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Abstract 
 

Festivals are getting better at decreasing their ecological footprint in terms of reducing their 

waste, but the biggest polluter are still the diesel generators which are being used in large 

quantities. To be able to partly solve this problem, the usage of green energy sources would 

be a great step ahead. The solution which is elaborated in this report: a tower which can be 

set-up within a day and generates electricity by using solar panels and a wind turbine. 

Combining these aspects into a research question, this would be:  

 

What structural design is suitable for a multi-purpose wind-turbine-tower situated on festival 

sites? 

 

In Part I, a total of fourteen design options were generated before the start of this graduation 

project. These fourteen options have been reduced to a final four options, and eventually to 

a final solution which scored best on a combination of eight aspects. This eventually resulted 

in a retractable tower which consists out of triangle-shaped steel elements.  

 

For this design combined with the desired height of the tower, the wind load has been 

calculated based on NEN-EN 13872 in part II, which describes the rules for temporary 

structures. Using this load, calculations have been executed on the stay cables (what 

magnitude of forces will be induced in the cables?), floor trusses (what dimensions are 

required?), tipping safety (which measures are additionally required to provide tipping 

stability?) and natural frequency (how does the tower behave in terms of vibration?). Also, a 

test has been executed on the hinges which play a major role in the design of the tower.  

 

Afterwards, in Part III, a detailed description on how the final design is obtained throughout 

nine months is given. Also, the technical detailing, transportability issues and the building 

planning on the festival site are elaborated.  

 

  



Page | 3  
 

Table of contents 
Preface 1 

Abstract 2 

Table of contents 3 

1. Introduction 5 

1.1. Reason for research 5 

1.2. Research objectives 5 

1.3. Research method 6 

1.4. Research question 7 

1.5. Structure of graduation report 7 

2. Part I - Design of the tower 9 

2.1. Assumptions 10 

2.2. Global comparison 11 

2.3. In-depth comparison 15 

2.3.1. Sliding tower 17 

2.3.2. Zig-zag tower 19 

2.3.3. NASA X-Beam 21 

2.3.4. Triangle tower 22 

2.3.5. Final design choice 23 

2.4. Appearance 25 

3. Part II - Calculations 29 

3.1. Analysis of the wind calculation 30 

3.1.1. NEN-EN 1991-1-4 30 

3.1.2. NEN-EN 13782 31 

3.1.3. Conclusion 31 

3.2. First calculations 32 

3.2.1. cscd and cpe,10 32 

3.2.2. Wind load 32 

3.2.3. Stay cables 34 

3.2.4. Truss 36 

3.2.4.1. Comparison 37 

3.2.4.2. Dimensions 39 

3.2.5. Tipping safety 40 

3.2.6. Natural frequency 46 

3.2.6.1. NEN-EN 1991-1-4+A1+C2 - Bijlage F 46 



Page | 4  
 

3.2.7. Test on the hinges 47 

3.2.7.1. Small hinge 47 

3.2.7.2. Large hinge 50 

3.2.7.3. Conclusion 52 

4. Part III - Setup of the tower 53 

4.1. Design steps towards final design 54 

4.1.1. Step 1 – Starting point 54 

4.1.2. Step 2 - Foundation 55 

4.1.3. Step 3 – Floor structure & Foundation 56 

4.1.4. Step 4 – Steel floor trusses 57 

4.1.5. Step 5 – Final design 58 

4.2. Building process - Detailing 59 

4.3. Transportability 63 

4.3.1. 2x 20ft high cube top opening 65 

4.3.2. 2x 20 ft high cube side opening 66 

4.3.3. 40ft high cube top opening 67 

4.3.4. 40ft high cube, side opening 68 

4.3.5. Conclusion 69 

4.4. Building process - Planning 70 

5. Concluding remarks 73 

6. References 74 

6.1. Literature 74 

6.2. Figures 76 

6.3. Tables 78 

7. Appendices 79 

7.1. Appendix I – Overview of conceptual designs  

7.2. Appendix II – Wind calculation  

7.3. Appendix III – CsCd factor  

7.4. Appendix IV – Truss calculation  

7.5. Appendix V – Weld calculation  

7.6. Appendix VI – Tipping safety calculation  

7.7. Appendix VII – Area calculation  

7.8. Appendix IIX – Natural frequency  

7.9. Appendix IX – Planning  

7.10. Appendix X – Previous planning  

  



Page | 5  
 

1. Introduction 

1.1. Reason for research 

Festivals have become more and more popular throughout the years (Event branche, 2018) 

and with this growing popularity also comes the environmental pollution. Having a green 

image has become more important for festivals; replacing plastic cups with cardboard cups, 

minimizing truck movements etc. but still there are a lot of diesel generators running 

backstage all day long in order to provide sufficient power supply. Therefore, the CO2 

emission on festival sites is huge whilst trying to be green. The challenge is to create a more 

sustainable festival environment by designing a multi-purpose, environmental friendly power 

source. The solution for this problem is a foldable and easily transportable wind turbine 

tower, which also serves as a meeting point and an eye catcher on the festival site and plays 

a major role in creating awareness on the search for green energy sources for festivals. 

1.2. Research objectives 

The focus of this graduation project lies on the design of the tower. The shape of the tower, 

materialization, detailing and set-up plan are designed in such a way that its performance is 

optimized in both energy supply and building time. Each of the design decisions influences 

another, so developing the tower is a continuous process. The first part of the graduation 

project focuses on the design of the tower, creating different options and weighing them in 

order to obtain the best design. 

The second part of this graduation project focuses on calculations for the tower, so the 

structural design of the tower and in which way dimension parameters influence the tower. 

The biggest force acting on the tower is the wind force, so an objective is understanding the 

wind force on the tower properly. By combining this wind force with the design parameters, a 

good insight can be obtained where one understands the influence of each of the design 

parameters. Besides this, several design options will be calculated roughly in order to 

compare the weight of each of these elements for assembly. 

The weight of these elements is also something which is part of the last part of this 

graduation project, which focuses on the setup of the tower on the festival site. By creating 

different scenarios for the build-up of the tower, an optimum can be chosen. Weight of the 

elements, assembly order, number of actions, etc. are aspects which will be considered to 

obtain the optimum choice.  
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1.3. Research method 

Compared to many regular graduation projects, some differences can be seen with this 

project in the research method and report. 

Major difference compared to other graduation projects is that this research is part of a 

larger process, executed by ir. Patrick Lenaers, Floor van Schie, supervised by Faas 

Moonen. This process started in July 2018 with the development of fourteen design options, 

which are elaborated in the paragraph Global comparison. They are currently contracted by 

the TU/e for 2 years, with the aim to come to a final design of this festival tower, which at the 

end of this period also should be designed, engineered, built and exploited. Main objective 

for this graduation program is to support and help them in the process to create the most 

sustainable and suitable tower. This applies to all possible aspects: the actual structural 

design, the aesthetical design, the engineering and the assembling on site. To be able to 

keep up with their work, a weekly meeting was planned over the course of the whole 

graduation project. 

Since the process already started before we joined the team, no extensive literature study is 

done, since this was already conducted by Patrick Lenaers. Also, just a limited number of 

tests have been executed during this research, of which the results are hard to evaluate in a 

scientific manner due to the scale of the tests. On the other hand, many mathematical 

models have been created in order to compare different solutions in a scientific manner, 

mainly comparing the influence of wind load on the structure.  

This designing process relies more on creating different options for a design, evaluating 

these based on (non-)scientific aspects, and based on these results adjust these designs or 

continue with one of the design options.   
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1.4. Research question 

The above problem definition and research objectives have resulted in the following 

research question: 

 

What structural design is suitable for a multi-purpose wind-turbine-tower situated on festival 

sites? 

 

This general research question is further divided into sub-questions: 

● What is the best setup in terms of assembly? 

● What processes need to be executed on construction site to get this tower 

operational and what is the most effective sequence of actions? 

● What dimension parameters of the tower influence the structural behaviour in which 

way? 

1.5. Structure of graduation report 

This graduation report consists out of three core parts which are: 

 

● Part I: Design of the tower 

The first part of the report describes the different designs which are analysed. It will start with 

fourteen designs which were created by Patrick Lenaers. These options are described briefly 

and then compared to each other. Based on this comparison, a reduction is made which 

results in four final designs. These four designs are analysed in further detail and eventually 

a final tower design is chosen which marks the first part of the research project. 

 

● Part II: Calculations 

The second part of the graduation report focuses on the calculations which are done. It 

starts with an analysis of the wind forces which are acting on the tower. Several elements 

are analysed which influence the design of the tower. 

 

● Part III: Setup of the tower 

In the final part of this report, the detailing of the tower which enables a quick assembly on 

the festival site will be elaborated. Also, some aspects of transportation (element dimensions 

and storage possibilities) will be explained in detail. 
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2. Part I - Design of the tower 
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2.1. Assumptions 

Demands which are set by the team will be elaborated in this paragraph: 

● The main purpose of the tower, as stated before, is to generate electricity for a 

festival to run on. Due to the high demand of power sources on large festivals, one 

tower will not be sufficient to provide electricity to an entire festival. It might therefore 

be part of multiple green power sources. This demand is mainly initiated by the 

desire of many festivals to be able to call themselves green. Also, the climate goals 

stated by the national government in terms of the reduction of CO2-emision plays a 

large role in this demand (Rijksoverheid, 2018). 

● The tower not only serves as a way of generating electricity, but it also creates 

awareness among the festival visitors. People need to wonder what is going on at the 

tower and visit the tower to be informed about the project. It should not only be a 

functional tower but also a kind of landmark where people can meetup. This demand 

is mainly stated by the design team of the tower, since they also wanted to give a 

message to the visitors of a festival. 

● The tower should always be recognizable as a landmark and therefore a meeting 

point on the festival site. Also, a certain height of the platform should be created 

which enables people to have a better overview over the site.  

● Each element of the tower needs to have a sustainable story with it. Floor elements 

out of recycled material, thin film solar panels and LSC (luminescent solar 

concentrator, (Tosun-Uslu, 2016)) panels, the VAWT (vertical axis wind turbine, (Hi-

Vawt, 2012)), etc. could all be used in order to create a tower where each element 

has a unique story which has something to do with sustainability. Moreover, this 

demand is stated by the design team of the tower. 

● The tower needs to fit into a small shipping container. This aspect is of importance 

for multiple reasons; on the one hand, the sometimes-limited size of (the entrance to) 

a festival site might lead to difficulties with a larger container. Also, a small container 

is easier to store in between festivals, and is cheaper to transport.  

● The tower needs to be constructed on the festival site within one day. Main target in 

terms of exploiting the tower is to be able to place the tower in two consecutive 

weekends if needed. If construction of the tower takes too long, this would not be 

possible. If the construction of the tower takes two days, this planning could 

potentially be in danger. 

● No anchoring to the soil. The goal is that the tower could be used everywhere and 

thus also urban areas. Some urban areas have no possibilities for anchorage, so this 

is something that must be taken into account. Also, anchorage into the soil might be 

a risk on festival site hosted on grass lands, since the presence of any cables, drains 

or pipes below the surface cannot always be checked in advance. Whenever the 

tower needs to be anchored into the soil, the risk of damaging any infrastructure 

exists.  
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2.2. Global comparison 

First step towards coming to a final design of a deployable tower is analysing the thirteen 

options Patrick Lenaers already made during his first design phase. Each of the options has 

a figure which represents the option, a total overview can be found in Appendix I – Overview 

of conceptual designs. Each of the designs is further elaborated: 
 

1. Sliding Tower – plate 

Relies on a straightforward and simple mechanism and allows for section optimization 

towards the summit of the tower. Total number of elements (and therefore total height of the 

tower) is limited by to the outer diameter of the bottom element, and by the thickness of each 

element. Also allows for partly deploying. 

 

 
Figure 1: Sliding tower 

 

2. Triangle tower – plate 

Each element consists out of six triangular plates. High aesthetic value, however folding 

plates and engineering hinges for plates would be more difficult in practice then it looks like 

in a drawing. Would probably be difficult to fold it as compact as desired. 

 

 
Figure 2: Triangle tower - plate 

 

3. Triangle tower – truss 

Same principle as the second option, however using trusses instead of plates. Simplifies the 

detailing and allows for better section optimization. Large difference in stiffnesses in both 

directions. 

 

 
Figure 3: Triangle tower - truss 
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4. Square tower – truss 

Same type of elements as mentioned in option three but shaped in square elements instead 

of triangular.  Difficulty in this design is that two stiff elements need to cross each other. 

Difficult in detailing and large difference in stiffness between weak and strong axis. 

 

 
Figure 4: Square tower - truss 

 

5. Circle tower – truss 

Same system as option four, only using circles instead of squares. Same difficulties and 

same problem with large difference in stiffnesses. Relatively small height per element, so 

many elements required. 

 

 
Figure 5: Circle tower - truss 

 

6. Square Bennett Linkage – truss 

Results in a compact system when retracted. However, it requires a lot of moving 

connections and large movements towards the deployed state. Relatively small height per 

element, so many elements required. 

 

 
Figure 6: Square bennet linkage - truss 

 

7. Triangle Bennett Linkage – truss 

Same characteristics as option six, but in a different shape. 

 

 
Figure 7: Triangle bennet linkage - truss 
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8. NASA STAC-Beam – truss 

A bit less complicated in terms of movements and rotations, but still vulnerable due to a lot of 

moving elements. Also results in a straightforward square tower when deployed. 

