—DO ) w (4-10)
Where:

w = wall width [m]

Eqg. 4-10 is based on a straight vertical wall. In this particular case, the cross-section is a circle and
therefore there is no straight wall. Therefore, part of the circle will be assumed to be straight. For small
angles, the design graphs cannot be used to determine the buckling height. Due to that, part of the
circle will be assumed to be straight with a maximum curvature of 10° (see Figure 4-24). In case of
larger angles the wall cannot be assumed straight.

Figure 4-24 Top view of cross-section at y=0. The wall length is chosen such that the curvature is 10°.
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The buckling length will be calculated for the two governing situations: at the onset of printing (angle
of 45°, case 1) and at y=0 (case 2), where the wall is vertical.

N |

¥

L. .

21.2 [m] ;

Figure 4-25 The buckling length is calculated for two cases: at the onset of printing (case 1, left) and when printing vertical
(case 2, right)

The corresponding parameters for both cases are presented in Table 4-5. In this case, a larger pump
rate is used, because the same pump rate as for free buckling results in a normalized curing rate which
is outside the range of the design graphs. This is a conservative approach, as this will give a lower
buckling height than it will be in reality with a lower print rate.

Table 4-5 parameters for cases, represented in Figure 4-25

Parameter Case 1 Case 2

Q [md¥/s] 1.53*10* 1.53*10*
R [m] 10.6 15

b [m] 0.1 0.1
h [m] 0.01 0.01
Vo [m/s] (Q/(b*h)) 0.153 0.153
T [s] ((T*2*R)/va) 435 616

The normalized buckling length for case 1 can be found using Figure 4-26.

Buckling length |,

Buckling length 1,

Simplyjsupported wall, in. curing
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Curing rate & Curing rate &

Figure 4-26 The normalized curing rate and normalized width gives the normalized buckling length I in case of simply
supported wall and fully-clamped wall. The parameters which define the curing rate and normalized width corresponds to
the y-value corresponding to an angle of 45 °.

Then, the actual buckling length can be calculated, in case of simply supported and fully-clamped wall:

lCT,S—S = Ler T = 4.0 T = 0.60 [m]
(w)g (2200'9.81'0.1)§
Do 7.152
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lcrf—c = lor = >0 7 = 0.75 [m]
’ (p-g-b)§ (2200-9.81-0.1)§
Do 7.152

Thus: 0.60 < 1, < 0.75 [m]

The normalized buckling length for case 2 can be found using Figure 4-27.
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Figure 4-27 The normalized curing rate and normalized width gives the normalized buckling length I, in case of simply
supported wall and fully-clamped wall. The parameters which define the curing rate and normalized width corresponds to
the y-value corresponding to an angle of 0 ° (y=0).

Then, the actual buckling length can be calculated, in case of simply supported and fully-clamped wall:

ler 4.4

lcr,s—s - -g'b % - 2200-9.81-0.1 % = 0.65 [m]
Gy (55
e _ 4.7 _
lcr,f—c - p-gb % 2200-9.81:0.1 % 0.70 [m]
(D_o) ( 7.152 )

Thus: 0.65 < 1< 0.70 [m]

Conclusion regarding maximum height h;

The buckling behaviour of the printed formwork can be modelled best by a wall which is supported at
the sides by a rotational stiffness. However, the model does not provide this and therefore, to be on
the safe side, the value in case of a simply-supported wall will be used. Then, the maximum free height
h, of the formwork before the concrete is cast is 0.65 m. The buckling length in case of a vertical wall
is used, because this gives the best estimate of what will happen in reality.

Verification of wall thickness and required concrete class based on strength requirement

The concrete which is cast in the formwork should carry the loads in the use phase, but also in the
construction phase. The construction time largely depends on the parameters for printing the
formwork. The printing time is 30.3 days in case of a print rate of 4.2 I/min. The concrete which is cast
first will already have reached significant strength at the end of construction, while the concrete which
is cast at the end has no strength. This is used during construction of the spheres: the load on the
formwork will become lower with time, because the load of the cast concrete will be taken increasingly
by the concrete which is cast before.

The condition in use phase is the same for the three 3DCP-construction variants which are investigated.
Therefore, the use phase is modelled first to verify what thickness is required for the use phase. After

that, the construction phase is analysed for the three variants, to verify whether a larger thickness is
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required to carry the loads during construction. The load condition in use-phase is given in Figure 4-28.
The hydrostatic pressure is applied perpendicular to the surface of the sphere.

o \L? <

9700 kPa

Z=1000 m

10000 kP
/N ’

Figure 4-28 A hydrostatic pressure is applied at the outside of the sphere (the pressure is perpendicular to the surface). The
support of the pedestal is modelled with a hinged support at an angle of 45°.

It is required that the sphere will float from itself. Therefore, regarding the draft of the sphere, the
thickness is limited to a certain value. In case of a sphere with an outer diameter of 30 m and a weight
of concrete of 24 kN/m3, the thickness is limited to 2.5 m. Therefore, a thickness of 2.5 m is used as a
starting point. The concrete class which is used depends on the stresses in the sphere, but should be
at least C35/45.

The principle stresses ox and o, are used to verify the required concrete class. oy, refers to the stress
in direction of the local x-axis on the positive surface side, oy refers to the stress in direction of the
local x-axis on the negative surface side, oy, refers to the stress in direction of the local y-axis on the
positive surface side and oj,. refers to the stress in direction of the local y-axis on the negative surface
side.
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Figure 4-29 Surface stress ox,+ (Stress in radial direction on positive surface side) for the sphere at a depth of 1000 m.

In Figure 4-29, surface stress oy is given. The results of the other stress types are given in Appendix
H. The maximum compressive stress in the sphere is 31 MPa, there are no tensile stresses. Because
this is unreinforced concrete, the concrete is less ductile. Therefore, the compressive and tensile
strength are lowered with a factor a.. = 0.8. From this, it follows that the minimum required concrete
class is C60/75, which has a design compressive strength of 32 MPa.
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The stresses in the sphere during construction will be analysed at three different times: when the
sphere is 50%, 75% and at 100% (Figure 4-30). The stresses will not be analysed at 25%, because then
only the prefab element is present.

QO C

Figure 4-30 The stresses will be analysed at 3 different stages during construction: at 50%, 75% and 100%.

The results can be found in Table 4-6. The results of the stresses in the entire sphere are given in
Appendix H.

Table 4-6 Maximum stress results in the sphere at 3 stages of construction: at 50%, 75% and 100%. Local x-direction is radial
direction, local y-direction is axial-direction.

Stress type

50%

75%

100%

Ox+ [N/mm?]

-0.270 < oy.+ < 0.208

-0.483 < 0x+<0.308

-0.576 < ox.+< 0.407

Oy - [N/mm?] -0.580 < 0x-<0.455 -1.042 < 0x-< 0.574 -1.238 < 0x-<0.625

Oy+ [N/mm?] -0.447 < 0, < 0.882 -1.039 < 0y,+ < 1.389 -1.256 < 0y,+ < 1.601

Oy,- [N/mm?] -0.954 < 0y,.< 0.458 -1.800 < 0y,-< 0.578 -2.156 < oy,-< 0.628
Conclusion

The maximum compressive stress in the sphere is 2.156 MPa and the maximum tensile stress in the
sphere is 1.601 MPa, both at 100% of construction. The compressive stress is lower than the design
compressive strength of concrete C60/75 (f.a = 32 MPa, with ac = 0.8) and the tensile stress is also
lower than the design tensile strength of concrete C60/75 (fca = 1.62 MPa, with a. = 0.8). The tensile
stress is therefore critical. Concrete class C60/75 is sufficient to be on the safe side.

4.3.3. Verification of 3DCP in water + cast in place

Determination of minimal height h;

The plastic collapse of the submerged printed formwork is evaluated the same way as the plastic
collapse of the formwork in case of printing in dry. The only parameter that is changed is the density.
The normal density is replaced by the submerged density (density — 1000 kg/m?3). The following
parameters are used:

b =01 [m]

h =0.01 [m]
dmax - = h = 0.01 (maximum printing angle of 45 °C) [m]

Yo, =2200-1000= 1200 [kg/m?3]
g =9.81 [m/s?]

The results for the lowest layer are shown in Figure 4-31. Each green and red dot represents an added
layer on top.
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printing time = 23.3 days, printing rate = 5.4 I/min
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Figure 4-31 Development of stress and strength of lowest layer for submerged construction. Each dot represents an added
layer on top.

Based on an iterative process, it follows that the maximum printing rate, with the chosen dimensions,
is 5.4 |/min.

Verification of concrete pressure on printed formwork

The stresses due to the concrete pressure onto the formwork are verified the same way as in case of
construction in the dry. The difference is the submerged weight of the concrete that is used in this
case.

The maximum pressure ougmax can be calculated with Table 4-2 and Table 4-3 (NEN 8670, 2021). Again,
consistency class F6 and a setting time of 20 hours are assumed to be on the safe side. The maximum
vertical rate of placement is at the onset of casting. In case of a construction time of 23.3 days, the
maximum rate of placement at onset of casting is 0.25 m/h. Then, the maximum lateral pressure
(according to the Eurocode) equals:

max [25 + 38 v - KI;30] = max[ 25 + 38 - 0.025 - 4;30] = 30 kN/m?

However, in this case, the concrete has reached a height of 0.50 m after 20 hours. This corresponds to
a lateral pressure of 7.5 kN/m?in case a hydrostatic pressure gradient is assumed (the submerged
weight of concrete is used: 15 kN/m?3). Therefore, the maximum pressure of 30 kN/m? is not reached.
The stresses will be the highest at the onset of printing and casting, where the printed formwork is at
an angle of 45 degrees. Per meter width, this results in a characteristic load of 7.5 kN/m and a design
load of 11.25 kN/m (Figure 4-32).
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Figure 4-32 Modelling concrete pressure on the formwork.

The stresses in local x-direction and local y-direction at both sides of the printed formwork are
calculated using RFEM (Figure 4-33).

Figure 4-33 graphical result and representation of local axis system.

The results of the stresses in x-direction and y-direction are given in Table 4-7 for the positive surface
side (positive z = outside) and negative surface side (negative z = inside).

Table 4-7 Results of stresses due to concrete pressure on formwork

Stress type Ox.+ Ox.- Oy.+ Oy.-
Stress
[N/mm?]

-0.069 < ox+<0.788 0.0 < 0x-<0.906 -0.021 < 0y,+< 0.106 -0.140 < 0y,.<0

The maximum stress that determines the minimum height of the formwork before the concrete can
be cast is 0x.-, which is 0.906 MPa.
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printing time = 23.3 days, printing rate = 5.4 I/min
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Figure 4-34 Difference between strength and stress required to cast the concrete in the formwork.

The difference between stress and strength is large enough from the 25" printed layer (each dot is one
layer). Therefore, the minimum height h; of the printed formwork is 0.25 m in case the thickness of a
printed layer is 0.01 m.

Determination of maximum height h2

Case 1: Free wall

The verification of elastic buckling is done in the same way as for 3DCP-variant 1 (construction in the
dry). The difference is the density that is used, because the submerged density is used. In case of a free
wall, the buckling height, depending on the y-value, is given in Figure 4-35. It should be kept in mind
that the wall is only vertical for y=0. The red part is in case of printing under an angle larger than 45
degrees, the green part shows the result for a wall with an angle between 45 and 0 degrees. However,
the order of the buckling height at the onset of printing does not differ from a vertical wall. Besides
that, bending stresses become more important than buckling when the inclination increases.

buckling height of printed concrete, depending on y

10 1

0.9 1

critical buckling height [m]

b=01m, h=001m,Q=541I/min

=15 -10 -5 0 5 10 15
y [m]
Figure 4-35 Buckling height of printed concrete, in case of submerged vertical printing. The critical buckling height depends
on the y-value.

It follows that the buckling height for a free vertical wall, with these parameters, is 1.01 m.
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Case 2: Simply supported or Fully-clamped wall

Also for this case, the same procedure is followed as for construction method 1. Instead of the normal
density, the submerged density is applied. Again, as an estimation, part of the circle will be assumed
to be straight with a maximum curvature of 10°. The buckling length will be calculated for the two
most interesting parameters: at the onset of printing (angle of 45°, case 1) and at y=0 (case 2), where
the wall is vertical.

The corresponding parameters for both cases are (note that for this case a larger pump rate is used,
because the same pump rate as for free buckling results in a normalized curing rate which is outside
the range of the design graphs):

Table 4-8 Parameters for both cases

Parameter Case 1l Case 2

Q [md¥/s] 1.53*10* 1.53*10*
R [m] 10.6 15

b [m] 0.1 0.1
h [m] 0.01 0.01
Vo [m/s] (Q/(b*h)) 0.153 0.153
T [s] ((@*2*R)/va) 435 616
w [-] 12.41 17.57

The normalized buckling length for case 1 can be found using Figure 4-36.
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Figure 4-36 The normalized curing rate and normalized width gives the normalized buckling length I in case of simply
supported wall and fully-clamped wall. The parameters which define the curing rate and normalized width corresponds to
the y-value corresponding to an angle of 45 °.

Then, the actual buckling length can be calculated, in case of simply supported and fully-clamped wall:

l 4.4
leps—s =—"1= T = 0.65 [m]
(p~g~b)3 (2200-9.81-0.1)3
Dy 7.152
ler 6.5
lepfoc = 7= 7 = 0.98 [m]
(p~g-b)3 (2200-9.81-0.1)3
Do 7.152

Thus: 0.65 < 1 < 0.98 [m]

The normalized buckling length for case 2 can be found using Figure 4-37.
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Figure 4-37 The normalized curing rate and normalized width gives the normalized buckling length I in case of simply
supported wall and fully-clamped wall. The parameters which define the curing rate and normalized width corresponds to
the y-value corresponding to an angle of 0 ° (y=0).

Then, the actual buckling length can be calculated, in case of simply supported and fully-clamped wall:

Ier 4.9

lcr,s—s - -g'b % - 2200-9.81-0.1 % =0.72 [m]
Gy (55
ey _ 5.6 _
lcr,f—c - pgb % 2200-9.81:0.1 % 0.83 [m]
(D—O) ( 7.152 )

Thus: 0.72 < I < 0.83 [m]

Conclusion regarding maximum height h;

The buckling behaviour of the printed formwork can be modelled best by a wall which is supported at
the sides by a rotational stiffness. However, the model does not provide this and therefore, to be on
the safe side, the value in case of a simply-supported wall will be used. Then, the maximum height h,
of the formwork before the concrete is cast is 0.72 m. The buckling length in case of a vertical wall is
used, because this gives the best estimate of what will happen in reality.