 

 
Figure 8: NASA STAC-beam - truss 

 

9. NASA X-Beam – truss 

Most complicated system of all options. Consists of moving and rotating elements and is 

vulnerable for inaccuracies during production. Complex during deploying but results in a 

standard square tower. 

 

 
Figure 9: NASA X-beam - truss 

 

10. Miura-Ori Zipper – plate 

As also mentioned in option one, a tower constructed out of solid plates might lead to 

difficulties in terms of compact folding and is not suitable for section optimization. 

 

 
Figure 10: Miura-ori zipper - plate 

 

11. Miura-Ori Zipper – truss 

High stiffnesses in both directions. However, it would require a lot of steel and a lot of 

connections. 

 

 
Figure 11: Miura-ori zipper - truss 
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12. Decagon Helix Tower – plate 

Aesthetically very pleasing, same stiffnesses in both directions. However, it needs a lot of 

elements due to the limited height per element. Moreover, these kinds of movements are 

hard to execute in full-scale steel, since it relies on thin and flexible line-hinges. Therefore, it 

is difficult to execute in steel plates. 

 

 
Figure 12: Decagon helix tower - plate 

 

13. Decagon Helix Tower – truss 

Same advantages and disadvantages as option eleven. Difference is that the steel plates 

have been replaced by steel bars. This would enable some more simplified detailing in 

hinges, but still requires large quantities of steel. 

 

 
Figure 13: Decagon helix tower - truss 

 

14. Zig-zag Tower – truss 

Straightforward and easy mechanism, see Figure 14. However, it is difficult to obtain 

stiffness during extracting. Simple elements allow for compact folding. 

  

 

Figure 14: Zig-zag tower representation 

Based on this first analysis, many options have been eliminated in finding the best suitable 

option. Reasons for these eliminations are both the lack of structural safety of the concept 

(for example option 4 and 5), and the high grade of complexity (for example tower 10, 11, 12 

and 13). Based on this first analysis, four options have been chosen to further analysis 

because of the potential both in terms of aesthetics as in structural characteristics. These 

are the Sliding tower, Zig-zag tower, NASA X-Beam tower and Triangle truss tower. These 

four options will be elaborated more in depth in paragraph In-depth comparison.  
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2.3. In-depth comparison 

In order to obtain a better understanding in the mechanisms behind each of the variants 

which are selected, a scale model for each of the variants is created. Each scale model is 

constructed using the laser cutter to get a higher degree of accuracy and to make the 

connections optimal. The analysis of each model, together with its advantages and 

disadvantages, is elaborated in the upcoming paragraphs. 

 

To be able to execute an honest comparison all options are rated on a five-step scale 

varying from -- to ++ on the following aspects: 

 

Aesthetics: Whenever the looks of the tower are aesthetically pleasing, this will result in a 

high score; whenever the looks are not aesthetically pleasing, this will result in a low score 

Number of possible extraction mechanisms: The more mechanisms that could be applied 

in order to extract the tower, the higher the score; whenever only one mechanism could be 

applied, this would lead to a low score. 

Number of actuators: Whenever the use of only one (or a few) actuators could be sufficient 

to be able to extract the tower, this will result in a high score; whenever multiple (or a lot of) 

actuators are needed to extract the tower, this will result in a low score. 

Height adjustment at any height: Whenever the height of the tower could be adjusted to 

any desired height, this would allow for lowering the tower in case of changing wind loads 

and would therefore lead to a high score. Whenever this height adjustment would not be 

possible, this would result in a low score.  

Possibility to implement wind turbine in tower: When the core of the tower would always 

remain empty and thereby provide space to store the wind turbine, this would result in a high 

score. Whenever this would not be possible, this would result in a low score. 

Overall width/stiffness of the tower (width of tower): Whenever the width/stiffness of the 

tower is large (i.e. because the folding mechanism does not limit this width related to the size 

of the container), this would result in a high score. Whenever the width/stiffness is small, this 

would result in a low score. 

Transportability dimensions: Whenever, due to the folding mechanism, the exterior 

dimensions of the retracted tower will be limited (i.e. the size of a 10ft shipping container), 

this will result in a high score. Whenever this is not possible (i.e. a 20ft shipping container is 

needed), this will result in a low score.  

Simplicity: When the tower consists out of simple nodes and elements, and can easily be 

set-up, this will result in a high score. Whenever the tower consists of a lot of elements, 

needs to execute a lot of different movements and requires a lot of actions in order to get it 

operational, this will result in a low score.  

 

These aspects will be elaborated more in depth per tower in the upcoming paragraphs. 

Eventually the results will be summarized and compared. 
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2.3.1. Sliding tower 

The sliding tower consists of several circular elements which fit into each other. When the 

tower is ‘activated’, these circular elements will slide upwards, creating a tower. This 

movement could be activated by multiple mechanisms: Hydraulics jacks which push up all 

elements, an air inflatable structure, a cable system which could rise the entire tower by only 

one actuator or rotating gears which grip into each other. 

A disadvantage from this structure is that all the circular elements need to fit into each other. 

By doing so, the top element does not have a wide base and might lack in stiffness. An 

analysis would have to be done to check if the width of the base is still sufficient to withstand 

the great wind forces on high altitude. 

Another disadvantage that is paired with the last disadvantage is the thickness of each 

element. Because all the elements need to fit into each other and still need to have sufficient 

thickness, not an unlimited number of elements can be created. This could be a problem for 

reaching the height which is required. On the other hand, the ground surface cannot be 

enlarged because it would create problems for the transportability; the tower should fit into a 

shipping container. 

An advantage of this tower is the aesthetics. It does not look like the other tower/stages 

which are present at a festival because of the round shape. On the other hand, the shape 

does not have to be circular because the principle of this tower is that the shapes fit into 

each other and when sliding upwards creating a tower. It is also possible to slide the tower 

out partially thus creating half of the structure, while still having sufficient stiffness. 

 

 
Figure 15: Sliding tower (P.W.J.H. 
Lenaers, 2018) 

 
Figure 16: Mock-up sliding tower 

 
Figure 17: Mock-up sliding tower 
extracted 
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Advantages: 

+ Aesthetics: Simple and uniform but slender tower. 

+ Several extraction mechanisms possible: Hydraulic jacks, pulling cables, rotating 

gears. 

+ Possibly only one actuator required to retract the entire tower. 

+ Adjustable to any height: all mechanisms can be fixed on any desired height. 

+ Turbine could be part of the retracted tower: The hollow core leaves room for the axis 

of the wind turbine 

 

Disadvantages: 

- Structural safety: large steel sections are required to obtain a sufficiently stiff tower. 

- Transportability dimensions: total dimensions and weight of tower are restricted by 

the size of a shipping container.  
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2.3.2. Zig-zag tower 

The zig-zag tower simply exists out of straight vertical- and horizontal elements, connected 

by simple hinges and diagonal braces. Due to the relatively simple movement which must be 

made, the level of detailing could be straight forward. However, in this model 

actuators/hydraulics need to be applied on every level in order to extract the tower or a 

smart solution needs to be found to extract the tower by using only one actuator. Results in a 

simple and compact system in retracted situation. 

In the final design, the extraction of the entire tower might be executed by shortening the 

diagonals in one direction, when these are formed as an ongoing brace as can be seen in 

Figure 20. By using for example something that would pull the diagonal on the bottom, this 

motion would extract the whole tower into its final state while also giving the tower stability 

during the extraction. 

 

 
Figure 18: Mock-up zig-zag tower extracted Figure 19: Mock-up zig-zag tower 

 

 
Figure 20: Sketch of the zig-zag tower with diagonals 
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Advantages: 

+ Easy mechanism: only consists out of straight elements and simple hinges. 

+ Simple and straight elements: allow for a simple folding mechanism and relatively 

cheap engineering costs. 

+ In its retracted form easy to fit in a shipping container. 

+ With the solution as shown in Figure 20, stability will be guaranteed during the 

extraction as well. 

+ Can possibly be retracted using only one pulling cable. 

 

Disadvantages: 

- Aesthetics: less pleasing than other options, since it is just a straight, square tower. 

- Cannot be partially retracted since the hinges need to be locked in fully extracted 

state. 
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2.3.3. NASA X-Beam 

The most complicated tower design of the four options. It contains some tricky nodes in 

which a lot of movements need to take place in different directions. In the scale model the 

extraction and retraction needed to be done carefully since all hinges should rotate smoothly 

and in the right direction; because of this, probably more than one actuator needs to be used 

for it to run smooth. 

Expectation is that extraction would run smoother in a final design, since the elements could 

be made with much more precision, but it still requires the most separate elements. The 

nodes where the hinges need to rotate in different directions are easier constructed in steel 

or aluminium than in wood. Also, this structure is designed by NASA for in space, where no 

gravity exists, so the application is completely different. 

When retracted, the floor surface of this tower remains square and compact which is a big 

advantage when the tower needs to be transported. On the other hand, due to its rotation 

the dimensions of the extracted tower need to be a bit smaller than the dimensions of a 

shipping container. 

During extraction, this tower looks most high-tech but in the final extracted state it looks 

pretty much alike the zig-zag tower; a simple square tower. 

 

 
Figure 21: NASA X-Beam (P.W.J.H. 
Lenaers, 2018) 

 
Figure 22: Mock-up NASA X-Beam 
extracted 

 
Figure 23: Mock-up NASA X-Beam 
folded 

 

Advantages: 

+ Compact in retracted state: fits on its own floor surface. 

 

Disadvantages: 

- Aesthetics: despite the complex mechanism, this only results in a straight, square 

tower. 

- Complicated movements and rotations required which might lead to high engineering 

costs and risks of failure. 

- Consists out of a lot of unique parts which might lead to high engineering costs. 

- Multiple actuators required: cannot be extracted using only a single actuator. 

- Not possible to use the full floor-surface of a shipping container due to the rotation. 
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2.3.4. Triangle tower 

Compared to the NASA X-Beam tower and Zig-zag tower, this option has the most 

unconventional look in extracted state and is the most aesthetically pleasing. 

On the other hand, the ratio between the width of the base of the tower and the total height 

is the lowest. This could be a disadvantage since it reduces the stiffness of the tower. 

Compensating this with the profile thickness would be an option. 

The extraction of the tower could be done by using a crane to lift the top, which is an 

unfavourable option since this would limit your freedom to retract when needed. Another 

option could be applying hydraulic jacks to lift each separate floor; however, this needs a lot 

of actuators to be able to rise the tower and should be investigated further. 

 

 
Figure 24: Triangle tower (P.W.J.H. 
Lenaers, 2018) 

 
Figure 25: Mock-up triangle 
tower extracted 

Figure 26: Mock-up triangle tower folded 
 

Advantages: 

+ Aesthetics: Most pleasing and unconventional design. 

+ Several extraction mechanisms possible: Hydraulic jacks, pulling cables. 

+ Easy modification from version 1 (static) to version 2 (dynamic). 

+ Repetitive elements: one engineered triangle can be used many times. 

+ Can be adjusted in height during assembling but cannot easily be adjusted when 

already assembled.  

 

Disadvantages: 

- Narrowest base and therefore least resistance to tipping. 

- Narrowest width: possibly the tower with lowest stiffness. 

- Multiple actuators needed: every level needs to be extracted separately. 
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2.3.5. Final design choice 

Based on all aspects mentioned above, a choice can be made out of these four options, 

considering all advantages and disadvantages. These are all summarized in Table 1, and 

also rated in terms of how important each aspect is in choosing the final design. 

 
Table 1: Score for the four options 
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Cylindrical + ++ + ++ ++ +/- ++ +/- 

Zig-zag - - + -- -- ++ - + 

NASA X-Beam - -- - -- -- ++ + -- 

Triangle ++ + +/- + - ++ ++ +/- 

 

As can clearly be seen in the table above, the Zig-zag tower and the NASA X-Beam have a 

negative score on many important aspects. Therefore, these options will be eliminated from 

the further comparison.  

On the other hand, the Cylindrical- and the Triangle tower obtain a comparable total score 

on most aspects. Therefore, a more in-depth elaboration is made which explains the given 

scores on any of the eight aspects. 

 

Aesthetics: 

Cylindrical: Simple and uniform but slender tower, preferably executed in a closed structure. 

Shape of the tower follows the shape of the bending moment of the structure.  

Triangle: Most pleasing and unconventional design, since many of the other options simply 

form a square tower in its extracted state. The triangle structure forms an irregular shape 

over the height. 

Number of mechanisms:  

Cylindrical: Several extraction mechanisms possible: Hydraulic jacks, pulling cables, rotating 

gears. Therefore, the possibilities and efficiency of extracting can be optimized. 

Triangle: Several but less extraction mechanisms possible: Hydraulic jacks, pulling cables. 

Therefore, the possibilities are more limited than with the cylindrical tower. 

Number of actuators: 

Cylindrical: Possibly only one actuator required to retract the entire tower, whenever pulling 

cables are applied and the tower is designed in a proper way. This however requires a much 

stronger winch to be able to raise the entire weight of the tower. 

Triangle: Every level needs to be extracted separately and therefore needs its own actuator.  
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Height adjustment: 

Cylindrical: By applying a mechanism using gears and pulling cables, it would be possible to 

design a tower which can be adapted to any desired height. This would be beneficial 

whenever the weather conditions are changing rapidly and exceed the maximum allowable 

wind speed. 

Triangle: Can be adjusted in height during assembling by increasing/decreasing the angle of 

folding the elements. Whenever fully operational, this is no longer possible. 

Wind turbine in tower: 

Cylindrical: By smart engineering, the VAWT can be withdrawn in the hollow core of the 

tower which therefore results in more efficient transportability solutions. 

Triangle: In this tower design, there is no possibility to store the VAWT within the retracted 

tower. It might however be possible to permanently connect the VAWT on top of the 

retracted tower during transportation. 

Stiffness of tower: 

Cylindrical: The overall stiffness of the tower is reducing towards the top of the tower due to 

the reduced overall cross-section. However, by applying the proper steel elements in any 

elements, the required total stiffness can be obtained. Stiffness is more or less equal in all 

directions 

Triangle: The stiffness of the tower is provided largely by the triangle shaped steel elements. 

Stiffness will differ slightly in the two perpendicular directions. 

Transportability dimensions:  

Cylindrical: By its linear movement during extracting, the floor surface of this option will not 

increase during this action. 

Triangle: Due to the rotation of the elements, the total floor surface in extracted state is even 

smaller compared to the retracted state.  

Simplicity: 

Cylindrical: In terms of assembling on building site, this design would be simple, since only 

one actuator needs to be activated to reach the desired height. However, the preparations 

before the first use will be complicated since the elements have to be shoved into each other 

and the mechanism needs to be set-up and tested properly. 

Triangle: Also for this design, the time required for assembling before the first time of 

extraction will be long and the processes will be complicated and. However, whenever this is 

done properly, the required time on site would be limited.  

 

Eventually, to be able to decide between these two final options, it is of importance to 

determine which of the aspects is of most importance to the final design of the tower. Since 

the aesthetics of the tower turned out to be a value with great importance to be able to place 

it on a festival site for both the design team as the festival organisation, the option with the 

highest aesthetics score and is eventually chosen: The Triangle tower.  
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2.4. Appearance 

The tower consists out of eight elements which are connected to each other and stacked on 

top of each other. When the tower is extracted the distance between the two corners, as can 

be seen in Figure 27, is 1100mm. The tower has a triangular shape where the corners have 

the same angle, 60 degrees. The rotation between the bottom half and upper half in 

extracted state, as can be seen in Figure 27, have an angle of 70 degrees. 

  

 
Figure 27: Triangular elements (P.W.J.H. Lenaers, 2018) 
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Figure 28 shows a simplified representation of the tower, including all the individual 

elements. Element number 1 forms the base of the tower. The reason for this being a 

separate part is because this element can lay tilted and then the rest can be levelled out 

from there. Another reason is that the height of the elements need to be limited in order to fit 

into a container, this will be further explained in paragraph 4.3. 

The element number 2 comes on top of this, making sure it is levelled out so that the tower 

is not tilted. This part contains the battery, which needs a lot of volume and contains quite 

some weight. After this, the trusses get connected to both the base volume and the battery 

volume to make sure the tower does not tilt over. Moreover, between the trusses a floor will 

be placed so a platform gets created which is above ground level, drawing the attention of 

visitors. Figure 29 shows the benches which will be created hatched in grey, forming a place 

where people can hang out and come together whilst being informed by the team about the 

idea behind the tower and sustainability. 

Element number 3 is placed on top of volume 2. The idea is that the folded elements, as 

described, are connected to this volume. The reason for this being a separate volume is that 

with the folded elements it will fit into the container and it contains some volume where 

cables, equipment, etc. can be stored. The elements need to be extracted, forming the 

tower. 

 

 
Figure 28: Simplification of the tower 

 
Figure 29: Top view of the platform 
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The tower is completed with the placement of the vertical axis wind turbine (VAWT) on top of 

the tower and the cable mesh connected to the bottom of the tower. The installation 

procedure is explained in paragraph 4.4. The cable mesh would be installed in between the 

stay cables at the bottom, giving the tower an aesthetically pleasing look; going from a wide 

bottom to a slender top as one can see in the mock-up in Figure 30. Figure 30 shows the 

coloured panels, which in fact will LSC panels which trap the light and transport it to the 

sides of the panels where the well-known solar panels are placed which generate the 

electricity. These coloured panels will be placed in the openings of the triangular elements.  

 

 
Figure 30: Mock-up of the final tower (F. van Schie, 2018) 
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3. Part II - Calculations  
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3.1. Analysis of the wind calculation 

The main force that will work on the structure will be the wind force. The structure itself will 

not catch too much wind, but particularly the triangular shaped solar panels which are part of 

the structure will cover a large area and therefore catch a lot of wind. This would result in 

large bending moments at the connection between the core and the floor trusses. 

Due to standards set by the team, the maximum allowable windspeed acting on the tower is 

limited to 75 km/h. If the wind speed gets above this value, the area directly around the 

tower will be cleared. Clearing the area means that there are no people within the area in 

which the tower might fall. Doing so results in a consequence class reduction from CC3 to 

CC1, which results in lower calculation factors and thus lower design forces, and therefore a 

theoretical safe design. 

In order to obtain a reliable value for the wind load, this is calculated using two different 

approaches. First it is calculated using the regular Eurocode for conventional buildings, and 

second it is calculated using the Eurocode for temporary structures.  

3.1.1. NEN-EN 1991-1-4 

NEN-EN 1991-1-4+A1+C2 and the national annex give 

rules for calculating the wind force on a structure in the 

Dutch environment. The code describes three wind 

areas, namely 1, 2 and 3. Moreover, three terrain 

categories are distinguished which influence the 

theoretical wind load; coastal-, unbuilt- and built area. 

Combining these factors with the design life of the 

structure gives the wind force which works on the 

structure. Since the structure is a temporary structure, 

the design life of the tower is taken as 15 years, the 

lowest possible.  

To make sure that the tower can withstand any practical 

combination factors, all worst-case scenarios have been 

combined for determining the governing wind force; wind 

area 1 and terrain category coastal area. This calculation 

can be found in Appendix II – Wind calculation. At a 

height of 30m, the calculated windspeed, according to 

formula 4.1 from the NEN-EN 1991-1-4, would be 136,8 km/h. This value is way above the 

limitation of 75 km/h which was set before and could be compared to a storm which happens 

once in these 15 years. However, since the chances of this storm happening during a 

festival are negligible, the values calculated are not suited for calculations. 

 
Table  2: Wind force according to NEN-EN 1991 1-4 

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 

0 – 6 meters 6 – 12 meters 12 – 18 meters 18 – 24 meters 24 – 30 meters 
31,40 m/s 34,47 m/s 36,27 m/s 37,54 m/s 38,53 m/s 
1,225 kN/m2 1,411 kN/m2 1,525 kN/m2 1,609 kN/m2 1,675 kN/m2 

 

  

Figure 31: Wind areas in the Netherlands 
(Vree, 2019) 

Coastal area 

 

Wind area 1 

 

Wind area 2 

 

Wind area 3 
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3.1.2. NEN-EN 13782 

The NEN-EN 13782 is the code which prescribes rules for temporary structures and tents. 

The pressure from the wind force acting on the structure is shown in Table 3 which is 

obtained from paragraph 6.4.2.2 of this NEN-EN 13782. It is described in the code that the 

reference speed is equal or lower than 28 m/s and the design life is taken as 10 years. 

 
Table 3: Wind force according to NEN-EN 13872 

Height: h [m] Pressure: q [N/m2] 

h ≤ 5 500 
5 < h ≤ 10 600 
10 < h ≤ 15 660 
15 < h ≤ 20 710 
20 < h ≤ 25 760 

3.1.3. Conclusion 

The outcome of the calculation for the wind force from the NEN-EN 1991-1-4 results in wind 

forces which are way larger compared to the NEN 13782. Since the characteristics of the 

tower are much more comparable to the assumptions taken in NEN-EN 13782 (mainly in 

terms of the design life), the values from NEN 13782 are taken as the forces to calculate the 

wind force with. This code is also widely used in many structures which are being built on 

festival sites.  

This decision will result in a tower which needs less material in terms of the construction, 

which is beneficial in terms of costs and handling of the elements, so construction time and 

transportability. 
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3.2. First calculations 

3.2.1. cscd and cpe,10 

Paragraph 6.3.1 in the NEN-EN 1991 1-4 describes the formula to determine the cscd factor, 

this calculation can be found in Appendix III – CsCd factor. The dimension factor cs takes 

into account the reduction effect of the extreme wind pressure not acting on all of the surface 

simultaneously. The dynamical cd factor accounts for the increasing effect of vibrations due 

to the natural frequency in resonance. One can see that the cscd factor results in a factor of 

1,03. Out of safety reasons, a value of 1.25 is chosen which is also advised by ir. A.P.H.W. 

Habraken. 

The calculation also includes the own frequency of the structure, which gets affected by the 

weight of the tower and its stiffness and thus by the dimensions of the profiles. Since these 

profiles are determined by the wind calculation, this results in an iterative calculation process 

since both separate calculations affect the other. In this stage of the design, assumptions are 

made in order to determine for instance the natural frequency, which can be read in the 

paragraph 3.2.6, so no iterative calculations are made. Based on this value, the further 

calculations have been executed.  

The cpe,10 factor is determined with computational fluid dynamics by Patrick Lenaers and is 

1,20. 

3.2.2. Wind load 

For the wind calculations the NEN-EN 13782 temporary structures will be followed since this 

is the code which is most used among the festivals. Due to limitations in the Rhino software 

only one wind load can be used on all nodes simultaneously.  Since the height of the 

structure will vary between 20 and 25 meters, the value of 760 N/m2 of Table 3 is taken for 

calculations; this value gets multiplied by the cscd factor and cpe,10 factor; which combined is 

1,5. 

The area of one panel is 0,52 m2 which comes from the calculation below. 

 
2

1,10 (0,55 3) 0,5 0,52A m= =i i i  

 

Since MatrixFrame and Rhino only allow one to use point loads instead of surface loads the 

wind loads need to be transferred to the nodes in order to create a working model. In order to 

create point loads a conversion is made. One can see in Figure 33 that all the triangle areas 

are filled with a surface, which in reality will be a solar panel or another solid material. When 

this model is flattened the sketch of Figure 32 is realized.  
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Figure 32: Triangular element flattened 
 

 

Figure 33: Visual representation of wind on the 
triangular elements (P.W.J.H. Lenaers, 2018) 

The loads which work on one panel are divided to the three surrounding nodes. These 

nodes are shown in Figure 32 as 1, 2 and 3. All three nodes have a point load of: 

 

,10

1 1
0,52 1,5

3 3
triangle s d peF q A c c c q= =i i i i i i i  

 

Since the points 1 and 3 are connected to 4 panels, the point load acting on them is 

multiplied by 4. 

 

,10

1 1
4 4 0,57 1,5

3 3
triangle s d peF q A c c c q= =i i i i i i i i i  

 

One can also see that node 2 gets the loads from two surfaces, which would mean this node 

gets 2/3 of the load. For calculation the assumption is made that the average of the two, so 

3/3 is taken for all the nodes, which gives: 

 

,10

3 3
0,76 0,52 1,5 0,59

3 3
triangle s d peF q A c c c kN= = =i i i i i i i  

 

At the top of the tower a Vertical Axis Wind Turbine (VAWT) will be placed. We assume that 

when the turbine is spinning, the whole surface of the turbine works as a solid area; catching 

the wind which results in a horizontal force acting on the tower. The horizontal force can be 

calculated as follows: 

 
2

0,76 1,5 0,76 1,5 2 14,3
windturbine

F A kNπ= = =i i i i i   



Page | 34  
 

3.2.3. Stay cables 

By introducing stay cables, the weight and thus the costs of the structure gets reduced. An 

analysis is made in Rhinoceros where the tower is modelled, and a uniform wind load is 

acting on the tower as described in paragraph 3.2.2. The program iteratively chooses the 

best cross sections for the tower. By attaching stay cables on different heights and different 

base widths, as can be seen in Figure 34, an analysis can be made to obtain the optimal 

attaching point. Since the tower is symmetrical only two directions will be analysed. 

 

 
Figure 34: Rhino model explained with different connection heights (P.W.J.H. Lenaers, 2018)  
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Figure 35 and Figure 36 both show the influence of the stay cables on the weight of the 

structure. The lines represent different distances from the centre of the tower where the 

cable gets connected to the foundation, with on the x-axis the height where the cable gets 

connected to the tower and on the y-axis the total weight of the structure of the tower. There 

is an optimum in between the two lines from 3 and 5 meters at 10 meters connection height, 

the lines go almost horizontal, indicating an optimum. Concluding, an optimum can be found 

at 4 meters width and a connection height of 10 meters.  

 

 
Figure 35: Influence of the stay cables in x-direction graph (P.W.J.H. Lenaers, 2018) 

 
Figure 36: Influence of the stay cables in y-direction graph (P.W.J.H. Lenaers, 2018)  
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3.2.4. Truss 

The truss has two functions: it serves as the main load bearing element of the ground level 

of the tower and secondly it is also very important for providing tipping stability of the tower. 

Due to the wind load, the tower wants to tip over, as indicated in Figure 37, resulting in 

forces in the stay cables which are connected to the trusses. If the truss bends upwards due 

to the forces, the tower will tip over, resulting in a dangerous situation which should be 

avoided and thus a maximum deflection at the end of the trusses is set. 

The determination about how the truss should be engineered (steel/aluminium, dimensions, 

cross sections), can be found in the upcoming paragraphs. A comparison is made between 

three types of trusses, each having their specific advantages and disadvantages. 