Verification of wall thickness and required concrete class

The condition in use phase is the same for the three 3DCP-construction variants which are investigated.
From this it follows that the concrete class should be at least C60/75 (Section 4.3.2) and a wall-
thickness of 2.5 m. The stresses in the sphere regarding this construction method are analysed at three
different stages during construction: at 50%, 75% and 100%. This is depicted in Figure 4-38.
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Figure 4-38 The stresses will be analysed at 3 different stages during construction: at 50%, 75% and 100%.

The method used is the same as for construction in the dry (Section 4.3.2), only the weight used is the
submerged weight. The results can be found in Table 4-9. The results of the stresses in the entire
sphere are given in Appendix H.
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Table 4-9 Maximum stress results in the sphere at 3 stages of construction: at 50%, 75% and 100%. Local x-direction is radial
direction, local y-direction is axial-direction.

Stress type 50% 75% 100%
Ox+ [N/mm? | -0.162<o0x:+<0.125 -0.290 < 0x+< 0.185 -0.345 < 0+ < 0.244
Ox. [N/Imm? | -0.348<0y.<0.273 -0.625 < 0x,.< 0.344 -0.743 < 0, < 0.375
Oy+ [N/mm? | -0.268<o0y.<0622 -0.623 < 0y.+ < 0.994 -0.754 < 6y+< 1.140
Oy- [NImm?] -0.755 < 6,..< 0.274 -1.367 < 6y.< 0.345 -1.658 < 0, < 0.376
Conclusion

The maximum compressive stress in the sphere is 1.658 MPa and the maximum tensile stress in the
sphere is 1.140 MPa, both at 100% of construction. The compressive stress is lower than the design
compressive strength of concrete C60/75 (f.s = 32 MPa) and the tensile stress is lower than the design
tensile strength of concrete 60/75 (fs = 1.64 MPa). Therefore, there is no need for a higher concrete
class; strength class C60/75 is sufficient for this construction method.

4.3.4. Verification of 3DCP + cast in place on pontoon

Determination of minimal height h; and h;

Starting point for this construction method is that printing and casting is ‘in the dry’. Therefore, plastic
collapse and elastic buckling will be calculated emerged and is therefore the same as variant 1 (3DCP
+castin place, Section 4.3.2). This also holds for the calculation of plastic collapse. Therefore the values
for hy (=0.2 m) and h; (=0.65 m) are the same for this construction method.

Verification of wall thickness and required concrete class

The condition in use phase is the same for the three 3DCP-construction variants which are investigated.
From this it follows that the concrete class should be at least C60/75 (Section 4.3.2) and a wall-
thickness of 2.5 m. The stresses in the sphere regarding this construction method are analysed at three
different stages during construction: at 50%, 75% and 100%. This is depicted in Figure 4-39.
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Figure 4-39 The stresses will be analysed at 3 different stages during construction: at 50%, 75% and 100%.

The difference between the loads in this case and in case of construction in the dry is the hydrostatic
pressure at the outside of the sphere. This hydrostatic pressure will become larger when the draft
becomes larger. The results of the stresses can be found in Table 4-10. The results of the stresses in
the entire sphere are given in Appendix H.

Table 4-10 Maximum stress results in the sphere at 3 stages of construction: at 50%, 75% and 100%. Local x-direction is
radial direction, local y-direction is axial-direction.

Stress type 50% 75% 100%

Ox+ [N/mm?] -0.236 < ox+<-0.043 -0.507 < 0x+<-0.178 -0.647 < ox+<-0.155
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Ox- [N/mm?] -0.415 < 0x,-<-0.046 -0.758 < 0x,-<-0.120 -0.900 < ox,-<-0.072

Oy+ [N/mm?] -0.403 < oy,+ < 0.000 -0.922 < 0y,+ < -0.001 -1.028 < 0y,+ < -0.154
Oy,- [N/mm?] -0.416 < o0y,-< 0.023 -0.759 < oy,.< 0.084 -0.902 < oy,-< -0.072
Conclusion

The maximum compressive stress in the sphere is 1.028 MPa at 100% of construction and the
maximum tensile stress in the sphere is 0.084 MPa at 75% of construction. The compressive stress is
lower than the design compressive strength of concrete C60/75 (f.s = 32 MPa) and the tensile stress is
lower than the design tensile strength of concrete C60/75 (fca = 1.64 MPa). Therefore, there is no need
for a higher concrete class; strength class C60/75 is sufficient for this construction method.

4.4. Selection of best 3DCP-construction method

To end up with the most promising 3DCP-construction method, the three 3DCP-construction methods
will be evaluated based on the following evaluation criteria:

- Feasibility of construction method;
- Reliability of construction method;
- Required concrete class;

- Time span for casting concrete;

- Construction time.

Evaluation of 3DCP + cast in place

- Feasibility of construction method
Construction in the dry is the most commonly used construction method. Printing of concrete is done
almost always in the dry and research is also mostly based on construction in the dry. Although
concrete printing is not completely new, printing structures with dimensions as in this case are not
performed yet. It will be a challenge to install a printer which is able to print the entire formwork, as
this is not done yet.

- Reliability of construction method
Construction in the dry is a proven construction method and quality can be ensured which leads to a
high reliability. However, 3DCP is an upcoming technology in the construction sector. Moreover,
structures with these dimensions have not been printed before, because for large structures, they are
made of different smaller printed elements. This is not preferred in this case, as this would be more
sensitive to leakage due to seams.

- Required concrete class
Based on the conditions in the use-phase, the required concrete strength class is C60/75 in case a
thickness of 2.5 m is applied. From the verification of construction stages it followed that for this
construction method, there is no need for a higher strength class; C60/75 is sufficient.

- Time span for casting concrete
The minimal height of the formwork before concrete can be cast is 0.2 m (based on strength
requirements) and the maximum height before the concrete should be cast is 0.65 m (based on
stiffness requirements).

- Construction time

The printing time is 30.3 days for one sphere. The development of the tensile strength is the
determining factor for this. Besides that, the bottom and top element should be made. The
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construction time is therefore at least 31 days. It will also be a challenge to have a dry-dock with
sufficient dimensions to construct a sphere and the number of spheres that could be built
simultaneously depends on the dimensions of the dry-dock. This could negatively affect the
construction time for multiple spheres.

Evaluation of submerged 3DCP + cast in place

- Feasibility of construction method
Submerged construction is used less than construction in the dry. Underwater concrete floors are an
example of submerged construction, and therefore submerged casting concrete is feasible to a certain
extend. However, it is unknown whether submerged concrete printing is feasible, especially for the
spheres. When this is done in salty water, the instruments will be strongly affected which could lead
to damage to the instruments.

- Reliability of construction method
For a submerged structure, it is more difficult to verify whether the structure has reached the desired
quality. Besides that, the construction of underwater concrete floors show that it is a challenge to
reach the desired quality. Besides that, it is yet unknown wat the properties are of fresh and hardened
submerged printed concrete, resulting in a lower reliability.

- Required concrete class
Based on the conditions in the use-phase, the required concrete strength class is C60/75 in case a
thickness of 2.5 m is applied. From the verification of construction stages it followed that for this
construction method, concrete strength class C60/75 is sufficient.

- Time span for casting concrete
The minimal height of the formwork before concrete can be cast is 0.25 m (based on strength
requirements) and the maximum height before the concrete should be cast is 0.72 m (based on
stiffness requirements).

- Construction time
The printing time is 23.3 days for one sphere. The development of the tensile strength is the
determining factor for this. Besides that, the bottom and top element should be made. The
construction time is therefore at least 24 days. An advantage of this method is that the number of
spheres that could be constructed simultaneously does not depend on the size of a dry-dock which
positively affects the construction time for multiple spheres.

Evaluation of 3DCP + cast in place on a pontoon

- Feasibility of construction method
The construction of large platforms in Norway (e.g. Troll A) show that is possible to construct large
structures on a pontoon. A particular challenge for this case is the printer which should be build on the
pontoon to print the formwork. A continuous transport of concrete, both for printing and casting is
required, which will be a challenge.

- Reliability of construction method
Printing and casting will always be in the dry in this case. This does not differ from entire construction
in the dry. However, due to the increasing weight the sphere will sink. It could be that the printed
concrete, which is not yet complete hardened, can be attacked by the water at the outside and/or is
not complete watertight. This should be monitored to achieve high reliability.

- Required concrete class
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Based on the conditions in the use-phase, the required concrete strength class is C60/75 in case a
thickness of 2.5 m is applied. From the verification of construction stages it followed that for this
construction method, concrete strength class C60/75 is sufficient.

- Time span for casting concrete
The minimal height of the formwork before concrete can be cast is 0.2 m (based on strength
requirements) and the maximum height before the concrete should be cast is 0.65 m (based on
stiffness requirements).

- Construction time
The printing time is 30.3 days for one sphere. The development of the tensile strength is the
determining factor for this. Besides that, the bottom and top element should be made. The
construction time is therefore at least 31 days. An advantage of this method is that the number of
spheres that could be constructed simultaneously does not depend on the size of a dry-dock which
positively affects the construction time for multiple spheres.

Conclusion

The score of the evaluation criteria regarding construction with 3DCP for each construction method is
given in Table 4-11. Feasibility and reliability are weighed with a factor 2, the other criteria with a factor
1. This is because it is most important that there is a feasible and reliable solution to construct the
spheres.

Table 4-11 Score of different 3DCP construction methods based on evaluation criteria.

3DCP + cast in 3DCP +cast in 3DCP + cast in
place place submerged | place on pontoon
Feasibility 4 8 2 4 3 6
Reliability 5 10 2 4 4 8
Strength class 2 2 2 2 2 2
Time span for casting 4 4 5 5 4 4
Construction time 3 3 5 5 4 4
Total 27 20 24

It can be concluded that, based on the scores for the evaluation criteria, that 3DCP + cast in place in
the dry has the highest potential to come to an optimal and scalable design. Therefore, this
construction method is advised to use.
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5.Verifying the suitability of
unreinforced concrete, based on
crack width and watertightness

In this chapter, an estimation of the increase of concrete temperature, based on hydration heat, is
made for different cement compositions. By doing so, the impact of the different cement composition
on the temperature of concrete is shown (Section 5.1). Combining the temperature differences and
the expansion coefficient, thermal shrinkage can be calculated. The concrete temperature at the
edges, influenced by the (lower) surrounding temperature, is lower than the temperature inside the
concrete, which results in differential shrinkage and thus cracking. Thermal shrinkage, as well as the
(infinite) drying and autogenous shrinkage, are given in Section 5.2. The consequences regarding
watertightness are also given in Section 5.2. This chapter is based on the preferred 3DCP-variant,
construction in the dry. The focus is on tensile stresses due to thermal shrinkage. This is based on an
adiabatic temperature increase, which will not differ for the different 3DCP-variants discussed in
Section 4.3.

5.1. Calculation of adiabatic temperature increase based on different

concrete mixtures

When cement reacts with water, heat is released. This results in warming of the concrete. In case the
heat at the edges is released into the environment, temperature differences will develop between the
centre and the edge(s) of the structure. This results in differential shrinkage which may cause cracking.
In case no reinforcement is used, crack width cannot be controlled. It is therefore required that there
are no cracks in the unreinforced concrete.

This temperature increase is calculated with an adiabatic calculation, which gives an conservative
estimate of the temperature increase. In reality, the temperature increase is semi-adiabatic, which
means that part of the heat is released into the environment, resulting in a lower temperature
increase. A semi-adiabatic process would require an complex calculation process, which is outside the
scope of this thesis. The adiabatic approach assumes that all the heat that is released from the chemical
reaction of the cement constituents with water, results in warming of the concrete; no heat is lost into
the environment. This is depicted in Figure 5-1.
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Figure 5-1 Temperature at inside and outside at start of casting concrete (left) and temperature inside and outside after the
heat is released from the chemical reaction (right), resulting in a temperature difference.

An estimation of the temperature inside the concrete can be made with the hydration kinetics of
different cement types. In this report, the ASTM classification is used. The hydration heat and
temperature of the concrete over time will be calculated for type | to V to see their difference.
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- Type | is used for general purpose. This one is calculated to see the difference between type |
and the other cement types;

- Type Il is used in case moderate sulphate resistance is required. As the spheres will be placed
at the seabed, they are constantly in seawater (which is the reason why the spheres are also
classified as XS2);

- Type lllis used to gain high early strength. A higher early strength will sooner reduce the load
on the formwork;

- Type IV is used in cases that low heat is desired and is therefore often used in thick-walled
structures. Therefore this type will be calculated too;

- Type Vis used when the concrete should be sulphate resistant. This type will be calculated to
see the difference in temperature increase between type Il and V.

The average composition of ASTM1 to ASTMS5 is given in Table 5-1.

Table 5-1 Average composition of Portland cement types (Young, 2001).

ASTM type Description CsS[%] | C2S[%] | CsA[%] | CiAF [%]
| | General purpose 55 17 10 7
Il | Moderate sulphate 55 20 6 10
resistant
Il | High early strength 55 17 9 8
IV | Low Heat cement 35 40 4 12
V | Sulphate resistant 55 20 4 12

The hydration kinetics of the main four constituents of cement are given in Figure 5-2.
60 B

Progress of hydration (%)

Hydration time (h)
Figure 5-2 Hydration kinetics of ordinary Portland cement (Hewlett & Liska, 2017).

In Table 5-2, the degree of hydration (%) is given for the main four constituents, at time t after
hydration is started (related to Figure 5-2).