 

 
Figure 37: Tipping over of the tower, truss indicated in red 
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3.2.4.1. Comparison 

Three options are analysed, which are shown in Figure 38; respectively a square truss (1), a 

triangular truss (2) and a flat truss (3). The square truss is taken to see if two upper- and two 

lower flanges result in a truss which is lighter than a flat truss. The triangular truss is taken 

because the force in the upper flange is bigger than the force in the lower flange. By placing 

the triangular truss so that the biggest force gets divided over the two upper flanges this 

could result in a truss which is used optimal and thus the weight of the truss could be 

reduced to a minimum. Lastly, the flat truss is taken because this one uses the least amount 

of space. Calculations for these options can be found in Appendix IV – Truss calculation. 

Assumptions which are made:  

● The height 800 mm, which is a bit higher than the foundation core so there can be 

small supports at the end of the truss to support it, as also can be seen in Figure 37. 

● Steel quality S235, since this is the most used steel quality and is cheaper than 

stronger versions. 

● Aluminium quality EN AW-7020 (Nedal aluminium, 2017) is used, since this is an 

alloy which is used in structural applications. This quality has a yield stress of 290 

N/mm2.  

● Square profiles (Staaltabellen, 2019), so that other elements which need to be 

connected to the element can be easier detailed.  

● Maximum deflection at the end of the truss 10 mm. Keeping this to a minimum so 

that the tower does not tend to bend over, and the safety can be guaranteed. 

 

 
Figure 38: Square truss (1), triangular truss (2) and flat truss (3) 
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Table  4 shows a comparison between the different trusses. For the steel trusses the 

displacement of each of the trusses is minimal and the maximum stress is the governing part 

of the design while for the aluminium trusses the displacement is the governing part and the 

maximum stress is very minimal. The Dutch government prescribes that in the Netherlands, 

objects heavier than 50 kg may not be lifted by persons and so additional equipment is 

needed (Ministerie van Sociale Zaken en Werkgelegenheid, 2019). If one of the trusses 

would be lighter than this 50 kg, this would be a big plus since this would ease the assembly 

of the tower. All of the trusses are heavier than this 50 kg and so none of the trusses stands 

out with this criterion. 

 
Table  4: Comparison between three trusses 
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Square truss 50x50x4 224 95% 6,1 61% 71 

Triangular 

truss 

60x60x6 211 90% 5,3 53% 93 

Flat truss 80x80x5 216 92% 5,9 59% 75 

A
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 Square truss 80x80x5 108 37% 8,8 88% 52 

Triangular 

truss 

80x80x8 122 42% 9,1 91% 57 

Flat truss 90x90x5 95 33% 7,7 77% 60 

 

Looking at the overall dimensions of the trusses as mentioned above, one can conclude that 

the flat truss is the most advantageous since this does not have much unused space in 

between. This is however the case with the triangular- and square truss (Figure 38). Since 

space is limited in the shipping containers, this is something which is important and thus the 

flat truss is the best option compared to the other options. 

Looking at the comparison between the aluminium- and steel flat truss, one can see that the 

displacement of the steel truss is lower than the displacement of an aluminium truss, and 

therefore the flat steel truss is the best option available.  
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3.2.4.2. Dimensions 

If we implement the truss we calculated in the previous paragraph, combined with the same 

loads we get Figure 39. As one can see, the maximum stress in the members is lower than 

calculated stress so an optimization would be possible if the truss would be engineered in 

further stages of the design of the tower. On the other hand, no material safety factors are 

used in this stage of the calculation. 

 

 
Figure 39: Maximum stress in the truss from MatrixFrame, not exceeding the calculated stress 

Figure 40 shows the maximum forces in the truss and the maximum forces at the supports. 

Here the live load of people on the platform is also taken into account, which is 5 kN/m2 

(Comité Européen de Normalisation, 2011). One can see that the shear force is 35kN and 

the maximum tension force is approximately 200kN. In Appendix V – Weld calculation one 

can find a calculation for the weld (Snijder, van Hove, & van Eldik, 2013) in the worst-case 

scenario (the two forces combined). One can see that a weld of 6mm is enough for the 

members to joint. 6mm is a weld which is an ordinary and can be laid down in one go, so in 

terms of construction costs this is a positive thing. The way the weld is designed, the steel 

members need some preparation for the weld to be laid down properly as can be seen in 

Appendix V – Weld calculation.  

 

 
Figure 40: Forces in the members and supports from MatrixFrame 
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3.2.5. Tipping safety 

An important aspect in designing the tower with this height is tipping safety. For this 

calculation a comparison is made between the forces which cause the tower to tip (windload 

on the surface of the tower), and the forces which prevent the tower from tipping (self-weight 

of the tower) In this calculation, the tower is set to have a base width of 8 meters, as was 

calculated in paragraph 3.2.3. 

Forces which cause the tower to tip are the horizontally acting wind forces on the surface of 

the tower, as visualised in Figure 42. The used values for wind load are based on the 

calculations given in paragraph 3.2.1 and 3.2.2. These values are used to calculate the total 

resulting point-load on one section of the tower. Subsequently, these forces of each segment 

are multiplied by the vertical distance from the force to the tipping point at the bottom of the 

tower, resulting in a moment. The NEN 13872 describes the factors which need to be 

implemented in the calculation, which is 1.2 for unfavourable acting wind forces. The result 

of this calculation can be seen in Table  5. 

Figure 41 shows a simplified top-view of the tower, where the dashed line indicates the 

tipping point/tipping line, across which the tower tends to tip over. 

 

 
Figure 41: Purple line indicating the tipping line 

 
Figure 42: Forces acting on the tower 
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Table  5: Wind forces acting on the tower 

Description N/m² Force [kN] Lever [m] Moment [kNm] 

Wind turbine 760 14,326 20,5 294 

Tower 710 1,674 18,5 31 
 

710 1,674 17,6 29  
710 1,674 16,6 28  
710 1,674 15,7 26  
660 1,556 14,7 23  
660 1,556 13,8 21  
660 1,556 12,9 20  
660 1,556 11,9 19  
660 1,556 11,0 17 

 
600 1,415 10,0 14 

 
600 1,415 9,1 13  
600 1,415 8,2 12  
600 1,415 7,2 10  
500 1,179 6,3 7  
600 1,415 5,3 8  
500 1,179 4,4 5  
500 1,179 3,5 4      

  
Total 581   

Factor 1,20   
Total x factor 697 
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On the other hand, forces which prevent the tower from tipping over are caused by the self-

weight of the structure of the tower and all its components. Assumptions are made for the 

self-weight of the objects and will become clear when the tower is further engineered. Figure 

42 shows numbered object which can be found in Table  6 with the description and the 

weight of the element. The calculation of the area of the platform can be found in Appendix 

VII – Area calculation and is multiplied with a wooden floor load of 0.3 kN/m2 (Kemps & 

Peeters, 2007). Moreover, the life load caused by presence of people on the platform 

contributes to this calculation. However, since the maximum calculated wind load might also 

occur when the platform is closed, and no people will be present on this platform, this 

contribution will not be taken into account in the calculation. 

The value for the lever is calculated based on the distance between the work line of these 

loads and the tipping point of the tower. Favourably acting proportions of the dead load can 

be multiplied with a factor of 1.0. However, since the self-weights of each of the elements is 

an estimation, a factor of 0.9 is taken to level out the inaccuracies on this aspect. The result 

of this calculation can be seen in Table  6. 

 
Table  6: Own weight acting for tipping safety 

Description Force [kN] Lever [m] Moment [kNm] 

Wind turbine 9 3,5 31 

Core module (1) 5 3,5 17 

Battery (2) 30 3,5 104 

Self-weight tower (3) 10 3,5 35 

Solar panels 3 3,5 10 

Wooden floor 7,4 3,5 26    
   

Total 223  
Factor 0,90  

Total x factor 201 

 

With these moments the required counter moment in order to obtain stability can be simply 

calculated: 697-201 = 496kNm. 
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Solutions for this tipping over can be found in the following options: 

 

• Increasing the base width 

• Reduction of solar panels 

• Reducing the height of the tower 

 

However, last option is not taken into account since the assumed height is established 

based on the efficiency of the VAWT.  

One could argue that calculating the VAWT as solid surface in the wind calculation is being 

too conservative. This is however based on the experience of and advised by the 

manufacturer. Figure 43 shows how the counter moment would reduce if just a percentage 

of the surface of the turbine is taken for the calculation. It would clearly result to a huge 

decrease of required counter moment, since the lever of this force is multiplied with is 20,5 

meters.  

 

 
Figure 43: Influence of percentage of wind turbine surface on the tipping safety 
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Figure 44 gives the results for the other solutions. The blue line indicates the required 

counter moment whenever the base width of the tower is increased from its current value of 

8 meters to a maximum of 12 meters. Figure 44 shows that increasing the width of the tower 

leads to a decrease of the required counter moment. However, still additional 

adjustments/measures need to be taken. 

The red line indicated the behaviour when no solar panels are placed in the top of the tower. 

This would result in a more open structure with less frontal area for the wind to interact with.  

 

Figure 44 shows that none of the solutions solely is enough to reduce remaining required the 

counter moment to zero. 

 

 
Figure 44: Effect of increasing the base width and reducing the solar panels on the tipping safety 
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Appendix VI – Tipping safety calculation shows several options for solving this problem, by 

adding extra weight to the tower itself and combining this with the solutions as described 

before. The solutions which are considered: 

 

• Increasing base width so a larger lever is created and thus the counter moment 

increases. 

• Reducing the number of solar panels on top of the tower and since the lever 

increases towards the top of the tower for the moment, this would reduce the counter 

moment significantly. 

• Adding concrete printed stairs. The TU/e has a 3D printer for concrete, which could 

print these stairs for people to get up to the platform. It would be a great way to 

exhibit this feature of the TU/e and thus great advertisement. 

• Converting the base of the tower to a water basin so a lot of weight is added to the 

structure and no big changes are made to the design of the structure since this is a 

hidden part. 

 

Table  7 shows the different solutions which are taken into account with the counter moment 

that is still needed. Two solutions, firstly the concrete stairs with a base width of 10 meters 

and a water basin, and secondly the reduced solar panels width a base width of 10 meters 

and concrete stairs, have a negative counter moment and thus need no additional 

measures. 

Since reducing the number of solar panels would also reduce amount of electricity being 

generated, the favourable option is the other option which is: adding concrete stairs, 

transform the base element to a water basin and increase the base width from 8 meters to 

10 meters. 

 
Table  7: Solutions for the counter moment 

Description Counter moment 

[kNm] 

Starting situation 497 

Concrete stairs 312 

Concrete stairs + 9 meters base width 190 

Concrete stairs + 10 meters base width 40 

Water basin 361 

Water basin + 10 meters base width 260 

Concrete stairs + water basin 176 

Concrete stairs + water basin + 9 meters base width 37 

Concrete stairs + water basin + 10 meters base width -129 

Reduced solar panels + concrete stairs 174 

Reduced solar panels + concrete stairs + 9 meters base width 52 

Reduced solar panels + concrete stairs + 10 meters base width -97 
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3.2.6. Natural frequency 

As discussed before the major force acting on the tower will be the wind force. Wind force 

normally acts on a frequency of around 1-1.5 Hz, so if the natural frequency of the tower 

would be the same as this frequency it would enlarge the deformations of the tower, possibly 

resulting in structural failure of the tower.  

3.2.6.1. NEN-EN 1991-1-4+A1+C2 - Bijlage F 

The NEN-EN 1991-1-4+A1+C2 - Bijlage F describes a way to calculate the natural frequency 

of chimneys. Since there are no other natural frequency calculations in the NEN-norms 

which are closer to the reality of the tower, this formula is used for a first calculation of the 

natural frequency of the tower. Since the tower will have stay cables, we can assume the 

third situation of Figure 45 is the case. 

 

 
Figure 45: Parameters for natural frequency according to NEN-EN 1991-1-4+A1+C2 (Comité Européen de 
Normalisation, 2011) 

The calculation gives a natural frequency of 3.70 Hz, which is a safe value since this does 

not correspond with the frequency of the wind. The calculation can be found in Appendix IIX 

– Natural frequency. Since this is an estimate value, a deeper analysis should be done in a 

later stadium of the design. 
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3.2.7. Test on the hinges 

The tower should unfold into its final stage and also fold back into its retracted state with no 

problems. A critical element in the design of the tower is therefore the hinges which make 

sure the tower is able to (un)fold. Two different hinges are tested to find out whether these 

could be suitable for application in the final tower. 

The aim for the hinges is to withstand a tension force of 150kN, which is twice the tension 

force which would arise in the tower according to the calculation software. This original value 

of 75kN is multiplied by a factor 2 for safety reasons. This factor accounts for both 

uncertainties in loads and material properties. Moreover, since only one test has been 

executed per hinge, no scientifically grounded conclusion can be drawn in terms of mean 

values of strength.  

On the other hand, it is of large importance that in practice these hinges will deform as little 

as possible, since the tower will be folded and unfolded multiple times. Any deformations in 

the hinges might eventually result into a hinge which cannot be opened or closed anymore. 

Therefore, the strength of the hinge is likely to be over-engineered.  

3.2.7.1. Small hinge 

Figure 46, left object, shows two small hinges welded to two plates. Two hinges are used 

instead of one to make sure the hinge is not loaded asymmetric. When only one hinge would 

be applied, this would result to uniaxial loading, and therefore a larger possibility of failure in 

the welds, as is shown in  Figure 47.  

 

 
Figure 46: Two small hinges connected as one (left) and one large 
hinge (right) welded to a plate 

 

 Figure 47: One small hinge uniaxially 
loaded 
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Figure 48 shows the result of the test on the two small hinges. One can see that the 

maximum reached load on the hinge is almost 40kN. At this point in time, the test has been 

aborted since the hinge was already deforming plastically, which is clearly unfavourable 

behaviour in the hinges. Starting from a load of approximately 32 kN it is clear to see that the 

line in the graph is starting to flat out and become horizontal, indicating plastic deformations 

of the hinge. 

Since this test did not reach the desired force of 150kN and yet resulted in a large 

deformation, it is clear to state that this type of hinge would not be suitable for application in 

the final design of the tower. After this deformation, the hinge was unable to move without 

applying excessive amount of force.  

One can see that when the load is reduced to zero again, the displacement stays 8mm, 

which is the plastic deformation of the hinge. 

 

 
Figure 48: Test on two small hinges 
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Figure 49 and Figure 50 show the hinges during and after the test. From these pictures it is 

already clear to see that the hinge has deformed in such extent that it is not able to function 

anymore. Concluding, the two hinges combined are not strong enough for this detailing of 

the connection, since the deformations at only 26% of the load are already too large to 

accept. 

 

 
Figure 49: Two small hinges during the test 

 
Figure 50: Two small hinges after the test 
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3.2.7.2. Large hinge 

Figure 46, right object, shows single large hinge which is connected to the two plates. One 

can see in Figure 51 that the maximum applied load is just over 50kN. At this point in time, 

the test has been aborted again since the hinge started to deform plastically. Starting from a 

load of approximately 42kN it is clear to see that the line in the graph is starting to flat out 

and become horizontal. This indicates that the hinge is deforming plastically from this point.  

One can see that whenever the hinge is unloaded, a deformation of approximately 8 mm 

remains, which is the plastic deformation of the hinge. 

 

 
Figure 51: Test on one large hinge 

Figure 52 shows the hinge in the test setup where one can already see the deformations on 

the hinge. Figure 53 shows the hinge after the test, which clearly shows that the hinge has 

bent excessively and therefore is not able to rotate.  

Figure 54 shows more in detail what deformation process has stopped the hinge from 

moving; the steel strip which is bent around the central axis of the hinge is deformed largely 

near the sides of the hinges. This results into large friction on the axis of the hinge, since the 

inner part of this strip is not bent in such large extend.  

This process took place at both the double small and the single large hinge. The steel which 

is bent around the pin deforms in such a way that it is not usable anymore after it is loaded in 

tension.  

-10

0

10

20

30

40

50

60

0 2 4 6 8 10 12

F
o

rc
e

 [
k

N
]

Displacement [mm]

Large hinge

Mitu_1



Page | 51  
 

 
Figure 52: One large hinge during the test 

 
Figure 53: One large hinge after the test 

 
Figure 54: Deformation of the hinge around the pin 
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3.2.7.3. Conclusion 

The conclusion is that both the hinges are not suitable for the detailing as proposed. 

Statistically speaking not enough tests are done, but since the (plastic) deformations are 

already too big at respectively 40kN and 50kN one can conclude that both hinges are not 

suitable.  

One option would be to increase the thickness of the steel strip which is bent around the 

central axis. In these tests, these strips had a thickness of 3mm, which could be increased in 

order to get more stiffness and less deformations.  

Another option would be to close this bent strip using a weld, forming a circular pipe, as is 

indicated in Figure 55. By doing so, the deformation of this strip is prevented into large 

extend since this circular hollow section provides much more stiffness. 

 

 
Figure 55: Welding of the hinge 

A different detail should be designed in order to ensure the hinge to be sufficiently strong, or 

to make sure the forces on the hinges reduce. One option would be to make sure the tower 

gets into a ‘locked’ state when its unfolded. By doing so, forces will no longer run through the 

hinge, and therefore the required strength of the hinge will be lower.  

To be sure that a proper and suitable hinge is applied in the final design of the tower, again 

some tests need to be executed.  
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4. Part III - Setup of the tower 
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4.1. Design steps towards final design 

4.1.1. Step 1 – Starting point 

The first preliminary design, after 

the shape of the foldable triangle 

shaped tower was chosen, 

consists of square floor trusses 

which are supported by 

prefabricated concrete slabs. 

These slabs play a double role in 

the structural behaviour of the 

tower. On the one hand these 

slabs are used to decrease the 

soil pressure underneath the 

supports. The fundamental value 

of the vertical reaction force at the 

end of the steel truss can be 

calculated from the total moment 

induced by the wind load, and results in a value of 65kN. In order not to exceed the 

maximum allowable soil pressure (on festival sites a maximum value of 30kN/m² is 

assumed) a total area of 2,13m² is required per support. In Figure 56 however, the slabs are 

engineered as 2000x2000x120mm, and are therefore over-engineered. 

On the other hand, these concrete slabs also provide counter weight to ensure the tipping 

stability. The total weight of each of the slabs which are shown in Figure 56 is 1200kg. As 

already discussed in paragraph 3.2.5, not one single solution is possible to solve the entire 

problem of the tipping stability.   

The lever for this counter weight is formed using steel square trusses with a length of 4 

meters. These join in a connector underneath the battery volume, shown in Figure 57. The 

connection between these concrete slabs and the steel trusses could result into a 

complicated detail, since the forces needs to be able to flow in both directions (both tension 

and compression). Therefore, this aspect has been changed towards Design 2.  

In the zone between these floor trusses, the floor structure is engineered as prefabricated 

floor panels, supported by secondary floor beams.  

The core of the tower consists of a steel hexagonal box-frame which contains the battery. 

The structural elements of this box are placed in the corners of the volume, which allows the 

forces to run directly into the floor trusses. The panels in between are providing additional 

stiffness by forming a closed surface out of (profiled) steel sheeting.  

On top of this volume, a second volume is placed in the same dimensions which creates the 

tension ring by folding open as can be 

seen in Figure 56. The function of this 

ring is to keep the stay cables in the 

desired angle. 

The foldable tower is engineered as 

elaborated in paragraph 2.3.5 and will be 

placed on top of the upper hexagonal 

volume.  

 

Figure 56: Visual representation of design 1 

Figure 57: Truss connector underneath battery volume 
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4.1.2. Step 2 - Foundation 

In this second preliminary design, 

the base structure of the tower has 

been changed compared to the first 

design. Now the objective to 

decrease the soil pressure due to 

the reaction forces has been 

obtained by creating a large steel-

grid ring underneath the complete 

area. By doing so, uneven ground 

condition will not cause any 

problems, since these will easily be 

flattened out by this grid.  This ring 

clearly provides far more surface 

than required to obtain an allowable 

soil pressure.  

This also assures some fixed 

dimensions in terms of assembly, since the connections towards the square trusses are 

fixed on this ring as well. 

On top of this grid, concrete slabs are placed to create sufficient counter weight in order to 

obtain tipping stability. This method prevents difficulties on the connection between the 

trusses and the concrete slabs mentioned in paragraph 4.1.1 Step 1.  

The floor trusses are again designed as square trusses, which reduces the total height of the 

platform. The wooden floor structure is fully assembled on site.  

  

Figure 58: Visual representation of design 2 
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4.1.3. Step 3 – Floor structure & Foundation 

An improvement in terms of 

building speed has been made by 

applying a new type of floor 

structure. This structure can be 

folded up and down, in order to 

quickly complete a large part of the 

floor surface. By doing so, the total 

hoisting time will be reduced, the 

total assembly time will be 

reduced, and the floor structure will 

behave stiffer. The triangular 

shaped floor elements between 

this foldable floor structure still 

need to be assembled manually on 

site.  

Since the steel-grid ring is clearly 

oversized compared to the 

maximum allowable soil pressure, this ring has been replaced by independent smaller steel 

grids supporting the end of the steel trusses. This adaptation allows for faster assembly 

since these grids are easier to carry by one person. Depending on the size of these grids, 

one or more of these grids has to be combined at the end of each truss. 

Underneath the battery core, a hexagonal foundation box is engineered to evenly spread the 

self-weight of the tower. This consists of structural elements placed on the corners of this 

box, which therefore allows for an easy and straight flow of forces from the foldable tower 

though the battery volume into the soil. Both the independent steel grids and the foundation 

box allow for easy height adjustment during assembly by using threaded pins and bolts. The 

adjustment of the battery volume is done between the foundation box and the battery 

volume. Both height adjustments will be elaborated in more detail in the upcoming 

paragraph: Detailing.  

The earlier mentioned steel floor trusses will be connected to the sides of this foundation box 

using a 4-way pinned connection, 

see Figure 60. 

Since now the steel grid does go all 

around the entire tower, the concrete 

elements which serve as counter 

weight require some additional 

measures in terms of fixation and 

mounting. At this stage of the design 

process however, this problem is yet 

to be solved. 

  

Figure 59: Visual representation of design 3 

Figure 60: 4-way pinned connection 



Page | 57  
 

4.1.4. Step 4 – Steel floor trusses 

The changes which have been made 

in the transformation between design 

3 and design 4 include a change in 

the floor trusses. In order to create a 

better user experience (overview 

over the festival site and more room 

for meeting and talking to people), 

the height of the platform is desired 

to be higher and therefore the 

square trusses have been replaced 

by flat trusses.  

This change is also beneficial in 

terms of transportation: these flat 

trusses can be stacked into the 

shipping container more efficiently, 

since less emptiness is present 

inside these trusses. 

Also, by applying these higher trusses, the connection between the core and the trusses 

have changed. Earlier, both the top- and bottom-tubes were connected to the foundation 

box. In this changed design, the top-tube is connected to the battery volume using a hinged 

and threaded connection, and the bottom-tube is connected to a hinged and threaded pin in 

a slotted hole. By doing so, the top- and bottom-tube can be connected with sufficient 

tolerance, even when the height adjustment in between the foundation box and the battery 

volume is used to its maximum.   A simplified visualization of this detailing can be seen in 

Figure 62.  

In this version of the design, these 

trusses are connected to the flat 

planes of the hexagonal shaped 

battery volume, as the square 

trusses in the previous versions. This 

is beneficial since now the foldable 

floor structure can be mounted 

directly onto the trusses. In terms of 

flow of forces however, these trusses 

would be more efficient when placed 

on the corners of this volume, since 

the corners contain structural steel. 

The planes only contain profiled steel 

sheets which serve as additional 

stiffness measures. 

 

  

Figure 61: Visual representation of design 4 

Figure 62: Connection between floor truss and 
foundation/battery core 
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4.1.5. Step 5 – Final design 

In the final design of the GEM-tower, 

the floor trusses have been placed at 

the corners of the hexagonal battery 

volume and the foundation core, in 

contrast to the connection at step 4. 

By doing so, the vertical force from 

the tower (caused by both deadload 

and wind load) can flow straight into 

the trusses and through the steel 

grids.  

The vertical trusses are kept up 

straight by a double connection onto 

the core of the tower and a stiff floor 

structure connected to the top bar of 

the truss. This prevents the trusses 

from lateral torsional buckling. 

By applying this change, the secondary floor beams also serve as supports for the foldable 

floor structure, which results in a slightly different order of steps during assembly.  

 

  

Figure 63: Visual representation of design 5 

Figure 64: Double connection onto the core 
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4.2. Building process - Detailing 

The main purpose of this design process is to be able to design the GEM-tower in such a 

way that it can be extracted on any festival site in the shortest time possible. This is of 

importance both to reduce the costs of assembly, and also to be able to serve as many 

festivals as possible. These demands have to be met using the least amount of heavy 

machinery and the least number of persons. 

To improve the building speed on the festival site, most detailing has been optimized for both 

structural aspects as for assembling aspects.  

 

Detailing which is optimized for easy and fast assembling: 

 

Stacking core volumes onto each other 

To be able to stack the successive elements 

quick and easy, guiding elements are attached 

to both the foundation element (see Figure 65) 

and the battery volume. This allows the building 

team to position the elements on exactly the 

right position without the need to put too much 

effort in aiming; this funnel-like shape provides 

some guidance by reaching the correct 

position. The actual structural connection is 

made afterwards using a bolted connection, or 

by applying a conical pin and a securing peg.  

These guiding plates are welded to the outside 

surface of the volume and placed just beside 

the corners. This still allows for the floor trusses 

to be attached to the structural corners of the 

foundation unit and the battery volume.  

  

Figure 65: Guiding elements attached to foundation 
element 

Figure 66: Guiding elements on foundation element with battery 
volume on top 
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Floor trusses to core element 

The connection between the floor trusses and the core foundation element, position 

indicated in Figure 68, needs to be able to withstand the bending moment between the base 

of the tower and the tower itself. To do so, a double pinned connection is applied of which 

the upper connector is part of the battery volume, and the lower is part of the foundation 

element, as can be seen in Figure 67. By providing both pins with a threaded bolt, both can 

be adjusted in order to level out the floor truss. By using a bolt on both in- as outside of the 

truss, this connection will be able to withstand forces in two directions. Also, the lower 

connection needs to be able to be adjustable in the vertical direction, since the position of 

the foundation volume does not necessarily needs to be level. Therefore, the lower 

connection is formed by a slotted hole.  

 

 

 
Figure 68: Location of the detail 

 

Steel grids to floor trusses and height adjustment 

A comparable connection needs to be engineered in 

order to adjust the height of the end of the floor truss. 

Therefore, adjustment nuts (as indicated in Figure 69) 

are placed on the shaft of the threaded pin. By doing 

so, this connection can bear both upwards- as 

downwards facing forces. Based on the final 

calculations and the resulting forces in these supports, 

the dimensions and number of these pins and the 

dimensions of the steel grid needs to be determined.  