Table 5-2 Degree of hydration of Bogues constituents at time t, derived from Figure 5-2.

constitiemti€(™ | 0.01 | 0.1 1 2 5 10 20 50 100 | 200 | 500
CsS [%0] 0 0 0 1 10 21 38 43 47 48 49
CaS [%0] 0 0 0 0 0 0 4 9 12 16 24
CsA [%0] 1 9 10 10 12 15 28 37 40 42 52
C4AF [%0] 0 7 8 8 8 9 11 18 20 20 20
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With the degree of hydration, hydration heat of constituents (given in Section 2.3) and composition of
the cement types, the temperature of the concrete at time t can be calculated. An example is shown
for t=0.1 hr. The following parameters are used:

- ASTM type 1

- 1 m?3of concrete

- ¢ = specific heat = 900 J/(kg*°C)
- C=cement content = 350 kg/m3
p = 2300 kg/m?

ATi—01 =

0.55 - ag s+ 500 - 10% + 0.17 - a5 - 260 - 103 + 0.10 - ctg, 4 865 - 103 + 0.07 - g, 4 - 420 - 10° C

c P

_0.55-0-500-103+0.17-0-260-103+0.10-0.09-865-103+O.O7-0.07'420'103 C 1.66 °C
= 900 ;_ .

The complete result for all cement types is given in Figure 5-3. This is calculated with Python, the script
can be found in Appendix J.

. Adiabatic temperature increase of concrete

—— ASTM1, general purpose

ASTM2, moderate sulfate resistant
0 ASTM3, high early strength
—— ASTM4, low heat

ASTMS, sulfate resistant

Temperature [°C]

temperature increase = 1.66 °C

5 /
10-2 107 10° 10t 102
Time [hr]

Figure 5-3 Adiabatic temperature increase of concrete, ASTM types | to V.

It can be seen that the temperature increase of the low heat cement is significantly lower than the
other types of cement. Besides that, it is interesting to see that the difference in temperature increase
between ASTM2 and ASTMS5 is really small.

5.2. Verification of suitability of unreinforced concrete

Differential thermal shrinkage leads to tensile stresses and cracks will develop in case the tensile
stresses become larger than the tensile strength of the concrete. In case of the spheres, the aim is to
use unreinforced concrete. Consequently, when cracks develop, they are not controlled anymore. It is
therefore important to verify whether the tensile stresses will become larger than the tensile strength
of unreinforced concrete. This is done based on the thermal shrinkage, infinite drying shrinkage and
infinite autogenous shrinkage.
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Calculation of thermal shrinkage

The temperature at the outer side of the sphere is the temperature of the surrounding (variant 1) or
from the water (variant 2 & 3). As lowest temperature, 5 °C is used for both the surrounding
temperature and water temperature. Lower temperatures may occur in winter, but then the spheres
will not be constructed.

The thermal expansion coefficient for concrete is 10%*10° / °C. Then, the maximum tensile stresses due
to the temperature difference are calculated as follows (C60/75 is used in this calculated, resulting in
Ecm = 39000 MPa)I

0, =& Eqp =g AT - Egpy = 101076 - AT - 39000 (5-1)

Calculation of drying shrinkage and autogenous shrinkage

Drying shrinkage and autogenous shrinkage are both described in Eurocode 2 (EN 1992, 2011). These
two components both depend on time: drying shrinkage develops slowly and ranges from days to
months, whereas autogenous shrinkage is linearly linked to the hardening of the concrete, which is
mostly in the first days.

The initial drying shrinkage can be determined with Table 5-3. In this case, the sphere is submerged so
the relative humidity is high. As starting point, relative humidity of 90% is chosen. Because the lowest
required concrete class is C35/45, this is used as initial input.

Table 5-3 Value of the nominal unrestricted drying shrinkage of concrete with cement CEM and class N [in %]

Relatieve vochtigheid
fordFex cube (%)

(MPa)

20 40 60 80 90 100
20/25 0.62 0.58 0.49 0.30 0.17 0.00
40/50 0.48 0.46 0.38 0.24 0.13 0.00
60/75 0.38 0.36 0.30 0.19 0.10 0.00
80/95 0.30 0.28 0.24 0.15 0.08 0.00
90/105 0.27 0.25 0.21 0.13 0.07 0.00

If 1 meter length is used, and the wall thickness is 2.5 m, the total shrinkage equals (entire calculation
can be found in Appendix I):

Ecao = Kn - €cqo=0.7-013-10"3=9.1-10"°
camo = 2.5 (fop —10)- 107 =2.5-(35-10)- 107 =6.25-107°
Ecs.o0 = Ecdoo + Ecq o0 = 1.535-107%
From this, it can be concluded that the thermal shrinkage is three times larger than the sum of the
autogenous and drying shrinkage. In this report, autogenous and drying shrinkage are therefore not

considered anymore, because thermal shrinkage is much more important.

Crack width
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As a starting point, it is assumed that the initial temperature of the concrete is 20 °C. Then, the
maximum temperature difference (considering a surrounding temperature of 5 °C) leads to the
maximum tensile stresses given in Table 5-4 for each cement type.

Table 5-4 Maximum tensile stresses, in case of adiabatic temperature increase.

Cement type ASTM 1 ASTM 2 ASTM 3 ASTM 4 ASTM 5
ATmax [°C] 48.1 46.0 47.6 38.5 44.8

Max teglsne stress 18.8 17.9 18.6 15.0 17.5
[N/mm?]

The stresses due to thermal shrinkage are higher than the tensile strength of concrete with strength
class C60/75 (fca = 1.64 MPa, with o = 0.8), resulting in cracking. In case no reinforcement is added,
the concrete will crack when the tensile strength is exceeded and the cracks cannot be controlled
anymore.

Semi-adiabatic conditions

There are two important aspects which may result in tensile stresses due to thermal cracking which
are lower than in case of a adiabatic approach. First of all, the printed formwork acts as insulation. this
causes a larger temperature of the concrete at the edges, which lowers the temperature differences
between the edge and the centre of the wall (depicted in Figure 5-4).
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Figure 5-4 The temperature difference AT, is smaller than AT,, because the printed formwork will act as insulation (to a
certain extent).

Secondly, the vertical construction rate determines how much heat may be released into the
environment, which lowers the temperature of the concrete. This is a semi-adiabatic approach.
Because the vertical construction rate is less than 0.5 m/day, heat is also released on top of the
structure (Figure 5-5). As can be seen in Figure 5-3, the temperature increase is maximum between 2
and 20 hours. This may result in a significant amount of heat that is released into the environment,
resulting in a much lower concrete temperature.

[T pear []
RERNRERER

h\ (oflggk, wadl
~Form ok

Vi

Figure 5-5 Hydration heat is released on top.

Potential solutions to lower thermal shrinkage
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The total shrinkage results in stresses that are higher than the strength of the concrete and therefore
cracks will occur. In case no reinforcement is added (which is aimed in this case), the crack width cannot
be controlled. This should be avoided and therefore, measures should be taken to lower the shrinkage.
These measures can be divided in two groups: changing the concrete mixture and without changing
the concrete mixture.

Measures regarding the concrete mix

Accelerators can be used in order to reach a larger hydration rate sooner after casting the
concrete. In that case, more heat is released in the same time. Due to the small vertical growth,
more heat will be released into the environment which reduces the temperature differences
at the end, resulting in less shrinkage.

More cement should be replaced by other binders, which result in lower heat release when
the binders hydrate. This lowers the temperature of the concrete.

A higher initial concrete temperature could lead to a lower maximum temperature than for a
lower initial concrete temperature. This is because the hydration rate will be larger in case of
a higher initial temperature, through which more heat is released into the environment.

Measures besides mixture changes

An insulation layer could be used to avoid large temperature differences between the edge
and the centre of the concrete. The insulation layer should be used long enough, to avoid a
thermal ‘shock’. If the insulation layer is removed too early, the concrete will still crack.

The concrete can be cooled with cooling pipes. These pipes should be installed in the formwork
(Figure 2-10). Water flows through these pipes when the concrete is cast, which leads to lower
temperatures locally, because the heat is taken by the water. These pipes should be installed
manually during construction, which costs labour.

Another option is to add liquid nitrogen to the concrete mixture. Nitrogen converts from liquid
to gas when the temperature is -196 °C. The heat that is used for this transition is coming from
the hydration heat. This concept is also applied for construction of inclined walls in the
Callandtunnel (Kruizenga, Zegwaard, & Obladen, 2003). This lowers the initial temperature and
lowers the maximum temperature (Figure 5-6).
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Figure 5-6 Temperature increase without added nitrogen (blue line) and with added nitrogen (red line) in the Callandtunnel

(Kruizenga, Zegwaard, & Obladen, 2003)
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It is important to add enough nitrogen, to avoid that the temperature increases when the
nitrogen does not influences the temperature anymore. It is also important that the concrete
should be mixed continuously when the nitrogen is added to avoid freezing of the concrete.

- The method of adding nitrogen could be optimised by constructing the spheres when the
environmental temperature is higher, which lead to a smaller temperature differences
between the edge and the centre of the concrete.

Consequences regarding watertightness

The requirement regarding watertightness is that the crack width should not be larger than 0.05 mm.
In case unreinforced concrete is used, the tensile stress must be lower than the tensile strength. In
cast that is not possible, reinforced concrete or fibre-reinforced concrete should be used. In that case,
the crack width should be controlled by the reinforcement, in order to have a maximum crack width
of 0.05 mm. Another option could be to use a sheet cover all around the sphere, to reach the desired
watertightness.
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6. Discussion of assumptions made
during the design

This chapter gives an overview of the impact of choices that haven been made throughout the report.
Examples of choices are calculations based on experimental measurements instead of design values,
the applicability of Suiker’s model to predict the critical buckling height and the setting time of
concrete.

e |n Section 2.1, three models are given regarding the strength development of 3DCP. The
applicability of the models depend at which timescale the strength increase will be verified.
The model of Perrot fits best for the purpose used in this report. The equation of Perrot is
based on experimental values and is therefore not a design value, as the experimental values
show a certain spreading, as can be seen in Figure 6-1.
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Figure 6-1 Exponential model of Perrot through experimental measurements (Perrot, Rangeard, & Pierre, 2016).

A design fit or ‘design equation’ would give lower values for the yield stress at the same time.
In case this would be used, the strength increase is slower, which will decrease the maximum
print rate which increases the construction time.

e The same as for the strength increase holds for the increase of stiffness, which is used to
calculate the critical buckling height. As can be seen in Figure 6-2, the dashed line is fitted
through the experimental data. This gives a value of 0.0026/s for the curing rate of the
stiffness. In case the red (fictitious) design value would be used for the curing rate of stiffness,
the value would be 0.000076/s.
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Figure 6-2 Curing rate stiffness based on experiments (black dashed line) and fictitious design curing rate of stiffness (red
line).

A lower curing rate of stiffness influences the critical buckling height. In case of a free wall, the
critical buckling height decreases from 0.85 m to 0.51 m (reduction of 40%), in case of a simply-
supported wall the critical buckling height decreases from 0.65 m to 0.43 m (reduction of 34%)
and in case of a fully clamped wall the critical buckling height decreases from 0.70 m to 0.48
m (reduction of 32%). This is significantly lower than the characteristic values that have been
used to calculate the maximum height of the formwork h,. Although this is significantly lower,
it will not be a problem, because the minimal height h; is still lower than h,.

e The development of the tensile strength of 3DCP is unknown at this stage. Therefore, the
relationship of conventional concrete is used. In case of conventional concrete, the tensile
design strength is a factor 11 lower in case of concrete class C12/15 and a factor 24 in case of
concrete class C80/95. In the design, a factor 15 is used to estimate the tensile strength of
3DCP. However, in case higher strength classes are used for 3DCP, this could be an
underestimation. A slower print rate would be required to ensure that the printed formwork
will not collapse.

Symbol | Description ‘C12.’15 C16/20 C20/25 C25/30 C30/37 (C35/45 C40/50 (C45/55 C50/60 C55/67 C60/75 C70/85 C80/95 CBOI105|

fea (MPa)
(for
a=1.00)

Design compressive strength

e 8.00 10.67 13.33 16.67 20.00 23.33 26.67 30.00 33.33 36.67 40.00 46.67 53.33 60.00
(for ag=1.00)

feza (MPa) Design tensile strength

{for au=1.00) (for az=1.00) 073 0.89 1.03 1.20 1.35 1.50 164 1.77 1.90 1.97 2.03 215 2.26 2.35
( s a=1.00

Figure 6-3 Design compressive strength and design tensile strength of concrete strength classes.

o The model from Suiker to calculate the critical buckling height is based on a vertical wall.
However, in case of the sphere, printing is only vertical at the middle of the sphere. This is
important to realize when the buckling height is calculated at the onset of printing, at 45°. The
values that are found are slightly lower than the values for the vertical wall at the middle of
the sphere. This is due to the smaller diameter, through which the lowest printed layer has
gained less stiffness in the same time as the interlayer time is smaller and thus the vertical
growth higher.

However, the stresses due to eccentricity of the layers on top are more important at the onset
of casting than the buckling height. When the formwork approaches the middle of the sphere,
the angle becomes smaller and buckling becomes more important, but then the calculated
values in case of a vertical wall becomes more accurate.

The critical buckling height of the simply-supported wall is used to determine the maximum
height of the formwork h,. However, a section of the wall of the sphere can be modelled as a
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wall with a support that has a certain rotational stiffness. Therefore, the critical height h; is a
conservative estimation. Besides that, there is a factor of safety of 20% in the model itself
(Suiker, 2018).

The print rate that is used to calculate the critical buckling height in case the wall is simply-
supported or fully clamped, is higher than the maximum print rate that follows from the
strength requirement. For example, the maximum print rate for variant 1 (3DCP + cast in place
in the dry) is 4.2 I/min (= 7*10° m3/s), see Figure 4-15. If this print rate would be used, the
normalized curing rate of the stiffness would be 5.26 (in case the parameters belonging to the
middle of the sphere are used). In that case, it is assumed that the buckling height (both
normalized and actual) are higher in reality. However, this is outside the range of the design
graphs that are used to determine the buckling height, see Figure 6-4. The print rate that is
used is chosen such that a comparison could be made for the different variants, based on the
same print rate. It follows that this is 9.2 I/min (= 1.5%10% m3/s).
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Figure 6-4 Design graphs used to determine the normalized buckling height. The normalized curing rate ranges from 0 to 3

(Suiker, 2018). In this case, the values for the middle of the sphere are used, in case of construction in the dry.