  

Figure 67: Connection floor truss to core element 

Figure 69: Steel grids to floor trusses 
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Concrete elements to main structure 

The counterweights which take care of a major part 

of the total tipping stability are designed as 3D-

printed hollow concrete stairs. These are 

positioned on 3 edges of the platform (as can be 

seen in Figure 70) and therefore contribute to the 

tipping stability in all directions. In order to activate 

the weight of these elements, a proper connection 

between the steel structure and the concrete needs 

to be designed. This will be done by simply placing 

the concrete stairs on the steel grids at the end of 

the floor trusses. 

 

Additional difficulty is that the total length of the 

concrete stairs (4 meters) needs to be printed in 

two parts (both for practical issues 

during printing itself as for transportation 

and handling problems). However, in 

order not to lose the structural influence 

of this concrete whenever it lowers at 

mid-span, a decent connection needs to 

be made in between these parts. This is 

done by applying a compressive rod 

which is adjustable in length. This 

ensures that the complete weight of 

these stairs will be carried by the steel 

grids, and therefore will not be 

supported by the underlying soil.  

 

  

Figure 70: Positioning 3D-printed hollow 
concrete stairs 

Figure 71: 3D-printed hollow concrete stair elements 

Figure 72: 3D-printed hollow concrete stair elements with 
compressive rod 
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Floor elements to core volume 

The floor covering of the public area 

around the battery volume is folded 

around the core. By doing so, the 

floor panels do not have to be 

mounted separately but can easily 

be retracted with more ease. To be 

able to create this hinged 

connection, two connector plates 

are welded to each side of the 

battery volume, which form a hinge 

with two connector plates welded 

onto the floor structure.  

Besides, the floor structure is locally 

split into two parts. Whenever this is 

the case, another internal hinge is 

created in between the first and the second part of the floor structure. This can be seen in 

Figure 74. 

 

To be sure that this connection will be sufficiently strong, a check is done for both the welded 

plates as for the pin forming the hinge as can be seen in Appendix V – Weld calculation. In 

this calculation, it turns out that the total vertical load in these points is limited, and that a 

weld thickness of 4mm is sufficient.  

 

 
Figure 74: Overview of folding floor elements 

Further detailing of the tower (for example the detailing of the foldable tower, the connection 

between the tower and the VAWT or the detailing of the LSC) are not treated in this report. 

Reason for this is that these aspects still needed to be discussed and investigated by the 

entire research team at the time of the deadline of this graduation project.  

  

Figure 73: Hinged connection for the floor cover 
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4.3. Transportability 

In order to transport all needed elements onto the festival site, a minimum of truck 

movements is desired. To be able to achieve this, the aim is to transport a minimum of voids 

using the shipping container. Therefore, to find out what type of shipping container would be 

best suitable, a comparison is made between the total volume of the separate elements of 

the tower (Table  8), and the interior volume of the shipping containers (Table  9).  

 
Table  8: Volume of each of the elements 

Parts of the tower 
  

Foundation box 2,5 m³ 

Battery volume 7,1 m³ 

Top volume 2,5 m³ 

Trusses 5,5 m³ 

Floor beams + floor covering 1,3 m³ 

Concrete stairs 6 m³ 

Triangle tower 3,6 m³ 

VAWT (excluding blades) 1,25 m³    

Total 29,75 m³ 

 
Table  9: Percentage of used space per shipping container 

Container options 
  

20ft Standard 90,15 % 

20ft High Cube 79,76 % 

2x 20ft Standard 45,08 % 

2x 20ft High Cube 39,88 % 

40ft Standard 44,40 % 

40ft High Cube 38,99 % 

 

One can clearly see in Table  9 that, unless the total volume of both of the 20ft shipping 

containers being larger than the total volume of the elements of the tower, actual fitting of all 

elements would be a difficult task. Combined with the fact that most elements have a 

hexagonal shape and therefore cover a larger area in the container than its actual floor 

surface, both single 20ft shipping container options are eliminated from here. Also, the 

difficulty it would give to load all elements in the container this compact would lead to a large 

loss in time efficiency during loading and unloading and more important a greater risk of 

damaging elements. 
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For the other options (2x 20ft containers or 1x 40ft container), a distinction is made between 

standard height and high cube containers. The difference between a standard- and a high 

cube shipping container measure approximately 300mm. 

Since most elements (the battery volume, the concrete stairs and the combination of the 

triangle shaped tower and the VAWT) are engineered to a maximum possible height 

compared to the height of the container (as can be seen in in Figure 75), a standard height 

shipping container would lead to problems in terms of the height of the elements. Therefore, 

also the standard height shipping containers are eliminated from here.  

 

Since for both options of the high cube containers a side opening- and top opening container 

are available, these will be compared in more detail:  

• 2x 20ft high cube open top 

• 2x 20ft high cube side open 

• 1x 40ft high cube open top 

• 1x 40ft high cube side open 

 

These options have a comparable total volume, which is why this specific aspect is not of 

relevance anymore. Further comparison should be made based on aspects such as wall/roof 

opening dimensions, total weight and practical ease in terms of loading and unloading. 

These dimensions are based on data provided by a worldwide operating manufacturer of 

shipping containers, Hapag Lloyd (Hapag-Lloyd, 2019).  

 

 
Figure 75: Cross sectional view on a 40ft high cube shipping container 
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4.3.1. 2x 20ft high cube top opening 

Internal length: 5895mm 

Internal width: 2316mm 

Internal height: 2612mm 

Door opening width: 2340mm 

Door opening height: 2580mm 

Roof opening width: 2196mm 

 

The benefit of a roof opening container 

is that for unloading through the roof 

opening, the sequence of loading the 

elements is not important related to the 

building sequence. Any element can 

simply be hoisted through the roof in 

any desired order, and the floor space 

of the container can be filled without 

any further demands. Additional 

advantage of hoisting using chains through the roof is that the elements can be positioned 

more flexible on the building site; the elements can be pushed or rotated while hanging.  

In this solution, the roof opening width is normative. Therefore, the sizes of all elements 

need to be adjusted based on these dimensions. Whenever this roof opening width would 

appear to be too small (or the elements too wide), an alternative option could be to hoist the 

elements loose from the ground and move horizontally afterwards towards the door opening. 

In this case, the sequence of loading and unloading is of importance; whenever there is only 

one open end, the first element which is needed in assembly is desired to be as closest to 

this door.  

The advantage of two separate shipping containers is that the weight per container is limited 

and therefore the required capacity of the crane can be reduced. On the other hand, this 

requires a doubled hoisting time. Estimation is that doubling the number of containers would 

lead to an additional 15 minutes on the building site. Therefore, this aspect does not 

influence the total assembling time significantly. 

  

Figure 76: Filled 2x20ft. high cube top opening container 
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4.3.2. 2x 20 ft high cube side opening 

Internal length: 5898mm 

Internal width: 2288mm 

Internal height: 2604mm 

Side opening width: 5702mm 

Side opening height: 2154mm 

End door opening width: 2114mm 

End door opening height: 2169mm 

 

Same as with the 20ft open top container, also with the 20ft side opening container the 

sequence of loading and unloading is not of importance; by opening the entire long side of 

the container, all elements can easily be picked up using a forklift. Disadvantage of this 

solution however, is that the flexibility during unloading is limited by using a forklift truck 

compared to vertical hoisting.  

In this case, the side door opening height is the normative factor and therefore the height of 

all elements needs to be limited. This might influence the design of the tower as well.  

In this option, the same remarks apply in terms in terms of doubled hoisting time.  

 

 
Figure 77: Filled 2x20ft. high cube side opening container 
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4.3.3. 40ft high cube top opening 

Internal length: 12032mm 
Internal width: 2352mm 

Internal height: 2646mm 

Short side door width: 2340mm 

Short side door height: 2585mm 

Roof opening width: 2184mm 

 

Most aspects of the 20ft top opening container also apply on this option: the sequence of 

loading and unloading does not matter and the elements hanging by chains can easily be 

pushed or rotated to obtain the right positioning. Again, the roof opening width is normative, 

however in this case it is slightly smaller.  

Whenever the elements are oversized compared to the roof opening width, the elements can 

again be moved horizontally to unload these through the short end opening. However, in this 

case the distance it needs to travel is doubled, which therefore would result in a larger 

chance of collusions and damage to any of the elements. Also, now the sequence of loading 

and unloading is of importance. 

Benefit of applying one 40ft container over applying two 20ft container is that there are less 

boundaries to take into account while loading.  

By applying one 40ft container, the total weight of this container is much larger than the 

weight of the separate 20ft containers. On the other hand; by applying only one container, 

the hoisting time is reduced. Again, the same estimation of additional time is valid as 

mentioned before,  

 

 
Figure 78: Filled 40ft. high cube top opening container 
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4.3.4. 40ft high cube, side opening 

Internal length: 12032mm 

Internal width: 2350mm 

Internal height: 2641mm 

Side opening width: 11836mm 

Side opening height: 2308mm 

End door width: 2226mm 

End door height: 2348mm 

 

Most aspects of the 20ft side opening container also apply on this option: the sequence of 

loading and unloading does not matter since all elements can be picked up from the side. 

Again, the flexibility during positioning is limited. The normative dimension of this type of 

container is the height of the side opening which may influence the final design of the tower.  

The same as with the 40ft top open container, the weight of this container will be much 

larger than the weight of one 20ft container. A crane with larger capacity is required. On the 

other hand; by applying only one container, the hoisting time is reduced.  
 

 

Figure 79: Filled 40ft. high cube, side opening container 
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4.3.5. Conclusion 

All the advantages and disadvantages mentioned in the paragraphs before are summarized 

in Table  10. 

 
Table  10: Advantages and disadvantages of each of the shipping containers 

 
Advantage Disadvantage 

2x 20ft open top Limited weight per container Twice as much hoisting jobs 

Hoisting through the roof using 
cables, flexible placing of elements 

Limited width per element due to roof 
opening width  
Horizontal movement of elements 
while hanging  
Additional ‘borders’ to take into 
account  
Loading by cables/chains, slow 
solution 

2x 20ft side open Limited weight per container Twice as much hoisting jobs 

Completely free in terms of building 
sequence 

Lifting through the side, not flexible 
placing of elements 

No horizontal movements while 
hanging 

Additional ‘borders’ to take into 
account 

Loading by forks, quick solution 
 

40ft  
open top 

Only one hoisting job Extra heavy container 

Hoisting through the roof using 
cables, flexible placing of elements 

Horizontal movement of elements 

More un-interrupted floorspace Loading by cables/chains, slow 
solution 

40ft  
side open 

Only one hoisting job Extra heavy container 

Completely free in terms of building 
sequence 

Lifting through the side, not flexible 
placing of elements 

More un-interrupted floorspace 
 

Loading by forks, quick solution 
 

 
Based on these findings, the choice would be to use a single 40ft side open container. This 

would allow for the fastest assembly and disassembly on the building site and would 

therefore be the most efficient storage solution. As can be seen in Figure 79, all elements fit 

easily inside this container, yet leaving sufficient space to ensure fast loading and unloading.  
  



Page | 70  
 

4.4. Building process - Planning 

As mentioned before, the speed of assembling on the building site is one of the key aspects 

of the design process. Objective is to be able to assemble and disassemble the complete 

tower within one day, without using more than 4 people; this excludes the driver of the truck 

and the operator of the telescopic handler.  

To be able to get this job done within the designated period of time, the steps need to be 

executed in a specific order:  

 

1. Delivery of the shipping container 

Driver of the truck arrives at the festival site and guided towards the building site where he 

parks his truck. The truck will be arranged by the builder, the GEM-tower team.  

2. Shipping container gets unloaded from the truck 

Operator of the telescopic handler needs to drive towards the building site from anywhere on 

the festival site. After arriving, the crane needs to be parked, set-up and prepared for the 

hoisting job. The four hooks of the crane need to be connected to the hoisting points of the 

container, and the container will be hoisted from the truck and positioned on the building site. 

The availability of this telescopic handler needs to be taken care of by the festival 

organization 

3. Positioning of the foundation core 

First elements which needs to come out of the shipping container is the foundation core. 

This box is provided with holes for the forks of the telescopic handler, which allows for fast 

unloading from the container. 

4. Placing steel foundation grids 

In a circle around the foundation core, the steel foundation grids are placed. Due to its 

limited weight, these can easily be positioned by hand. Its exact location will be determined 

in the next step, when the floor trusses are mounted and levelled.  

5. Placing and levelling battery volume 

Next, the battery volume will be hoist out of the shipping container. Due to its weight 

(3000kg), at least one heavy-duty forklift or telescopic handler is required to pick this part out 

of the container. This element will be picked up from the side of the shipping container, and 

afterwards positioned on top of the foundation element. Subsequently, this element is 

levelled using threaded pins and nuts. Fixation of this volume is done from the inside, by a 

threaded pin and a nut.  

6. Placing and levelling floor trusses 

The steel trusses which will serve as main structural element for the floor structure, will first 

be connected to the battery volume and the foundation core. By the vertical height 

adjustment to the foundation core and above the foundation grids, the trusses can be 

levelled around the core. As mentioned in paragraph 3.2.4, the trusses weigh approximately 

75kg each. Since the Dutch ARBO-regulation does not allow people to lift this weight, the 

trusses need to be unloaded from the container and placed in position using the telescopic 

handler. 

7. Placing concrete stairs as counterweight 

Between the steel trusses, concrete stairs will be placed as counterweight in order to provide 

tipping stability. Since these might weight up to 2000kg, these also have to be moved using 

the telescopic handler.  
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8. Mounting secondary floor beams  

After placing the concrete stairs, the complete floor structure can be assembled in three 

steps. First, the secondary floor beams need to be positioned and fixed between the floor 

trusses. Since the weight of these trusses is not that high, these can be placed by hand.  