The model that is used to calculate the buckling height is based on a straight wall. However, in
case of the spheres, the wall is curved. The width (w) of the wall is assumed to be straight with
a curvature of 10°, see Figure 6-5.

Figure 6-5 A cross-section is given at the middle of the sphere. Part of the sphere is assumed to be straight with a curvature

of 10°.

A smaller curvature (smaller angle) would result in a better approximation of a straight wall.
However, in that case, the combination of the normalized width and the normalized curing
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rate of stiffness is outside the range of the design graphs that are used (Figure 6-6). A larger
curvature than 10° would give a poorer approximation.
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Figure 6-6 A smaller normalized width, combined with the same normalized curing rate, is outside the range of the design
graphs.

e An important assumption that is made in case of submerged printing and casting (2"¢ 3DCP-
variant) is that the only difference is the submerged weight of the concrete. It is unknown
whether the strength development of the printed concrete is the same as in case it is printed
in the dry. It this would be slower, the construction time increases and if this would be faster,
the construction time decreases. Besides that, the submerged weight is also used to calculate
the critical buckling height. In case the strength increase is slower, the critical buckling height
will also decrease, resulting in a lower maximum value for ha.

e The minimum height h; of the formwork before the concrete can be cast, depends on the load
of the fresh concrete onto the formwork. In this thesis, the stress is calculated based on a
concrete mix with a consistency class F6 and a setting time of 20 hours. A different consistency
class would not influence the maximum load onto the formwork in this case. However, in case
the setting time would be smaller, the maximum load on the formwork is smaller, which leads
to a lower minimum height h;. A faster setting time can generally be reached with a lower w/c
ratio.
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7.Conclusions and recommendations

In this chapter, the main conclusions and several recommendations are given. First, in Section 7.1, the
sub-research questions are answered, in order to answer the main research question. Several
recommendations for further design optimisation and further research are given in Section 7.2

7.1. Conclusions

The conclusions will be given based on the research questions. To answer the main question, first the
sub-research questions will be answered.

Sub-research question 1
- Does the best construction method make use of 3DCP?

In Chapter 4, five different construction methods are described, of which two 3DCP-construction
methods. Besides 3DCP-methods, conventional casting, slip/jump forming and prefab are investigated.
The result of the scores on the evaluation criteria is given in Table 7-1. The first 3DCP is printing the
entire sphere, the second one is printing the formwork, in between which the concrete is cast.

Table 7-1 Scores for main construction method based on 5 evaluation criteria. Scores regarding ease of construction,
construction time and costs are based on personal communication (A. van Dalfsen, personal communication, April 19, 2022).

3DCP + cast Fully printed Slip/jump Conventional prefab
in place forming casting
Ease of construction + + - - +
Construction time + = + + +
Costs + + - - +
Scalability ++ ++ - - -
Watertightness ++ + + + -

Based on a qualitative comparison, the 3DCP-variant in which 3DCP is used to print the formwork has
the highest score and is therefore used for the design. The bottom and top element are made from
prefab elements, because the maximum inclination for printing is 45°.

Sub-research question 2
- How can 3DCP be used in an optimal way to construct the spheres?

Based on the best 3DCP-construction method, 3 different variants are investigated: construction in the
dry, submerged construction and construction on a pontoon. These 3 variants are evaluated based on
feasibility, reliability, required concrete strength class, time span for casting and construction time.

The minimum height of the printed formwork (h1) before the concrete can be cast is based on the
strength and stress in the formwork, in which the self-weight of the formwork and the load of the fresh
concrete are taken into account. It follows that:

- Constructionin the dry: h1=0.20 m
- Submerged construction: h; =0.25 m
- Construction on pontoon: h; =0.20 m

The maximum free height (h,) of the formwork before the concrete should be cast is based on elastic
buckling of the formwork with a model from Suiker. Although there are some limitations for the use
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of the model for the printed formwork, an estimation is given. It follows that the maximum free height
of the formwork before the concrete should be cast is as follows:

- Construction in the dry: h, =0.65m
- Submerged construction: h, =0.72 m
- Construction on pontoon: h, =0.65 m

Itis required that the sphere is buoyant, to enable transport of the spheres. From this, it followed that
the maximum thickness is limited to 2.5 m. From this requirement, it follows that the required concrete
class for construction in the dry is C60/75. This required concrete strength class is sufficient regarding
construction for variant 1, 2 and 3. The choice is made based on evaluation criteria, given in Table 7-2.

Table 7-2 Scores for different 3DCP methods

3DCP +castin 3DCP +cast in 3DCP +castin
place place submerged | place on pontoon
Feasibility 4 8 2 4 3 6
Reliability 5 10 2 4 4 8
Strength class 2 2 2 2 2 2
Time span for casting 4 4 5 5 4 4
Construction time 3 3 5 5 4 4
Total 27 20 24

As a final answer to the sub-question: The best method to use 3DCP for construction of the spheres is
to use 3DCP and cast in place, in the dry.

Sub-research question 3
- Is it possible to use unreinforced concrete for the spheres?

The verification of the suitability of unreinforced concrete is based on the tensile stresses in the
concrete that will develop due to shrinkage. A distinction is made between thermal shrinkage,
autogenous shrinkage and drying shrinkage, from which thermal shrinkage is evaluated in more detail.
The maximum temperature differences between the outside and the centre of the wall (leading to
differential shrinkage) are calculated based on different cement compositions. The result is given in
Table 7-3.

Table 7-3 Maximum tensile stresses, in case of adiabatic temperature increase

Cement type ASTM 1 ASTM 2 ASTM 3 ASTM 4 ASTM 5
ATmax [°C] 48.1 46.0 47.6 38.5 44.8

Max te?sne stress 18.8 17.9 18.6 15.0 175
[N/mm?]

It is important to note that these values are in case of fully adiabatic conditions. In reality, the
temperature increase is semi-adiabatic, which leads to lower temperature differences and lower
tensile stresses. However, to use unreinforced concrete, it should be sure that the tensile strength is
not exceeded. It is therefore required to do further investigation into the thermal shrinkage, before
unreinforced concrete is used.

Main research question
The main research question is as follows:
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How does the optimal design of a concrete sphere, that will be used for energy storage at large
water depth, look like?

It is concluded that 3D Concrete Printing can be used best to construct the formwork. The formwork
consists of an printed outer and printed inner shell, in between which the concrete can be cast
conventionally. The best way to do this is in the dry. A disadvantage of this construction method is the
maximum inclination that can be printed. In this thesis, a maximum inclination angle of 45° is used.
The bottom and top part could be made of prefab elements. The construction sequence is as follows:

Building and installation of temporary concrete factory on site;

Building and installation of 3D concrete printer in a dry dock;

Printing outer and inner shell;

After a time step, simultaneously casting concrete in between the outer and inner shell. The
free height of the formwork should be between h; (0.2 m) and h; (0.65 m);

Prefab bottom and top element, which will be placed with a crane. It is important that the
seams are injected to ensure watertightness;

Inundation of dry dock and transport of spheres to installation site.

( YL):‘)
/ AN

Figure 7-1 Construction sequence of the spheres with construction in a dry dock. The bottom and top element are prefab

7.2.

(light grey).

Recommendations

In this section, recommendations are given for further design optimisations and further research. In
particular, recommendations regarding the suitability of unreinforced concrete are given, because this
is a critical factor in the design at this stage.

Recommendations for design optimisation:

The construction time of one sphere is now based on the maximum print speed at 45°, thus at
the onset of printing. This is based on the increase of strength and stress of the lowest layer.
The bending moment of an second layer on a layer below is the largest at the onset of printing,
but it is approximately zero at the middle of the sphere. Therefore, the increase of stress per
layer decreases when the middle of the sphere is reached. It is therefore recommended to
relate the print speed on the height of the sphere, because this will decrease the total
construction time.
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As a starting point for the verification of required concrete strength class, a wall thickness of
2.5 m is used. It is recommended to further investigated whether the thickness can be
decreased, while the required concrete class will increase. Less concrete would be required in
that case, although more cement is used for a higher concrete strength class. It is
recommended to investigate what the optimal combination of thickness and strength class will
be.

In the design, the sphere is supported at an angle of 45°. Because of that, the stresses increase
locally. It is recommended to investigate whether a lower strength class or lower thickness
could be used in case the sphere is supported in the middle of the sphere, where the wall is
vertical. In that case, there is only a normal force which has to be transferred from the sphere
to the pedestal/foundation. Another advantage of this is that due to a larger volume, the
buoyancy of the entire system increases and the extra volume could be also be used for energy
storage, which increases the overall efficiency.

Due to a lower feasibility and reliability of submerged printing, construction in the dry is
chosen to be most promising. However, the construction time is lowest in case of submerged
construction. It is therefore recommended to do further research into the fresh and hardened
properties of submerged printed concrete.

Recommendations regarding suitability of unreinforced concrete

The suitability of unreinforced concrete is verified in Chapter 5. From that, it followed that the
thermal shrinkage will result in stresses larger than the tensile strength. It is important to note
that this is in case of an adiabatic calculation, whereas the temperature increase is semi-
adiabatic in reality. It is therefore strongly recommended to do further research into the
increase of concrete temperature:

o It is recommended to investigate the semi-adiabatic temperature increase without
further measures;

o It is recommended to investigate the semi-adiabatic temperature increase in case
(liquid) nitrogen (or ice instead of water) is added to the concrete mix, because this
could significantly decrease temperature differences (Kruizenga, Zegwaard, &
Obladen, 2003);

o It is recommended to investigate the semi-adiabatic temperature increase in case
cooling pipes are used to lower the temperature inside the concrete;

It is recommended to investigate whether it is possible to use fibre-reinforced concrete for the
wall of the sphere. The fibres in the act as reinforcement, which leads to a significant increase
of the tensile strength (Marcalikova, Racek, Mateckova, & Cajka, 2020). In case the tensile
strength of fibre-reinforced concrete is enough, no further measures need to be taken to lower
the temperature difference for example;

Recommendation regarding tensile strength development 3DCP

It is recommended to do research into the tensile strength development of 3DCP. In this
report, it is related to the ratio of the compressive and tensile strength of conventional
concrete. It followed that the tensile strength determines the maximum print rate. It is
therefore important to investigate how this tensile strength develops in practice, because it
could decrease the construction time drastically.

Research showed that the tensile strength of 3DCP can go up to 5.7 MPa and a tensile strain
of 11.4% in case of 3D printable Engineered Cementitious Composites (Zhu, et al., 2019). It is
therefore recommended to investigate whether this type of printable concrete would
decrease the construction time, because the tensile strength of 3DCP is the limiting factor.
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Appendices

A. Overview of offshore energy storage types

Energy storage in concrete spheres at seabed level is based on gravitational energy storage.
However, there are also other types of offshore energy storage, making use of gravitational energy.
These are shortly explained in this appendix. This shows the relevance of this thesis.

Energy can be stored in multiple ways when it is stored as potential energy. For example, a pendulum
has maximum potential energy when the velocity is zero and has no potential energy when the velocity
(which is kinetic energy) is maximum. A stretched or compressed spring has potential energy, which
decreases when the spring is released, as the potential energy is converted to kinetic energy. When
water is lifted, work is done (kinetic energy) and the potential energy increases. Energy stored in a
battery is stored as chemical energy and is a form of potential energy. Even food is a form of potential
energy. So, potential energy can be stored in multiple ways and is daily used without thinking about it.

Potential energy storage is also used in the case of Pumped Hydro Energy Storage (PHES). The system
consists of two reservoirs, which are connected to each other by pipes or channels and have different
elevation. This difference in elevation is the head-difference. When water is pumped from the lower
reservoir to the upper reservoir, the potential energy increases proportional to the head difference, as
can be seen in Eqg. A.1. Pumped Hydro Energy Storage accounts for more than 95% of installed global
energy storage (Stocks, Stocks, Lu, Cheng, & Blakers, 2020). Due to an ‘increasing penetration of wind
and solar, reduced dispatchable generation and the need for greater grid flexibility ... an increase of
nearly 50% is expected to be commissioned by 2030’ (International Hydropower Association, 2018).

Ep=mx*gx*h (A.1)
Where:
m =mass [kg]
g = gravitational constant [m/s?]
h =height [m]

There are two principal categories of Pumped Hydro Energy Storage. One is the closed-loop, where
energy is generated only from water that is previously pumped to an upper reservoir, so there is no
(significant) natural inflow to either reservoir (Figure A - 1). This is pure storage of energy. The second
one is the open-loop in which at least one of the reservoirs is connected to a natural flow of water. If
there is a significant natural inflow of water in the upper reservoir, there is no need to pump water
from the lower to the upper reservoir to generate electricity. Hydropower dams are an example of this
type of storage (Figure A - 2). The storage capacity depends on the size of the reservoirs and the height
difference, whereas the electricity that is generated depends on the turbine size (International
Hydropower Association, 2018).
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Figure A - 1 Closed-loop pumped hydropower storage (International Energy Agency, 2022)

Figure A - 2 Three Gorges Dam, China. This is an open-loop storage, because there is a natural flow into the upper reservoir
from the Yangtze River (Asia News, 2020).

The energy storage in the spheres is a closed-loop Pumped Hydro Energy Storage. Water is pumped
out of the spheres, ‘stored’ in the ocean, and the same amount of water is let in back into the spheres.
Apart from leakage into the spheres, there is no natural flow in or out of the spheres. Therefore, the
focus is on closed-loop storage systems.

Closed-loop PHES

Pumped Hydro Energy Storage represents most of the energy storage globally. There is a significant
inflow in at least one of the reservoirs needed in case of open-loop PHES and often a dam is built which
can have significant environmental impact. Closed-loop PHES overcomes these problems. Researchers
of the Australian National University concluded that there is a potential for 616.000 PHES-sites in
general, which has a potential energy storage of 23.000 TWh (Stocks, Stocks, Lu, Cheng, & Blakers,
2020).

An example of closed-loop PHES in Europe is the Limmern pumped storage plant, which is called ‘the
battery of the mountains’. It consists out of 5 lakes, each at different elevation. The highest and largest
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two are presented in Figure A - 3, which can generate 1000 MW together. The full storage plant can
generate 1520 MW, which is as powerful as a nuclear power plant, it can store up to 34 GWh and has
an overall efficiency of more than 80%. The system is able to react fast: 2 minutes are needed to start-
up the plant and only 3 minutes to switch the pump to turbine mode (GE Renewable Energy, n.d.).
With a water level of 2474 m above sea level, it is the highest reservoir in Europe.

Kraftwerke Linth-Limmern AG nach der Erweiterung

Muttsee -~
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|
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Figure A - 3 Schematization of the closed-loop PHES plant in Limmern. Water is pumped from the Limmernsee to the
Muttsee when demand is lower than supply and water flows from the Muttsee through turbines to the Limmernsee when
supply is lower than demand (AXPO, n.d.).

Offshore (Pumped Hydro) Energy Storage

The amount of stored energy is proportional to the difference in height (the ‘head difference’) and the
amount of the water that is pumped to a higher level. To store a larger amount, the head difference
should be higher or the capacity of the reservoirs should increase. However, a suitable landscape shape
is needed for PHES using natural reservoirs. Therefore, a promising solution is to store energy at sea.
Four concepts are described below to explain the need for energy storage in concrete spheres at large
depth.

BEST

Although PHES is a promising technology to store energy at sea, there are also other techniques to
store energy at sea. One of these is to store energy at sea using buoyancy: Buoyancy Energy Storage
Technology (BEST). This has been developed by researchers at the International Institute for Applied
Systems Analysis (IIASA), Austria. Energy is stored at the seabed with a compressed gas like air or
hydrogen. The system is connected to floating solar panels or wind turbines. When there is a surplus
of generated energy, buoyant tubes are pulled down to the seabed and are thus stored as potential
energy. BEST uses a platform anchored at the sea bed which is connected to a 100 x 100 m array of
high-density polyethylene pipes, in which the compressed gas is stored (Hunt, et al.,, 2021). The
researchers concluded that the system could have great potential in storing energy close to the
coastline near islands with no mountains. Although the current estimated costs are high, the estimated
LCOS could be reduced to $50/MWh (Blain, 2021) in the future if several optimisations are performed,
which is much less than the LCOS of lithium-ion batteries, which is around $200/MWh (Ferrell, 2022).
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FLASC

FLASC is another example of storing energy at sea. FLASC stands for Floating Liquid piston Accumulator
using Seawater under Compression and this concept is developed from researchers of the University
of Malta. In this concept, in charging mode, water is pumped into a closed chamber containing pre-
charged air Figure A - 4. When the stored energy is needed, the pressurized water is released through
a turbine to generate electricity (FLASC, n.d.). The intended depth for full-scale is between 100 and
400 m. This technology won several awards in the last years. With a first prototype, tests were done
in 2017 in the Grand Harbour of the Maltese Islands. The stored energy was generated with solar
panels and the system showed high efficiencies and system availability (FLASC, n.d.).

The efficiency decreases for larger depths, because thermal effects will become a problem. According
to the gas law, when a volume of air is compressed, the pressure increases by which the temperature
also increases. If the heat is not captured somehow, energy is lost to the surrounding sea water in the
form of heat and the overall efficiency decreases. This concepts is therefore intended to use at depths
up to 400 m, because at larger depth a larger pressure is needed to store the same amount of energy
due to the increase of hydrostatic pressure. Present systems using compressed air for energy storage
attempt to solve this with thermal storage to increase the efficiency, of which an example is Hydrostor,
which captures the heat of the compressed air (Hydrostor, n.d.). Although it increases efficiency, the
complexity and costs increases as well. Other solutions, which are used by FLASC, is to make sure that
the increase in temperature is limited by cooling the air with the surrounding water and limit the
pressure increase (Buhagiar, et al., 2019). The LCOS for this storage type is unknown yet, but according
to Ferrel, this system could save $554.000/MWh for the entire life span, with respect to lithium-ion
batteries (Ferrell, 2022).

Ocean Grazer

Another energy storage system for offshore use is the one developed by Ocean Grazer. This system
makes use of the hydrostatic pressure. When there is a surplus of energy, generated by (floating) wind
turbines or solar panels, water is pumped from a reservoir underground into a flexible reservoir placed
on the seabed. When the energy is needed, the water stored in the flexible reservoir is pushed back
due to the hydrostatic pressure into the reservoir underground. According to Ocean Grazer, the system
is flexible deployable, scalable and durable (Ocean grazer, n.d.).

v Water pressure v

Figure A - 4 Concept of the Ocean Battery. The pump-turbine module and the concrete reservoir are placed underground,
the flexible rubber ‘bag’ is placed on the seabed (Ocean grazer, n.d.)

Although the system looks promising, there are also disadvantages. One of these is that the concrete
reservoirs and the pump-turbine module will be placed underground (see Figure A - 4). As stated
before, the amount of energy increases linearly with depth. Besides this, the efficiency of the pump-
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turbine module increases also with depth. However, if water depth increases, it will also be more
difficult to install the pump-turbine module and the concrete reservoir underground.

Besides that, maintenance of the pump-turbine will be difficult, because it is buried in the ground. To
(partly) overcome this problem, it is intended to fill the concrete reservoirs with fresh water instead of
seawater, as fresh water leads to less maintenance. However, this will also be difficult, because the
volume of the concrete reservoirs is 20.000 m3 (Ocean grazer, n.d.). It will be a challenge to transport
the reservoirs if they are filled with fresh water, but it is also a challenge to fill the reservoirs with such
amount of fresh water at sea, when the system is deployed at large depth.

Fraunhofer

One of the concepts that is similar to the one that will be optimised in this report, is StEnSea, which
stands for ‘Stored Energy at Sea’. The Fraunhofer Institute has developed a pilot project, in
collaboration with Hochtief Solutions AG. This consists also of concrete spheres, which were placed on
the seabed. With a diameter of 30 m and a depth of 700 m, the storage equals 20 MWh and could
generate 5 MW for four hours, if a pump-turbine module would be used of 5 MW (Geuss, 2017).
StEnSea has got several awards, including one from Green Awards, where they ended in the top 3 in
the category ‘Best innovation of the year’.

In 2017 tests were done at Lake Constance at 100 m depth. For this test, a scaled prototype was made
which is shown in Figure A - 5. This prototype has an outer diameter of 3 m and an inner volume of
approximately 8 m3. The prototype was made on land and transported with heavy duty vehicles to the
lake. To avoid cavitation a pressure hose was made above the pump-turbine module (Dick, Puchta, &
Bard, 2021). The cylindrical parts below and above the sphere are to create space for the pump-
turbine.

During the tests, the pressure hose gave some disadvantages, because conventional pressure hoses
are usually designed for high internal pressures and not for external pressures. However, for full scale
spheres, cavitation can be avoided much more easy, with a water column of a few meters. Another
disadvantage is that the pump is integrated in the system, which makes maintainability of the pump
difficult. The next step will be testing a prototype of 1:3 scale and test it offshore (Dick, Puchta, & Bard,
2021). It is an cost-competitive option: the LCOS is estimated at $44-5220/MWh (Ferrell, 2022).

Figure A - 5 Scaled prototype of the concrete sphere used for energy storage, developed by researchers of the Fraunhofer

Institute (Geuss, 2017). The yellow balloons are needed to give enough buoyancy.
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B. Overview of development and current applications of 3DCP

3DCP is an upcoming and promising technique. To investigate whether 3DCP can be used to
construct the spheres, it is important to know how it is developed and for what purposes it is
developed. This information is mainly used in steps 2.3 (the concepts, based on main construction
methods, will be developed) and 2.4 (a qualitative verification is made for the main construction
method) of the design method.

3DCP is a relatively new development and therefore it is until today not widely used as structural
concrete. Although 3DCP is a relatively new, the technique of building walls and structures with
machines goes back to the 1930’s. Several patents under the name of William E. Urschel describes a
machine which could be used to deposit materials in the form of a strip for cylindrical or spherical walls
(US Patent No. US1995692A, 1931). Other patents followed, but in absence of a 3D model, 3DCP was
not there yet.

Since the end of the last century, the 3D printing industry increased and developed more and more.
One of the techniques that was developed is Contour Crafting (CC), developed by Khoshnevis at the
University of Southern California. Initially relatively small objects were printed with mainly ceramic
materials, but at the beginning of the 21th century, the Contour Crafting technique was scaled up and
more developed and also concrete was printed (Khoshnevis, 2004). From this, two different
approaches were distinguished: One method used the printed concrete as a formwork, where the
inner space was conventionally cast. For this method, reinforcement can still be applied. In case of the
second method, the inner structure is also printed, whereby concrete is used in a more efficient way.
In this case however, it is much more difficult to add reinforcement. Figure B - 1 illustrates both
techniques.

@ (b)
Figure B - 1 Printed concrete structures. (a) represents a printed formwork with conventionally cast concrete in between and
in case of (b) the inner structure is also printed (Khoshnevis & Zhang, 2013).

Although more research is needed before 3DCP will be used on large scale in the construction sector,
it is already been used on small scale. One project named ‘Project Milestone’ in The Netherlands are
the printed houses in Eindhoven (Figure B - 2a). These houses fully meets all the Dutch building
requirements. The first house is delivered in 2021 and consists of 24 elements that were printed in a
factory in Eindhoven. After that, the elements were transported to the construction site and placed on
a foundation (TU/e, 2021).
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Another application of 3DCP used for structural purposes in The Netherlands is a bridge for cyclists and
pedestrians. The bridge is 29 m long and is the longest 3D printed bridge in the world. The project was
undertaken by Rijkswaterstaat, in cooperation with BAM and Weber Beamix, and the bridge was
placed in the Dutch city of Nijmegen, due to Nijmegen’s election as European Green Capital in 2018.
From architectural point of view, there is much more freedom because a formwork is not needed. Also
for this project, the bridge consists of elements that were printed in a factory and assembled on the
construction site (Everett, 2021). This technique is also used in case of prefab structures, were the
structure is made in elements and assembled on the construction site. The technique of printing
elements in a factory and assemble them on the construction site is promising for the future.

Figure B - 2 Printed house in Eindhoven (a) (TU/e, 2021) and printed bridge in Nijmegen (b) (Everett, 2021).

In both cases, the structure consists of elements which were printed off-site and assembled on-site.
Other examples show that it is also possible to print on-site. In that case, transport costs are lowered.
Total Kustom, an enterprise founded by Rudenko in Minnesota (USA), realized some examples of on-
site 3DCP. In 2014, Rudenko designed and printed a small castle in his backyard, Figure B - 3a. The main
part was printed on-site, although the top parts were printed separately and assembled afterwards
(Rudenko, n.d.). The goal was to show that outside printing is possible and to verify whether the printer
would need any adjustments to print on larger scale.

After this success, Rudenko was approached by an entrepreneur to print an entire hotel room, as part
of the Lewis Grand Hotel in The Philippines. This room was 10.5 by 12.5 by 3 meters and was fully
printed on-site. To ensure continuity of the process, a large tent was built in which the room was
printed. The printing process took about 100 hours. This process includes several stops to install
plumbing, wiring and rebars. If these things could be done simultaneously with printing and/or
automatically, the printing process could be significantly reduced. The assembly of the printer took
most of the time: 2 months (3Dprint, 2015).
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(b)
Figure B - 3 Printed castle by Rudenko (a) and printed hotel room in The Philippines (b) (3Dprint, 2015)
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C. Calculation of draft of the empty sphere

As the draft of the spheres is an important design aspect, a calculation of the draft of the sphere
with conceptual dimensions is shown in this appendix. It is required that the spheres will have
enough buoyancy to keep floating. This is used in step 2.7 (a quantitative verification is made for
the variants) of the design.

The spheres should be transported from the construction location to the location where the will be
deployed. Therefore, the depth should be everywhere enough at the route of transportation. To verify
whether the available depth is sufficient, the draft of the spheres is calculated. The weight and size of
the spheres determines the draft of the spheres. This could be used to optimise the design. Besides
that, it could be used to verify whether the spheres are added to the pedestal and foundation before
transport or after transport, because that will influence the draft. In this appendix, the draft of an
empty sphere is calculated.

"'""-_q""'--,,_ %ﬂm
-"lr ll_.-'r
(
08m | |
v
lll"- 'l"'\..
10m ;:FMT' 1.8m

Sphere outer diameter Rout = 30.6/2 =15.3 m
Sphere inner diameter Ri, =25.8/2=12.9 m
Thicknesst=2.4m

The volume of the concrete:

4 4 . 4 4
VC=§'7T'R§ut—§'ﬂ"Rin=§'7T'15.33—§'7T'12.93=6010m3

Then, the weight of concrete:
W, =y, *V.=24x6010 = 144.240 kN

This weight has to balance the buoyancy. From that, the height of the sphere above the waterline is
calculated. This is calculated with the following equation:

4 3 1 2
Buoyancy = §-n-Rout—§-n-h (3 Royt — h) | x v

In which h is the height of the sphere above the waterline. The buoyancy should be equal to the weight
of the empty sphere. From this, the height of the sphere above the waterline can be calculated. From
that, the draft is calculated.
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4 1
Buoyancy = <§ -+ 15.3% — 3 h?-(3-15.3 - h)) 10 = 144240 - h= 3.7m

This results in a draft of 30.6 —3.7 =26.9 m.
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D. Model of Roussel to estimate buckling height printed concrete

Besides the model of Suiker which is used to calculate the buckling height in step 2.7 (a quantitative
verification is made for the variants), Roussel also developed a model to predict the buckling height.
This model is given in this appendix, which shows the difference between the model of Suiker and
the model of Roussel.

Roussel developed a formulation for the critical height A at which self-buckling is expected to occur
in a slender vertical structure submitted to its own weight (Roussel, 2018). If one linear meter of a wall
of width J'is considered, the formulation simplifies to the one given in Eq. C.1.

1 1

(%)5 (z-E-az)E (€0-1)

H
¢ 3:pg
For a stable structure, the modulus of elasticity should therefore be higher than:

IR
IR

. 3-p-g-H3

E="0% (C.0-2)
Where:
E = modulus of elasticity [N/mm?]
/ = quadratic moment of inertia [mm?]
A = horizontal rectangular cross-sectional area [mm?]
) = width of deposited layer [mm]

Roussel did some experiments, where the elastic modulus and compressive strength were measured.
Buckling failure was measured after 29 layers, whereas Eq. C.1 predicted buckling after 20 layers. Eq.
C.1 therefore underestimates the ability of the structure to resist buckling, but still allows for a rough
estimate (Roussel, 2018).