9. Unfolding main floor structure 

When the secondary floor beams are installed properly, the foldable floor structure can be 

unfolder from the battery core. This will be done using a (manually operated) cable winch. 

This allows for slowly lowering the structure. When the floor is unfolded completely, the floor 

structure can be fixed towards the secondary floor beams. 

10. Assembling intermediate floor structure 

To finish the complete floor structure, the triangular shaped zones in between the folding 

floor need to be filled. This is done using prefabricated floor panels (wooden plates on an 

aluminium/steel structure) which will be positioned on secondary floor beams. These panels 

can be placed by hand, since the weight of these elements will be limited due to its 

dimensions. 

By completing the floor structure as early as possible, other processes which take place 

higher up can be executed more easily, since less measures are required to reach the 

height.  

11. Placing second core volume 

The second core volume, which also forms the base for the tension ring in the stay cables, is 

placed using the telescopic handler. This part will be hoist out of the container through the 

opened side, just as was previously described for the battery volume. The fixation to the top 

of the battery volume is done in the same manner as for the connection between the 

foundation core and the battery volume.  

12. Stacking tower elements 

Since in this version of the tower, the tower is still built out of static (non-motorized) 

elements, these will arrive at the building site in extracted form. Subsequently, these will be 

stacked on top of each other using the telescopic handler and fixed using bolts and nuts.  

13. Placing stacked tower onto second core volume 

As soon as all separate elements are stacked onto each other near the base of the tower, 

this stack will be hoist onto the second core volume using the telescopic handler. To be able 

to do to, this telescopic handler needs to be able to reach a height of approximately 25m. 

This aspect needs to be taken care of by the festival organization. 

14. Preparing cable mesh 

The stay cables, which together form a mesh surrounding the entire tower, is stored in 

separate segments in the shipping container, and need to be connected before hoisting it 

onto the tower.  

15. Connecting cable mesh 

After connecting the separate parts to one complete mesh, this needs to be hoisted to the 

top of the tower using the telescopic handler. This mesh provides both stability to the 

structure and aesthetical value by forming the final shape. It will be connected to the top of 

the tower and to the floor trusses using rings and hooks. Besides, a telescopic platform will 

be needed in order to safely reach the mounting points of the cable mesh. 
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16. Assembling VAWT 

After the complete structure of the tower is assembled, the VAWT needs to be placed on top 

of the tower. Since the blades and the core of the VAWT will be stored separately, these 

blades first need to be connected to the core. Since the total weight of the core of the VAWT 

is too large to carry by hand, the core needs to be taken out of the container using the 

telescopic handler. 

17. Placing VAWT 

After the assembly of the VAWT has been completed, it needs to be placed on top of the 

already extracted tower. Again, the telescopic handler is required. Again, a telescopic 

platform is needed in order to safely reach the mounting points of the VAWT. 

18. Connecting electrical systems and wiring 

After completing the tower and placing the VAWT, all electricity needs to be connection and 

installed. Besides the VAWT itself, this also goes for the solar panels on the side of the 

tower and the decorative lights spread over the tower. This final task will be executed by an 

electrical engineer, since some specific knowledge and tools are required to do so.  

 

In the matrix planning in Appendix IX – Planning, the overview of all consecutive steps is 

visualized, together with the required number of people, the required machinery and 

equipment, and the estimated period of time it would take to finish each job.  

Altogether, according to this planning, the total assembly of the tower would take a total of 

work 8 hours (9 hours with coffee breaks included), and a total of 33,5 man hour.  

Therefore, the target of completing the assembly within one day without exceeding the 4 

people as stated before is succeeded. 
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5. Concluding remarks 
 

After nine months of intensive collaboration on the design of the GEM-tower with Patrick 

Lenaers, Floor van Schie and Faas Moonen, we had to divert from their process in order to 

be able to finish our own graduation project by the set time. This resulted in the fact that 

some of the assumptions and results in this report are no longer valid compared to their 

process, and some of the solutions have already been solved differently.  

This also allows for a good comparison between our ‘final design’ and the actual final design 

which will be placed on Pukkelpop in August 2019. For example: 

 

- The wind analysis with its factors is useful in determining the forces acting on the 

tower and giving insights on how the values are obtained. However, after deciding to 

divert from the continuing design process, a remark was made by the manufacturer 

of the VAWT that a percentage of 70% of the frontal area of a circle would be 

sufficient to represent the drag force caused by the wind hitting the rotating blades, 

instead of the earlier assumed 100%.  

- With minor alterations the planning could still be used in order to setup the tower at 

the festival in the most effective way. Our recommendation for the container remains 

the same, a single 40ft side open container which is the most efficient storage 

solution and allowing for the fastest assembly and disassembly on the festival site. 

Some detailing has however been adjusted. For example, the floor trusses are now 

permanently connected to the core of the tower as well, which reduced both hosting- 

and assembling time on site. 

 

The target of our graduation project was to contribute to the design and development of the 

GEM-tower. Looking back on the complete process, we unfortunately feel that our input 

towards the end of our graduation project has decreased.  

At the early stages during the investigation of the first fourteen options and in the calculation 

on the structural behaviour related to wind load, our results and opinions were taken into 

account.  

After the triangular shaped tower was chosen as the final design, things went very quick due 

to deadlines in terms of manufacturing of the elements and exploiting of the tower. At that 

point, we noticed that meeting each other once a week could result in a week of useless 

effort, since assumptions we made after one meeting were already outdated one week later.  

Therefore, our solutions and advises were practically always one week behind on the 

schedule of Patrick, Floor and Faas. 
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7.1. Appendix I – Overview of conceptual designs 

   



Overview of the Conceptual Designs
Triangle Tower - plate 

15 elements

Perspective Front Side

Triangle Tower - truss 
15 elements

Perspective Front Side

Square Tower - truss 
14 elements

Circle Tower - plate 
19 elements

Square Bennett Linkage - truss 
18 elements

Triangle Bennett Linkage - truss 
17 elements

NASA STAC-Beam - truss 
17 elements

Perspective Front Side

Perspective Front Side Perspective Front Side Perspective Front Side Perspective Front Side

2 3 4

5 6 7 8

Sliding Tower - plate 
15 elements

Perspective Front Side

1

By Patrick (W.J.H.) Lenaers - TU/e11/09/2018



Miura-Ori Zipper - plate 
15 elements

Miura-Ori Zipper - truss 
15 elements

Decagon Helix Tower - plate 
26 elements

Decagon Helix Tower- truss 
26 elements

Perspective Front Side Perspective Front Side

Perspective Front Side Perspective Front Side

11

12 13

NASA X-Beam - truss 
16 elements

Perspective Front Side

9 10

By Patrick (W.J.H.) Lenaers - TU/e11/09/2018



7.2. Appendix II – Wind calculation 

   



Windgebied 1:  

vb,0 = 29.5 m/s 

K = 0.2 

n=0.5 

Kustgebied: 

Z0=0,005m 

zmin=1 

Ontwerplevensduur: 

15 jaar 

Basiswindsnelheid 

,0 1 1 29,5 0,928 27,39 /b dir season b probv c c v c m s          

0,5

1
1 0,2 ln( ln(1 ( ))1 ln( ln(1 )) 15( ) ( ) 0,928

1 (ln( ln(0,98)) 1 0,2 (ln( ln(0,98))
n

prob

K p
c

K

    
  

   


 

  

Ruwheidsfactor: 

0

6
( ) ln( ) 0,162 ln( ) 1,147

0,005r r

z
c z k

z
      

0,07 0,070

0,

0,005
0,19 ( ) 0,19 ( ) 0,162

0,05r
II

z
k

z
      

Gemiddelde windsnelheid op hoogte z: 

0( ) ( ) ( ) 1,147 1 27,39 31,40 /m r bv z c z c z v m s        

Turbulentie‐intensiteit: 

0 0

1
( ) 0,141

( ) ln( / ) 1 ln(6 / 0,005)
l

v

k
l z

c z z z
  

 
 

Extreme stuwdruk: 

2
2 2(1 7 0,141)) 0,5 1,25 31,4

( ) (1 7 ( )) 0,5 1,225 /
1000p v mq z l z v kN m 

   
         

 



7.3. Appendix III – CsCd factor 

   



Appendix C of the Eurocode gives the formulas and definitions for the calculation of the cscd 
factor. 

Achtergrondresponsfactor: 

2

2 2 2 2 2 2

1 1
0,65

3 3 1,1 22 1,1 22
1 ( ) ( ) ( ) 1 ( ) ( ) ( )

2 ( ) ( ) ( ) ( ) 2 60,4 60, 4 60, 4 60,4s s s s

B
b h b h

L z L z L z L z

  
        

  

Turbulentielengteschaal: 

0,5913, 2
( ) ( ) 300 ( ) 60, 4

200
s

s t
t

z
L z L m

z
      

00,67 0,05ln( ) 0,67 0,05ln(0,2) 0,59z        

0,6 0,6 22 13, 2sz h m      

 

Figure 1: Determination of the shape 

  



Resonantieresponsfactor: 

2
2

1, 1,( , ) ( )
2 L s x s xR S z n K n



  


 

Logaritmisch decrement van de totale demping: 

0,04 0 0 0,04s a d            

δs is taken as 0,04 since this corresponds to a steel chimney with stay cables. δa and δd are 
taken as 0 since these cannot be determined in this stage of the design. Taking these values 
as 0 affects the cd in a negative way which is safe. 

Dimensieloze spectrale dichtheidsfunctie: 

2 5/3 5/3

( , ) 6,8 ( , ) 6,8 10,235
( , ) 0,03

(1 10,2 ( , )) (1 10, 2 10,235)L

v L

L

n S z n f z n
S z n

f z n
   

 
  

 
  

( ) 3,70 60,4
( , ) 10,235

( ) 21,83L
m

n L z
f z n

v z
  
 

  

Afmetingsreductiefunctie: 

2 2 2

2 2 2

1
( )

2
1 ( ) ( ) ( )

1
( ) 0,06

1 5 2 1 5
1 ( 2,14) ( 42,86) ( 2,14 42,86)

2 18 2 18

s

y y z z y y z z

s

K n

G G G G

K n

   





  

 
  

     

     

  

11,50 1,1 3,70
2,14

( ) 21,83
y

y
m s

c b n

v z
   

   
  

11,50 22 3,70
42,86

( ) 21,83
z

z
m s

c h n

v z
   

   
  

Since the assumption is made the tower comes closes to a chimney, the constants G can be 
taken as: 

1

2
5

18

y

z

G

G




   

  



Afmetingsfactor: 

21 7 ( ) 1 7 0,239 0,646
0,88

1 7 ( ) 1 7 0,239
v s

s
v s

l z B
c

l z

 
  

 
   
 

  

Dynamische factor: 

2 2 2 2

2 2

1 2 ( ) 1 2 3,91 0,239 0,646 0,24
1,18

1 7 ( ) 1 7 0,239 0,646

p v s
d

v s

k l z B R
c

l z B

   
  

 

     
   

  

Resulting in cscd: 

0,88 1,18 1,03s dc c     

 



7.4. Appendix IV – Truss calculation 

   



The live load is taken from EC 1 Deel 1-1 Gewichten en opgelegde belastingen, where  
Tabel NB.1 – 6.2 – Opgelegde belastingen op vloeren, balkons en trappen in gebouwen - 
Klasse C5-grote mensenmassa’s gives: 

25,0 /kq kN m   

The force from the stay cable needs to be diverted to a horizontal and vertical force, as can 
be seen in figure 1. This force is taken from the structural software AxisVM and is 90 kN. 

sin(70) 90 70

cos(70) 90 57
vert

hor

F kN

F kN

 

 




  

 

Figure 1: Force coming from stay cable 

The vertical force will result in a moment at the support, as can be seen in figure 2 left truss, 
thus creating an extra tension and pressure force. This pressure force in the upper flange will 
be combined with the horizontal force which we got from figure 1. 