By using the relation between the Young’s modulus £ and the shear modulus & and the relation
between vyield stress and shear modulus, the requirement on Young’s modulus originating from a
strength-based failure criterion can be given.

E=2G6(1+v) and 71.=GYy, (C.0-3)

Then
2pgH i
E > P 1+v) (C.0-4)

By equaling Eq. C.1 and Eq. C.4, the transition height between plastic failure and buckling can found.

Hy =26 /% (C.0-5)

Where:
G = shear modulus
\Y = Poisson ratio (typical value of 0.3 (Roussel, 2018)
Ye = critical shear strain at flow onset (typical value = 2% (Roussel, 2018)
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E. Semi-adiabatic temperature description

In step 2.9 (the hydration heat is estimated, crack width calculations are performed and
watertightness will be verified) of the design, the adiabatic temperature increase is used. In reality
however, the temperature increase is semi-adiabatic. This semi-adiabatic formulation gives a more
accurate prediction and is given in this appendix. It shows the difference between the adiabatic and
semi-adiabatic calculation.

Non-adiabatic formulation

In practice, part of the hydration heat is transferred to the surroundings with elapse of time. This makes
that the hydration process is semi-adiabatic. The start of the hydration is a adiabatic process, but as
time goes on, some heat is released into the surroundings. This will also slow down the hydration
process, as the rate of the process depends on temperature (Martinelli, Koenders, & Caggiano, 2013).
The development of the temperature and the hydration process are described using the differential
equation of Fourier. The expression for 1D is given in Eq. D.1.

2
pc'cc'%zlc'%‘k‘h(% t) (D.1)
In this equation:
dQc
4ol t) = € ¢ (D2)
Where:
T = temperature inside the concrete [K]
Ac = heat conduction coefficient [W/(m - K)]
e (%,t) = rate of the heat source [J/(m? - s]
Qc = function describing heat by hydration per unit mass of cement [-]

The relationship between the temperature and the rate of the chemical reaction can be expressed
with the Arrhenius expression (Breugel, Veen, Walraven, & Braam, 1996).

Eq
V(T) = Ay - e &) (0.3)
Where:
V(T) =rate of chemical reaction [-]
Av = reference rate value [-]
Ea = apparent activation energy  [J/mol]
R = universal gas constant [8.3145 J/(mol - K)]

The Arrhenius equation is useful to define the relationship between the hydration heat Q in the semi-
adiabatic process and the degree of hydration. The Arrhenius expression is used to link the actual heat
production rate g-(7)and the corresponding heat production rate g,(73)in adiabatic conditions, from
which the last one should be measured at the same stage of hydration. Then, when the semi-adiabatic
process has reached the degree of hydration at time t, an equivalent time &, can be defined to identify
the corresponding status of the hydration reaction in adiabatic conditions (Martinelli, Koenders, &
Caggiano, 2013):

Qa(teq) = ap(t) " Qmax (D.4)
Where:
Q. (t.q) = heat released at an equivalent time in adiabatic conditions [J]
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Figure E - 1 Hydration heat and temperature development in adiabatic and semi-adiabatic conditions (Martinelli, Koenders,
& Caggiano, 2013)

Based on results of experimental testing on hardening concrete samples, in adiabatic conditions, two
possible analytical expressions were given to approximate the time evolution of the hydration heat
Qa(t) (Breugel, 1991):

Qa(t) = Qr*nax ' (1 - e—r-t) (D.5)
e
Qa(t) = Qmax-€ \t (D.6)
Where:
r, rand [ = parameters introduced to control the shape of the heat evolution [-]

The expression for t.; can be found with Eq D.7 or Eq D.8. The following two equations corresponds to
these two functions respectively Eq. D.5 and Eq. D.6.

- _1, _2n®
teg=—>-In [1 P (D.7)
T
tog = ————— (D.8)
ap®) Np
{ln[“h,max]} d

The amount of heat that is produced by the general hydration process is the same for both the
adiabatic and the semi-adiabatic process. However, the temperatures 7'and 7, corresponding to time
tand t.4are not equal, due to the heat transfer. Again, the Arrhenius equation is used to describe the
relationship (Martinelli, Koenders, & Caggiano, 2013):

E
alr@) _ e Fro _ -Ea.TeCedotO
o) Rl v el (0-9)
abalred e_R'Ta(teq)

Now, the differential equation can be rewritten. The result is given in Eq. D.10.

or Eg Ta(teq)-T(t)

0°T TR TN
peCer g =Ae 5zt dalTa(teg)] - € 7 TaliedT® (D.10)

In this equation, the flow source in adiabatic conditions can be determined as follows (Martinelli,
Koenders, & Caggiano, 2013):

102



dQq
it (D.11)

Qa[Ta(teq)] =C-
The problem can be solved with the initial conditions and boundary conditions. The initial condition is
given in Eq. D.12. When the external sides are not insulated, the boundary conditions are given in Eq
D.13. If the external sides are insulated, with a heat conduction coefficient 4, and thickness ¢, the

boundary conditions are given in Eq. D.14 and Eq. D.15.

T(x,t =0) =Ty (D.12)

T (x =-3, t) =Tpepe(t), T (x =2, t) = Tyigne(t) (D.13)

Tieft(O)-Tr LoT

Quefe(t) = Ay 0 =Ac 5 x=t (D.14)
_ . Tright(t)_TR _ . a_T
CIright(t) - Ap t = /1c x |x=§ (D.15)
Where:
A = heat conduction coefficient of insulation W/(m - K)]]
tp = thickness of insulation
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F. Estimation of leakage through (un)cracked sphere

Because leakage is important regarding the efficiency of the system, leakage should be avoided
as much as possible. To estimate the leakage, equations of Darcy are used. This is shown in this
appendix and the results are used to emphasise the required crack width control in Section 2.2.

The leakage in uncracked stage can be estimated with the Darcy moisture flow, given in Eq. E.1.

Q= (%) K (E.1)
Typical values for concrete are:

Q = leakage through concrete [m3/s]
A = area through which leakage occurs =4 - - R?> = 4 - - 15% = 2827 [m?]
Adp = pressure difference = 100*10° [Pa]
n = dynamic viscosity of fluid (temperature =3 °C) = 1.6*1073 [N-s/m?]
D = thickness of the member = 2.5 [m]
K = intrinsic permeability = 1*10® [m?]

For these values, the leakage is:

_ (ADp\ . _ (282710010%\ . _1g8 o in-6M° _ m?
Q_(n'D) K_(1.6-10—3-2.5) 10 =7-10 S = 0.025 hr

The amount of leakage through a cracked concrete wall can also be calculated with the Darcy moisture
flow, given in Eq. E.2. The leakage depends on the surface roughness, crack width, pressure difference,
dynamic viscosity, thickness of the member and the length of the crack width.

3.
0=a- (Wn.;"’) L (E.2)
Typical values are:
a = roughness factor = 0.01 [-]
w = crack width = 0.05*1073 [m]
L = length of the crack = 2.5 [m]

As an estimation, 1 crack through the full cross-section per m? is assumed.

For these values, the leakage is:

3. 110-3)%-100-105
Q=A-a-(2222) .1, = 2827 0.01 - (20310) 110010
D

3 3
- +2.5 =0.022=— = 79.5—
1.6:1073-2.5 s hr
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G. Verification of plastic and elastic failure of 3DCP and verification of wall

thickness

This appendix shows the calculation procedure for plastic collapse and elastic buckling. This is used
in step 2.7 (a quantitative verification is made for the variants) of the design, where the different
3DCP-variants are verified. In this appendix, the calculations, with numbers, are shown. The results

are given in Section 4.3.

Plastic collapse

The two failure modes of 3DCP, as described in Section 2.1, are plastic collapse and elastic buckling. In
case of plastic collapse, the stress in the lowest layer is higher than the strength of the material. The
increase of strength is described in Section 2.1, the stress can be divided into normal stress due to the
weight of the layers on top and bending stresses, due to the eccentricity of the layers on top, in case
the layers are inclined. This is represented in Figure G - 1. The normal stress g;; and bending stress o;>

in layer i are given in Eq. F.1 and Eq. F.2 respectively, in case 1 m length is used.

F  (hb1)pyg
P e (F.1)
M F-a
0-12 W = l-l-bz (F2)
6
L I 3 1 370

| =
RS
l .
s Mttt " b
Figure G - 1 First printed layers of concrete at the prefab element (left) and stresses in lowest printed layer due to a layer on
top.
The following parameters are used:
b =01 [m]
h =001 [m]
d = h = 0.01 (maximum printing angle of 45 °C) [m]
p =2200 [kg/m3]
g =981 [m/s?]
Q=025/3600 = 6.94*10~ [m3/s]

The normal stress in the first layer, due to the weight of the second layer equals:

N
mm?

o1 = F _ (b1)ypg _ (0.010.1-1)22009.81 _ 220% — 022103
: A b*1 0.1-1 m

The bending stress in the first layer, due to the eccentricity of the second layer equals:
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M F-a 0.01-0.1-1)-2200-9.81-0.01 N _ N
g, =a- fa ) = 129X = 0.129-1073 -4
4 w g.]_.bZ E.]_.0_12 m mm

The total normal stress in the first layer varies over the cross-section, as represented in Figure G - 2.

g-e '22,19_3 "‘M”‘i
[

3
o = ijli-f- : N/.wrr
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+
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Figure G - 2 Total stress in layer 1 when layer 2 is added.

The extra normal stress in the first layer when the third layer is added equals:

_F M _ (0.01:0.1-1)-2200-9.81 (0.01:0.1+1)-2200+9.81-0.02
0-1 - + _— - + 1 2
A w g'l'O.l

= (0.22 + 0.258) - 1073 —

mm?

0.1-1

Then, the total normal stress is represented in Figure G - 3.

F__Tj - 0,349; 190 " Mt

<

l I A
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o= g#23 Wjmm*
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Figure G - 3 Total stress in layer 1 when layer 3 is added.

The stress in the lowest layer can be calculated for each layer that is added on top, to get the total
stress in the lowest layer, for all layers that are added on top.

Verification of elastic buckling

Elastic buckling is the second failure mode of printed concrete. This has to do with the geometry and
stability of the structure. The model that is used to predict the buckling height is presented in Section
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2.1. The vertical wall growth velocity (Eq. F-3) can be simplified by modelling it as a continuous growing
process, which depends on several printing parameters.

=2 (F-3)

- Vn'b'T)

The increase of stiffness is given with the curing rate &. This curing rate can be determined by
measuring the stiffness of the printed concrete at different time steps after the concrete is deposited.
In this report, the initial stiffness and curing rate of stiffness are taken from Figure G - 4, based on
experiments by Suiker (Suiker, 2018). From this, the linear relation equals:

E =0.0781+ 0.0012-¢t (F.4)
Then, the curing rate equals:
0.0781 - — -
&L= =0.0154 min"! =2.6-10"*s7!
0.0012
0.25
L ]
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Figure G - 4 Initial stiffness and increase of stiffness for printed concrete, coming from experiments (Suiker, 2018)

Case 1: Free wall
In case of a free wall, the critical height can be calculated with the approximation given in Eq. F.5

1

_ . b >
ley = (pbgo )3 “ler (F.5a)
[, = 1.98635 + 0.996 - (€4)* " (F.5b)
Where:
1
1 _ (Do 3.4k
$k = (p-g-b) i (F.6)
_ Egb®
0™ 12.(1-v2) (F.7)
Where:
Ler = critical buckling height [m]
&g = curing rate elastic stiffness  [s]
Dy = initial bending stiffness [Nm]
Ey = initial elastic stiffness [N/m?]
1% = Poisson’s ratio = 0.3 [-]
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The parameters depend on the number of the layer, as the cross-section changes over height. The

calculation is shown for the middle of the sphere. The corresponding parameters are:

Q =0.25/3600 = 6.94*10-5
R =15

b =01

h =001

ve  =Q/(b*h) =0.0694

T, =(m*2*R)/va = 1358

The vertical growth equals:
j Q
l —

[m?3/s]
[m]
[m]
[m]
[m/s]
[s]

6.94:1075

" vbT; 0.06940.1-1358

=736" 10—6?

_ Egb® _ 0.0781-10%0.13
DO - 12-(1-v2) - 12:(1-0.32) = 7.152 Nm
D \5 & 7152 \3 2.610~*
cl __ 0 3, SE __ . 3, 2.6 _
¢r = (p-g-b) i (2200-9.81-0.1) 7.36:10~6 5.27
I, = 1.98635 + 0.996 - (&) = 5.71
and
lg =—25=—2"1 _ =0851m
(w)i (M)E
Do 7.152

Case 2: Simply supported or Fully-clamped wall

In case of a simply supported and fully clamped wall, de design graphs of Figure G - 5 need to be used
to find the dimensionless critical height, depending on the dimensionless linear curing rate and the
dimensionless wall width. The dimensionless wall width can be calculated with Eq. F.8.

1

_ -g'b\3
- (222
Do

(F.8)
Where:

w = wall width  [m]
Eg. F.8 is based on a straight vertical wall. In this particular case, the cross-section is a circle and
therefore there is no straight wall. As an estimation, part of the circle will be assumed to be straight

with a maximum curvature of 10°.
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Figure G - 5 Design graphs to obtain the dimensionless critical buckling height in case of simply supported wall and fully-
clamped wall (Suiker, 2018)

The buckling length will be calculated for the two most interesting parameters: at the onset of
printing (angle of 45°) and at y=0, where the wall is vertical.
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Figure G - 6 The buckling length is calculated for two cases: at the onset of printing (left) and when printing vertical (right)

The corresponding parameters for the first case are (note that for this case a larger pump rate is used,
because the same pump rate as for free buckling results in a normalized curing rate which is out of the
range of the design graphs):

Q =0.55/3600 = 1.53*10+ [m3/s]
R =106 [m]

b =01 [m]

h =0.01 [m]
Va =Q/(b*h) =0.153 [m/s]
T, =(m*2*R) v, = 435 [s]

The width (length) of the part with a maximum curvature of 10° equals:

_ 10 R—10 2-10.6 =1.85
Y =360 ~360 " 0= e
The vertical growth equals:
. .10~%
(=2 =29 __330-10752
vpb Ty 0.153-0.1435 s
l fl l 4
51 _ (Do \3 & _ 7.152 3 26107%
E— (p-g-b) i (2200-9.81-0.1) 2.30-1075 1.69
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The normalized buckling length can be found, using Figure G - 7.

J
i

1
3
) +1.85=12.41

- I=

B £

8.‘ 4an g

e - 2

g g

= > 6 2

g 8

® 2 €@ »

froo wii
Simplysupported wall, in. curing Fty-clamped wall, in. curing
00 05 1.0 15 20 25 30 0.0 05 1.0 15 20 25 30
Curing rate ¢ Curing rate &

Figure G - 7 The normalized curing rate and normalized width gives the normalized buckling length I, in case of simply
supported wall and fully-clamped wall. The parameters which define the curing rate and normalized width corresponds to
the y-value corresponding to an angle of 45 °.

Then, the actual buckling length can be calculated, in case of simply supported and fully-clamped wall:

Ier 4.0

lcr,s—s - gb\3 - 22009.810.1\5 = 0.60 [m]
5 )

lcr,f—c - .lc.:; iT 2200-?{?1-01 I- 075 [m]
(55 )

Thus: 0.60 <1 < 0.75 [m]

The corresponding parameters for the second case are (note that for this case a larger pump rate is
used, because the same pump rate as for free buckling results in a normalized curing rate which is out
of the range of the design graphs):

Q =0.5/3600 = 1.53*10+ [m3/s]
R =15 [m]

b =01 [m]

h =0.01 [m]
Vi =Q/(b*h) =0.153 [m/s]
T, =('2*R)/vn =616 [s]

The width (length) of the part with a maximum curvature of 10° equals:

_ 10 ZR—10 2-15=12.62
Y =360 " ~360 " —abem
The vertical growth equals:
Q _ 153107*

i=

—cm
= = =1.62-1075=
vpb T 0.153:0.1'616 s
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The normalized buckling length can be found, using Figure G - 8.

Buckling length |,

Buckling length T: o
i
B §

free wall

Simply-supported wall In. curing Fulty-clamped walll, n. curing
00 05 10 15 20 25 30 0.0 05 1.0 15 20 25 30

Curing rate ¢ Curing rate &

Figure G - 8 The normalized curing rate and normalized width gives the normalized buckling length I, in case of simply
supported wall and fully-clamped wall. The parameters which define the curing rate and normalized width corresponds to
the y-value corresponding to an angle of 0 ° (y=0).

Then, the actual buckling length can be calculated, in case of simply supported and fully-clamped wall:

Ier 4.4

lcr,s s = -g-b % - 2200-9-81-01 % - 0.65 [m]
&) ()
e _ 4.7 _
lcr,f—c - p-gb % 2200:9.81:0.1 % 0.70 [m]
(D_o) ( 7.152 )

Thus: 0.65 < I+ < 0.70 [m]

The calculation is shown in case of construction in the dry. The same procedure is used in case of
submerged construction and construction on a pontoon. The relevant parameters for these variants
are given in Section 4.3.3 and Section 4.3.4.
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H. RFEM results regarding the thickness of the sphere and required
concrete class

In this appendix, the input used in RFEM is stated. Besides that, the elaborate results are shown for

different construction methods. This is used in step 2.7 (a quantitative verification is made for the
variants) of the design.

Input RFEM
Herwald van de Vreede Model: bol_quadrangle Dot 2822023 Foge 1/
m— Sheat 1

»\ movet

CLIENT

CREATED BY

3  Guide Objects

PROJECT

v In Axonometic Direction by Defoult

www.dlubal.com F RFEM 6.02.0045 - General 3D structures solved using FEM
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31 Coordinale Systems

www dlubal.com
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Herwald van de Vreede @ Model: bol_quadrangle Date 2822023 Fage 4/4
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The sphere is support with a hinged support at 45 degrees (fixed displacement in global z-direction
and fixed rotation around global z-axis), which represents the support of the pedestal. To avoid an
error in RFEM, the translation is fixed in global x- and y-direction at the bottom of the sphere.
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Results of deformations and stresses in the sphere in use phase.

o \L? <

9700 kPa

Z=1000 m

10000 kP
/N ’

Figure H - 1 A hydrostatic pressure is applied at the outside of the sphere (the pressure is perpendicular to the surface). The
support of the pedestal is modelled with a hinged support at an angle of 45°.

Result of global deformations:

Global D
|ul [mm]

Figure H - 2 Global deformation of the sphere in use phase.
Result of stresses in local x-direction at inside (left) and outside (right)

Surfaces | Stresses | Basic Stresses Surfaces | Stresses | Basic Stresses

g+ [N/mm?] ax- [N/mm?]
-20,000 | -20.000 L
o B o
21,818 21.818
0.00% - 0.00%
23,636 -23.636
0.00% 0.00%
-25.455 25,455
0.00% 0.00%
-27.273 27.273
0.00% 0.00%
29,091 29,091
B o B o
-30.909 -30.909
e B o
32727 32.727
0.00% 0.00%
-34.545 -34.545
-, e B o
36,364 36364
e -,
| o
40,000 - -40,000 -

Figure H - 3 Result of stresses in local x-direction at inside (left) and outside (right)

Result of stresses in local y-direction at inside (left) and outside (right)
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Surfaces | Stresses | Basic Stresses Surfaces | Stresses | Basic Stresses

Ty [N/mm=] ay.- [N/mm3]
ZITI L -20.000 -

- DIDES - 0.00 %

-21.818 21,318
- DIFDES - 0.00 %

-23.636 23,636
DIFDES 0.00 %

-25.455 25,455
0.00% 0.00%

-27.273 27,273
0.00% 0.00%

-29.091 29,091
100.00% 100.00 %

-30.909 30,909
0.00% 0.00%

32,727 32.727
0.00% 0.00%

34,545 34,545
0.00% - 0.00%

36,364 36,364
0.00% - 0.00%

-38,182 B 38182
0.00% psnnlt axian'sx wala s - 0.00%

40,000 40,000

Figure H - 4 Result of stresses in local y-direction at inside (left) and outside (right).

Result of deformations and stresses for 3DCP construction method 1: 3DCP + cast in place

The results are shown at 3 different stages during construction: at 50%, 75% and 100%. This is
represented in Figure H - 5.

y

\ L. I L. L.
A JAN A AN A A
Figure H - 5 The stresses will be analysed at 3 different stages during construction: at 50%, 75% and 100%.

Results at 50% of construction:
Result of global deformations:

Global Deformations
u] [mm]

0.3 |
_
0.2
—
0.2
358%
0.2
12.82%
02
9.54%
0.2
840%
0.1
18.01%
0.1
18,26 %
0.1
B e
0.1

Figure H - 6 Global deformations at 50% of construction.

Result of stresses in local x-direction at inside (left) and outside (right)
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Surfaces | Stresses | Basic Stresses Surfaces | Stresses | Basic Stresses

Tx.2 [N/mm=] 0z~ [N/mm3]
0.208 | 0.455 [ |

- 1.7 % - 1144 %

0.164 0.361
- 9.84 % - 733%

0.121 0.267
8.63% 12,59 %

0.077 0.173
11.25% 9.55%

0.034 0.079
10.71% 8.10%

-0.009 0.015
10.56 % 898 %

-0.053 -0.109
11.59% 17.39%

-0.096 -0.204
T4 % 1040 %

-0.140 -0.298
- 478% - 6.24 %

-0.183 -0.392

- 591%
0,226
- 813%
|

-0.270

Figure H - 7 Result of stresses in local x-direction at inside (left) and outside (right).

|

-0.:436

-0.580

Result of stresses in local y-direction at inside (left) and outside (right)

Surfaces | Stresses | Basic Stresses Surfaces | E;ressu | Basic Stresses

- [f

@, [N/mm
0882 [ | 0453 - . L
1.55% e
2.00% el e
0.640 0.201 sass
314% a3
019 oo 2433
2.90% %
0.399 -0.055
318% 19.58%
0273 -0.134
3.61% 31.22%
0.157 0312
420% 5.09%
0.036 0440
14.91 % 331%
-0.085 -0.569
- 31.68% - 183%
0205 0697
T .
0326 - -0.825
16.32% - 187%
0447 - -0.954 L

Figure H - 8 Result of stresses in local y-direction at inside (left) and outside (right).

Results at 75% of construction:
Result of global deformations:

Global Deformations
|uf [mm]

0.6 |

- 18.39%

0.5

0.5
8.38%

0.4
11.61%

0.4
4.06 %

0.4
3.74%

0.3
3.56 %

0.3
3.74%

0.2
- 6.96%
0.2
- 12,80 %
0.1
- 18.20%
0.1 .

Figure H - 9 Global deformations at 75% of construction.

Result of stresses in local x-direction at inside (left) and outside (right)
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Surfaces | Stresses | Basic Stresses
Ox = [N/mme]

0.308 |
e

0.238
- 10,34 %

0.164
10.20%

0.0%2
11.61 %

0.020
11.31%

-0.051
11.22%

-0.123
5.54%

-0.135
7.93%

-0.267
- 14.43%

-0.339

-0.41
|

-0.483

Surfaces | Stresses | Basic Stresses

- [N/mmé]

Figure H - 10 Result of stresses in local x-direction at inside (left) and outside (right)

Result of stresses in local y-direction at inside (left) and outside (right)

Surfaces | Strasses | Basic Stresses
Gy = [N/mm3]
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. e
1.169
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2.00%
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413%

0.286
5.16%

0.065
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Surfaces | Stresses | Basic Stresses
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-1.368
-1.584

-1.800

Figure H - 11 Result of stresses in local y-direction at inside (left) and outside (right).

Results at 100% of construction:
Result of global deformations:

Global Deformations

ul [mm]

0.8 |

08

07
623 %

0.6
9.58%
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17.86 %

05
977 %

0.4
10.36%

0.4
447 %
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0.2
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Figure H - 12 Global deformations at 100% of construction

Result of stresses in local x-direction at inside (left) and outside (right)
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Surfaces | Stresses | Basic Stresses
@x « [N/mm=<]

0.407 |
8.07%
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11.86%
0.228
11.93%
0139
10.69%
0.050
13.45%
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0128
6.28%
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0.397
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0,576 |
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0117
-0.053
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1 73R

Figure H - 13 Result of stresses in local x-direction at inside (left) and outside (right).

Result of stresses in local y-direction at inside (left) and outside (right)

/mm?]

1.601

1.341

1.082

0.822

0.562

Surfaces | Stresses | Basic Stresses
G-

|

- 1.99%

1.59%
346%
4.54%
574%
33.69%

2293%

- -
|

Surfaces | Stresses | Basic Stresses
oy~ [N/mm3]

Figure H - 14 Result of stresses in local y-direction at inside (left) and outside (right).

Result of deformations and stresses for 3DCP construction method 2: submerged 3DCP + cast in place

0.628

0375

0122

36.22%
39.60 %
5.19%
322%
214%
1.58%
1.60 %
1.61%

142%

The results are shown at 3 different stages during construction: at 50%, 75% and 100%. This is
represented in Figure H - 15.

|

\ "/

A

AN

YA\

A

Figure H - 15 The stresses will be analysed at 3 different stages during construction: at 50%, 75% and 100%.

Results at 50% of construction:

Result of global deformations:
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Figure H - 16 Global deformations at 50% of construction.

Result of stresses in local x-direction at inside (left) and outside (right)
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Figure H - 17 Result of stresses in local x-direction at inside (left) and outside (right).

Result of stresses in local y-direction at inside (left) and outside (right)
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Figure H - 18 Result of stresses in local y-direction at inside (left) and outside (right).

Results at 75% of construction:
Result of global deformations:
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Global Deformations
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Figure H - 19 Global deformations at 75% of construction.

Result of stresses in local x-direction at inside (left) and outside (right)
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Figure H - 20 Result of stresses in local x-direction at inside (left) and outside (right).

Result of stresses in local y-direction at inside (left) and outside (right)
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Figure H - 21 Result of stresses in local y-direction at inside (left) and outside (right).

Results at 100% of construction:
Result of global deformations:
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Figure H - 22 Global deformations at 100% of construction

Result of stresses in local x-direction at inside (left) and outside (right)
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Figure H - 23 Result of stresses in local x-direction at inside (left) and outside (right).

Result of stresses in local y-direction at inside (left) and outside (right)
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Figure H - 24 Result of stresses in local y-direction at inside (left) and outside (right).
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Result of deformations and stresses for 3DCP construction method 3: 3DCP + cast in place on a
pontoon

The results are shown at 3 different stages during construction: at 50%, 75% and 100%. This is
represented in Figure H - 25.

v v
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4

. f .
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Figure H - 25 The stresses will be analysed at 3 different stages during construction: at 50%, 75% and 100%.

Results at 50% of construction:
Result of global deformations:
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Figure H - 26 Global deformations at 50% of construction.
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Figure H - 27 Result of stresses in local x-direction at inside (left) and outside (right).

Result of stresses in local y-direction at inside (left) and outside (right)

127




Surfaces | Stresses | Basic Stresses
ay.« [N/mmé]

0.000 L
- 18.38%

Surfaces | Stresses | Basic Stresses
.- [N/mm?]

0.023

|

-0.03 0017
- 1443% - 16.86%
-0.073 0057
16.41% 2039%
0110 0,007
RIRIES 8.67%
0146 0137
7.87% 16.21%
-0.183 0177
573% 1067 %
0220 0216
7.69% 203%
025 0,256
5.95% 235%
0293 0,296
- 4.65% - gLlope
-0.330 LEED
-0.366 e -
% 17%
370% 0416 -

-0.403

Figure H - 28 Result of stresses in local y-direction at inside (left) and outside (right).

Results at 75% of construction:
Result of global deformations:
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Figure H - 29 Global deformations at 75% of construction.

Result of stresses in local x-direction at inside (left) and outside (right)
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Figure H - 30 Result of stresses in local x-direction at inside (left) and outside (right).

Result of stresses in local y-direction at inside (left) and outside (right)
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Figure H - 31 Result of stresses in local y-direction at inside (left) and outside (right).

Results at 100% of construction:
Result of global deformations:

Figure H - 32 Global deformations at 100% of construction

Result of stresses in local x-direction at inside (left) and outside (right)

Surfaces | Stresses | Basic Stresses
Tz« [N/mm<]

-0.155 |
- 30.98 %

-0.200
-0.244

9.24 %
-0.289

4.24%
-0.334

4.05%
-0.379

4.05%
0.423

4.15%
-0.463

433%
-0.513

- 488%
-0.558
- 1259%
-0.602
- 15.67 %
.

0647

Global Deformations

[ul [mm]

0.2

0.2

0.2

0.2

0.2

0.2

0.1

0.1

0.1

0.1

0.1

0.1

13.12%

7.06 %

6.21%

6.14%

6.53 %

7.39%

9.06 %

12.85%

9.76%

13.61%

8.27%

Surfaces | Stresses | Basic Stresses

16,05 %

21.69 %

11,67 %

21.84%

683 %

8.66%

731%

1.70%

1.38%

1.45%

1.42%

Surfaces | Stresses | Basic Stresses

ax.- [N/mm=<]

-0.072
0,147
-0.223
0,298
-0.373
-0,449
-0.524
-0.599
-0.674
-0.750
-0.825

-0.500

Figure H - 33 Result of stresses in local x-direction at inside (left) and outside (right).

Result of stresses in local y-direction at inside (left) and outside (right)
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Figure H - 34 Result of stresses in local y-direction at inside (left) and outside (right).
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I. Calculation of shrinkage

Because the amount of shrinkage largely determines whether the tensile strength is exceeded, the
shrinkage of three most important types is calculated in this appendix. This is used in step 2.9 (the

hydration heat is estimated, crack width calculations are performed and watertightness will be
verified) of the design.

Thermal shrinkage

The thermal shrinkage depends on the temperature difference and the thermal expansion coefficient
of concrete, which is approximately 10*10¢ / °C.

Temperature of concrete in case all hydration heat results in warming of concrete, surrounding temperature is 20 °C
—— ASTM1, general purpose
ASTM2, moderate sulfate resistant
ASTM3, high early strength
—— ASTM4, low heat
ASTMS, sulfate resistant

I3

&

Temperature [°C]
®

o

-3

20

107 107! 10° 108 107
Time [hr]

Figure | - 1 Adiabatic temperature increase of different cement types

With Figure | - 1, the shrinkage can be calculated and is given in Table | - 1.

Table | - 1 Thermal shrinkage of cement types

Cement type ASTM1 ASTM2 ASTM3 ASTM4 ASTM5
Temperature 48.1 46.0 47.6 38.5 44.8
Shrinkage = ac.*AT 4.81*10* 4.60*10* 4.76*10* 3.85*10* 4.48*10*

Drying shrinkage and autogenous shrinkage
Drying shrinkage and autogenous shrinkage are both described in Eurocode 2 (EN 1992, 2011). These
two components both depend on time: drying shrinkage develops slowly and ranges from days to
months, whereas autogenous shrinkage is linearly linked to the hardening of the concrete, which is

mostly in the first days. The total shrinkage is given in Eq. G-1 to Eq. G-4.

€cs,00 = Ecd,o0 T Eca,00

Ecd,c0 = kh *€cd,0
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Table | - 2 Value for k, depending on the fictitious thickness of the cross-section

hg Ikh

100 1,0
200 0,85
300 0,75
= 500 0,70

The initial drying shrinkage can be determined with Table | - 3. In this case, the sphere is submerged
so the relative humidity is high. As starting point, relative humidity of 90% is chosen. Because the
lowest required concrete class is C35/45, this is used as initial input.

Table I - 3 Value of the nominal unrestricted drying shrinkage of concrete with cement CEM and class N [in %o ]

Relatieve vochtigheid
fck‘rfck,cube (0"0)
(MPa)
20 40 60 80 90 100
20/25 0.62 0.58 0.49 0.30 0.17 0.00
40/50 0.48 0.46 0.38 0.24 0.13 0.00
60/75 0.38 0.36 0.30 0.19 0.10 0.00
80/95 0.30 0.28 0.24 0.15 0.08 0.00
90/105 0.27 0.25 0.21 0.13 0.07 0.00
Where the fictitious thickness equals:
A
hy = 7” (G-3)
Ecqoo = 2.5 (fer —10) - 10~° (G-4)

Where:

Ecs
Ecd
Ecd0
ECH
Ac
u
ho
fox

If 1 meter length is used, and the wall thickness is 2.5 m, the total shrinkage equals:

= total shrinkage
= drying shrinkage

= initial drying shrinkage
= autogenous shrinkage

= area of the cross section

= perimeter of the cross section
= fictitious thickness of cross section
= characteristic compressive strength

2.8 _
u

2.5-10°

77103

=714 mm

Ecd,oo = kp - €capo = 0.7+ 0.13- 1073 =9.1-10"°%

Ecam = 2.5 (fgp —10)- 107 =25-(35—-10)107° = 6.25 - 107°
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€cs,o0 = €cd,0 + Ecq,o0 = 1.535: 10_4



From this, it can be concluded that the thermal shrinkage is three times larger than the sum of the
autogenous and drying shrinkage and is therefore much more important in this specific case.
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J. Python scripts

In this appendix, the python scripts can be found for the calculation of stress and strength of lowest
printed layer, the buckling height in case of a free wall and the adiabatic increase of temperature.
This is used in step 2.7 (a quantitative verification is made for the variants) and 2.9 (the hydration
heat is estimated, crack width calculations are performed and watertightness will be verified) of
the design method.

Calculation of stresses in lowest printed layer (1)

import numpy as np
import matplotlib.pyplot as plt
#matplotlib inline

plt.figure(figsize=(13,7))

p = 8.5

Q = (p*0.5/3600)*1E+6 # print rate [cm3/s]
r = 1580 #diameter is 2%r [cm]
d =1 # cantilever is 'd’ cm
e = [1] #thickness is ‘e’ cm
b = 18 #width is 'b" cm

thau_@ = 4%19%%-3
A _thix = B.5%19**-p
g = 9.81

rho = 2200

for k in range(len(e)):
v = Q/(b*e[k])
print(f 'printsnelheid = {v:.1f} cm/s")
y = np.linspace(-1580,1508,int(30801/e[k]))
x = np.zeros{len(y)-2)
omtrek = np.zeros(len(x))
duur = np.zeros(len(x))
compression = np.zeros{len(x))
tension = np.zeros({len(x))
total duur = np.zeros(len(x))
total omtrek = @
for i in range(len(y)-2):
x[i] = np.sgrt(r**2-(y[i+1])**2)
if (x[i] - x[i-1]) < -1*d:
break
if np.abs(x[i] - x[i-1]) » d:
m=1i
if np.abs(x[i] - x[i-1]) < d:
M= ((e[k]*2.01)*(b*0.01)*rho*g) * ((x[i]-x[m])*6.081)
W = (1/6)*1*((b*B.01)**2)
compression[i] = rho*1E-9*g*e[k]*1@ + (M/W)*1E-6 + compression[i-1]
tension[i] = rho*1E-9*g*e[k]*18 - (M/W)*1E-6 + tension[i-1]
omtrek[i] = np.pi*2*x[i]
duur[i] = omtrek[i]/v
total duur[i] = np.sum(duur)
total omtrek += omtrek[i]

Figure J - 1 Calculation of stresses and strength in lowest printed layer (1)
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Calculation of stresses in lowest layer (2)

b = np.zeros{len(y)-2)
for i in range(len(y)-2):
if i < int(len(y)-3)
if np.abs(x[i+1] - x[i]) » d:
b[i] = @
else:
b[i] = e[k]

plt.subplot(l, len(e), k+l1)

print(f'totale printpad = {total_omtrek:.8f} cm")

print(f'totale printtijd = {(np.max(total_duur)/(3600*24)):.1f} dagen’)
layer =m

t = np.linspace(®@,1780@0,int(np.max(total_duur)))

t_c = 1800
thau_2 = A_thix*t_c*(np.exp(t/t_c) - 1) + thau_@

plt.plot(t, -thau_2, 'o', label =f'Compressive strength development, layer 1')
plt.plot(t, 1/15*thau_2, 'o', label =f'Tensile strength dewvelopment, layer 1')
plt.plot{total_duur[layer:]-total_duur[layer],-(compression[layer:]-compression[layer]), ‘o',

label =f'Compressive stress for layer 1')
plt.plot(total_duur[layer:]-total_duur[layer],-(tension[layer:]-tension[layer]), 'o’, label =f'Tensile stress for layer 1")

plt.ylim(-0.015,8.015)

plt.legend(loc="upper left')

plt.title(f printing time = {(np.max(total_duur)/(36@0%24)):.1f} days, printing rate = {(Q/10@@*6@):.1f} l/min’, fontsize=15)
plt.xlabel( time [s]")

plt.ylabel( strength and stress [N/mm*2]")

plt.x1im(@,20000)

plt.axhline(®, color='black’,linewidth=5)

plt.text(12500, -0.202, 'Compression part’, fontsize=20)

plt.text(12580, ©.802, 'tension part', fontsize=28)

Figure J - 2 Calculation of stresses and strength in lowest printed layer (2)
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Calculation of elastic buckling free wall

import numpy as np
import matplotlib.pyplot as plt
#matplotlib inline

p = 8.5
Q = p*@.5/3600 #m"3/s
2200 #kg/m3
.81 #m/s"2
b = 0.18 #m
h = [0.01]
E_@ = 781e0
poisson = ©.3
curing_E = 8.800826
r =15
for k in range(len(h)):
y = np.linspace(-15,15,int(38.81/h[k]))
x = np.zeros(len(y)-2)
omtrek = np.zeros(len(x))
duur = np.zeros(len(x))
buckling height=np.zeros(len(x))
v = Q/(b*h[k])
for i in range(len(x)):
x[i] = np.sqrt(r**2-(y[i+1])**2)
omtrek[i] = np.pi*(x[i])*2
T = omtrek[i]/v
duur[i] = T+duur[i-1]
i_dot = Q/(v*b*T)
D 8 = (E_@*b**3)/(12*(1l-poisson**2))
curing_E_nor = (D_8/(rho*g*b))**(1/3)*curing_E/i_dot
1 cr_nor = 1.98635 + ©.996*(curing_E_nor)**@.793
buckling height[i] = 1_cr_nor/({rho*g*b)/D_8)**(1/3)
plt.plot(y[1:439],buckling height[@:438],color="red")
plt.plot(y[439:-439],buckling_height[438:-438],color="green")
plt.plot(y[-439:-1],buckling_height[-438:],color="red")
plt.ylim(©.28,0.9)
plt.ylabel( 'critical buckling height [m]")
plt.xlabel('y [m]")
plt.text(-9.5,8.3, f'b = {b} m, h = {h[k]} m, Q@ = {(Q*6@*106@0):.1f} 1/min", fontsize='medium', color="black')
plt.title(f'buckling height of printed concrete, depending on y')
print(f'tijd na 3@ lagen printen = {(duur[488]-duur[438]):.8f} s")
plt.axvline(-np.sqrt(225/2), linestyle='dashed', color='black’,linewidth=1)
plt.axvline(np.sqrt(225/2), linestyle='dashed’, color='black’,linewidth=1)
plt.axhline(buckling_height[438], linestyle='dashed’, color='black’,linewidth=1)

o
]
won

Figure J - 3 Calculation of elastic buckling height of free wall.

138



Calculation of adiabatic temperature increase at time t

import numpy as np

import matplotlib.pyplot as plt
¥matplotlib inline

from IPython.display import display
from matplotlib.patches import Arrow

ASTM1 = [@.55,8.17,0.18,8.067] #C35, €25, C3A, C4AF
ASTM2 = [@.55,0.20,0.96,8.10]
ASTM3 = [@.55,8.17,0.09,8.088]
ASTM4 = [©.35,0.40,6.084,8.12]
ASTMS = [@.55,08.20,0.04,8.12]

CEM = np.array([ASTM1, ASTM2, ASTM3, ASTM4, ASTMS])

c3s = [e,e,8,1,18,21,38,43,47,48,49]
€35 = [@,0,0,0,0,0,4,9,12,16,24]

c3A = [1,9,10,10,12,15,28,37,48,42,52]
C4AF = [@,7,8,8,8,9,11,18,20,20,208]

time = [@.01, @.1, 1, 2, 5, 18, 28, 50, 188, 200, 500]

fig = plt.figure(figsize=(29,8))

ax = fig.add_subplot(111)

ax.grid(b=True, which='major', color='#666666", linestyle='-",alpha =@.6)
ax.minorticks_on()

ax.grid(b=True, which="minor', color='#999995%°, linestyle='-", alpha=0.2)

hydr_heat = [500%1000, 266*1000, 865*1000, 420%1000] #1/kg

c = 990 #1/(kg*K) = specific heat
C = 350 #kg/m3 = cement content
rho = 23e@ #kg/m3 = density

temp = np.zeros(({len{CEM),len(time)})

for i in range(len(time)):
for j in range(3):
temp[§,i] = ((@.81*C35[1i]*CEM[],@]*hydr_heat[®] + 0.81*C2S[i]*CEM[],1]*hydr_heat[1] + @.81*C3A[i]*CEM[],2]*hydr_heat[2]
+ 8.81%C4AF[i]*CEM[ j, 3] hydr_heat[3])*C)/(c*rho)

types = ['general purpose’, ‘moderate sulfate resistant’, 'high early strength’, 'low heat', “sulfate resistant®]
for i in range(3):
ax.plot(time,temp[i,:], label="ASTM' +str(i+l)+ ', ' +str{types[i]))
plt.xscale( log")
ax.legend(loc="best', fontsize="x-large')
plt.xlabel( Time [hr]', fontsize="x-large')
plt.ylabel( Temperature [°C]', fontsize='x-large')
plt.ylim(e,35)
plt.axvline(@.1,ymax=8.1,color="black")
plt.axhline(temp[@,1],xmax=@.24,color="black")
ax.annotate(f"temperature increase = {(temp[®,1]):.2f} °C", xy=(0.886, 2), xytext=(0.82, &), arrowprops=dict(facecolor="black")
,5ize="large’);
plt.title(f'Adiabatic temperature increase of concrete', fontsize='xx-large');

Figure J - 4 Calculation of adiabatic temperature increase of concrete.
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