 

Figure 2: Forces in the truss 

  



Square steel truss 

Moment at the support, coming from the vertical force from the stay cable, will be transferred 
to a horizontal force which will be combined with the horizontal force coming from the stay 
cable: 

sup 70.000 2.900 203.000.000

203.000.000
57.000 310.750

800
203.000.000

253.750
800

pressure m h

tension m

M Nmm

F F F N

F F N

 

    

  



  

With this pressure force a suitable profile can be picked and the displacement and stress can 
be checked: 

Steel: S235 
E-modulus: 210.000 N/mm2 
Weight steel: 7850 kg/m3 
Profile: 50x50x4 
AKOM: 237.000 mm4  
Area: 695 mm2 
Weight profile: 5,45 kg/m 

Stress: 

Because there will be two upper- and lower flanges the force may be divided by two: 

310.750
/ 695 224

2pressure MPa    

Deflection: 

2 4

3 3

800
4 (237.000 695 ( ) 445.784.000

2

1 1 70.000 2.900
6,1

3 3 210.000 445.784.000

I mm

F L
w mm

E I

  

  

 

  
 

   

Weight of the truss: 

The weight will be calculated using the assumption that 50% of each meter will be the weight 
of the vertical and diagonal elements: 

2.900
4,5 71

1000 5, 45
m kg 


   



Triangular steel truss 

The triangular truss will be calculated with two profiles connected to the top and the third 
profile connected to the bottom part of the base volume; this way the biggest force, the 
pressure force, can be divided by the two profiles. 
Moment at the support, coming from the vertical force from the stay cable, will be transferred 
to a horizontal force which will be combined with the horizontal force coming from the stay 
cable: 

sup 70.000 2.900 203.000.000

203.000.000
57.000 310.750

800
203.000.000

253.750
800

pressure m h

tension m

M Nmm

F F F N

F F N

 

    

  



  

With this pressure force a suitable profile can be picked and the displacement and stress can 
be checked: 

Steel: S235 
E-modulus: 210.000 N/mm2 
Weight steel: 7850 kg/m3 
Profile: 60x60x6 
AKOM: 561.000 mm4  
Area: 1.203 mm2 
Weight: 9,45 kg/m 

Stress: 

Because there will be two upper flanges the force may be divided by two. Since the tension 
force will be divided over the area of one element it is worth checking this too: 

310.750
/1.203 129

2
253.750 /1.203 211

pressure

tension

MPa

MPa





 

 
 

Deflection: 

2 2 4

3 3

800 800
2 (561.000 1.203 ( ) ) (561.000 1.203 ( 2) ) 514.963.000

3 3

1 1 70.000 2.900
5,3

3 3 210.000 514.963.000

I mm

F L
w mm

E I

    

  

   

  
 

   

Weight of the truss: 

The weight will be calculated using the assumption that 40% of each meter will be the weight 
of the vertical and diagonal elements: 

2.900
3, 4 93

1000 9, 45
m kg 


  



Flat steel truss 

Moment at the support, coming from the vertical force from the stay cable, will be transferred 
to a horizontal force which will be combined with the horizontal force coming from the stay 
cable: 

sup 70.000 2.900 203.000.000

203.000.000
57.000 310.750

800pressure m h

M Nmm

F F F N

 

    


  

With this pressure force a suitable profile can be picked and the displacement and stress can 
be checked: 

Steel: S235 
E-modulus: 210.000 N/mm2 
Weight steel: 7850 kg/m3 
Profile: 80x80x5 
AKOM: 1.131.000 mm4  
Area: 1.436 mm2 
Weight: 11,30 kg/m 

Stress: 

310.750 /1.436 216pressure MPa    

Deflection: 

2 4

3 3

800
2 (1.310.000 1.436 ( ) ) 462.140.000

2

1 1 70.000 2.900
5,9

3 3 210.000 462.140.000

I mm

F L
w mm

E I

  

  

 

  
 

   

Weight of the truss: 

The weight will be calculated using the assumption that 30% of each meter will be the weight 
of the vertical and diagonal elements: 

2.900
2,3 75

1000 11,30
m kg 


  

  



Square aluminum truss 

Moment at the support, coming from the vertical force from the stay cable, will be transferred 
to a horizontal force which will be combined with the horizontal force coming from the stay 
cable: 

sup 70.000 2.900 203.000.000

203.000.000
57.000 310.750

800pressure m h

M Nmm

F F F N

 

    


  

With this pressure force a suitable profile can be picked and the displacement and stress can 
be checked: 

Aluminum: EN-AW 7020 
E-modulus: 70.000 N/mm2 
Weight aluminum: 2770 kg/m3 
Profile: 80x80x5 
AKOM: 1.310.000 mm4  
Area: 1.436 mm2 
Weight: 3,98 kg/m 

Stress: 

Because there will be two upper- and lower flanges the force may be divided by two: 

310.750
/1.436 108

2pressure MPa    

Deflection: 

2 4

3 3

800
4 (1.310.000 1.436 ( ) 924.280.000

2

1 1 70.000 2.900
8,8

3 3 70.000 924.280.000

I mm

F L
w mm

E I

  

  

 

  
 

   

Weight of the truss: 

The weight will be calculated using the assumption that 50% of each meter will be the weight 
of the vertical and diagonal elements: 

2.900
4,5 52

1000 3,98
m kg 


   



Triangular aluminum truss 

The triangular truss will be calculated with two profiles connected to the top and the third 
profile connected to the bottom part of the base volume; this way the biggest force, the 
pressure force, can be divided by the two profiles. 
Moment at the support, coming from the vertical force from the stay cable, will be transferred 
to a horizontal force which will be combined with the horizontal force coming from the stay 
cable: 

sup 70.000 2.900 203.000.000

203.000.000
57.000 310.750

800
203.000.000

253.750
800

pressure m h

tension m

M Nmm

F F F N

F F N

 

    

  



  

With this pressure force a suitable profile can be picked and the displacement and stress can 
be checked: 

Aluminum: EN-AW 7020 
E-modulus: 70.000 N/mm2 
Weight aluminum: 2770 kg/m3 
Profile: 80x80x8 
AKOM: 1.680.000 mm4  
Area: 2.084 mm2 
Weight: 5,77 kg/m 

Stress: 

Because there will be two upper flanges the force may be divided by two. Since the tension 
force will be divided over the area of one element it is worth checking this too: 

310.750
/ 2.084 75

2
253.750 / 2.804 122

pressure

tension

MPa

MPa





 

 
 

Deflection: 

2 2 4

3 3

800 800
2 (1.680.000 2.084 ( ) ) (1.680.000 2.084 ( 2) ) 894.213.333

3 3

1 1 70.000 2.900
9,1

3 3 70.000 894.213.333

I mm

F L
w mm

E I

    

  

   

  
 

   

Weight of the truss: 

The weight will be calculated using the assumption that 40% of each meter will be the weight 
of the vertical and diagonal elements: 

2.900
3, 4 57

1000 5,77
m kg 


  



Flat aluminum truss 

Moment at the support, coming from the vertical force from the stay cable, will be transferred 
to a horizontal force which will be combined with the horizontal force coming from the stay 
cable: 

sup 70.000 2.900 203.000.000

203.000.000
57.000 310.750

800pressure m h

M Nmm

F F F N

 

    


  

With this pressure force a suitable profile can be picked and the displacement and stress can 
be checked: 

Aluminum: EN-AW 7020 
E-modulus: 70.000 N/mm2 
Weight aluminum: 2770 kg/m3 
Profile: 90x90x5 
AKOM: 4.110.000 mm4  
Area: 3.257 mm2 
Weight: 9,02 kg/m 

Stress: 

310.750 / 3.257 95pressure MPa    

Deflection: 

2 4

3 3

800
2 (4.110.000 3.257 ( ) ) 1.050.460.000

2

1 1 70.000 2.900
7,7

3 3 70.000 1.050.460.000

I mm

F L
w mm

E I

  

  

 

  
 

   

Weight of the truss: 

The weight will be calculated using the assumption that 30% of each meter will be the weight 
of the vertical and diagonal elements: 

2.900
2,3 60

1000 9,02
m kg 


  

  



Connection 

Assuming two bolts are used, one at the top of the truss and one in the bottom of the truss, 
connecting the truss to the base volume. In case the wind is acting on the tower and thus the 
truss bends upwards we will assume the vertical forces on the platform will only go through 
the bolts and not through the support at the end of the truss: 

,

,

6, 4 (5 0,3) 1000
16.960

2
253.750

v Ed

t Ed

F N

F N


 



 
  

Bolt M24 – 8.8: 

2440

640

800

y

ub

A mm

f MPa

f MPa






  

Maximum forces: 

,

,

0,6 0,6 800 440
168.793

1,25

440 640
253.750

1,25

ub s
v Rd

M

y
t Rd

M

f A
F N

A f
F N





  

  

   

 
  

Unity check: 

, ,

, ,

16.960 253.750
0,9 1,0

1,4 168.973 1,4 225.297
v Ed t Ed

v Rd t Rd

F F

F F
    

 
  

 



6.5. Appendix V – Weld calculation 

   



Weld 1 

Two 80x80x5 jointed together with a tension- and shear force. 
Steel quality: S235 
Fh,Ed = 200 kN 
Fv,Ed = 35 kN 
Execution class = 3 

 

Figure 1: Forces in the members 

Tension in one weld, coming from the tension force: 

,
2

1 1
2 0,5 2 0,5 200

2 2 173 /
6 (80 2 6)

H Ed

eff

F
N mm

a l
     



     

  
  

Tension in one weld, coming from shear force: 

, 20,5 0,5 35
43 /

6 (80 2 6)
V Ed

eff

F
N mm

a l
   



 
  

  

Checks: 

2 2 2

2

2 2 2

2 2

3 ( )

360
173 3 (173 43 )

0,8 1,25

355 / 360 /

u

w M

f

N mm N mm

  
    

  









   

2

2

0.9

0.9 360

1,25

173 259 /

u

M

f

N mm

















 

Which is ok. 

  



Weld 2 

Welding the hinge(40x10mm) plate to the battery core. Steel quality: S235 
Fh,Ed = 0kN 
Fv,Ed = 6kN 
Execution class = 3 
Weld cross section a to be determined 

Tension in one weld, coming from the tension force: 

2 2 2 2 2

2

0

3 ( ) 3 360 /

208 /

N mm

N mm

 

   



 

 

 

   



 



   

Which gives: 

6.000 80
208

2 2 40

1

Ed

eff

F

a l a a

a mm

    



       

From a practical point of view this is rounded off to 4mm, a normal weld thickness. 

  



Pin through hinge 

Bout/pen A: Op stuik belast Boutmaat d0 

 Boutmaat M16 16 M16 14,1235 

 d0: 14,1235 mm M20 17,6545 

 A: 156,67 mm² M24 21,185 

 Klasse: 8 8 M30 26,7165 

 fub: 800 N/mm² M36 32,2475 

 fyb: 640 N/mm² M42 37,778 
Staal fu: 235 N/mm²  

 ft: 360 N/mm²  
Scharnierplaat b: 100  

 t: 16 mm  

 A,net: 1344 mm²  

 k1 8,21 2,50  

  2,5  

   

  
 

 
Afschuifweerstand Fv,Rd 60 kN  
Bout   

  
 

 
Stuikweerstand Fb,Rd 82,944 kN  
Bout   

 

According to this calculation, the shear resistance of a bolt M16 satisfies the present load.  

 

∗ ∗

∗ ∗ ∗



7.6. Appendix VI – Tipping safety calculation 

   



Neutral

Information Force from wind Force from self‐weight

Width base 8 m Description N/m² Force [kN] Lever [m] Moment [kNm] Description Force [kN] Lever [m] Moment [kNm]

Battery volume diameter 2,2 m Windturbine 760 14,326 20,5 294 Windturbine 9 3,5 31

Length floorpanel 2,9 m Tower 710 1,674 18,5 31 Self‐weight tower 10 3,5 35

710 1,674 17,6 29 Core module 5 3,5 17

Height windturbine 4 m 710 1,674 16,6 28 Battery 30 3,5 104

Area windturbine 12,57 m2 710 1,674 15,7 26 Solar panels 3 3,5 10

660 1,556 14,7 23 Wooden floor 7 3,5 26

Length triangular solar panel 1,1 m 660 1,556 13,8 21

Area traingle 0,52 m2 660 1,556 12,9 20 223

660 1,556 11,9 19 0,90

cscd 1,25 660 1,556 11,0 17 201

cpe,10 1,2 600 1,415 10,0 14

600 1,415 9,1 13

Specific wooden weight 30 kg/m2 600 1,415 8,2 12

Area wooden floor 24,59 m2 600 1,415 7,2 10

500 1,179 6,3 7

600 1,415 5,3 8

500 1,179 4,4 5

500 1,179 3,5 4

581

1,20

697

Counter moment 496,8 kNm

Total

Factor

Total+factor

Factor

Total+factor

Total



Concrete stairs

Information Force from wind Force from self‐weight

Width base 8 m Description N/m² Force [kN] Lever [m] Moment [kNm] Description Force [kN] Lever [m] Moment [kNm]

Battery volume diameter 2,2 m Windturbine 760 14,326 20,5 294 Windturbine 9 3,5 31

Length floorpanel 2,9 m Tower 710 1,674 18,5 31 Self‐weight tower 10 3,5 35

710 1,674 17,6 29 Core module 5 3,5 17

Height windturbine 4 m 710 1,674 16,6 28 Battery 30 3,5 104

Area windturbine 12,57 m2 710 1,674 15,7 26 Solar panels 3 3,5 10

660 1,556 14,7 23 Wooden floor 7 3,5 26

Length triangular solar panel 1,1 m 660 1,556 13,8 21 Concrete stairs 17 12 206

Area traingle 0,52 m2 660 1,556 12,9 20

660 1,556 11,9 19 429

cscd 1,25 660 1,556 11,0 17 0,90

cpe,10 1,2 600 1,415 10,0 14 386

600 1,415 9,1 13

Specific wooden weight 30 kg/m2 600 1,415 8,2 12

Area wooden floor 24,59 m2 600 1,415 7,2 10

500 1,179 6,3 7

Circumference concrete stairs 4,928 m 600 1,415 5,3 8

Length concrete stairs 2,9 m 500 1,179 4,4 5

Thickness 3D printer 0,05 m 500 1,179 3,5 4

Specific concrete weight 2400 kg/m3

581

1,20

697

Counter moment 311,5 kNm

Total+factor

Factor

Total+factor

Total

Factor

Total



Concrete stairs and 9 meters base width

Information Force from wind Force from self‐weight

Width base 9 m Description N/m² Force [kN] Lever [m] Moment [kNm] Description Force [kN] Lever [m] Moment [kNm]

Battery volume diameter 2,2 m Windturbine 760 14,326 20,5 294 Windturbine 9 3,9 35

Length floorpanel 3,4 m Tower 710 1,674 18,5 31 Self‐weight tower 10 3,9 39

710 1,674 17,6 29 Core module 5 3,9 19

Height windturbine 4 m 710 1,674 16,6 28 Battery 30 3,9 117

Area windturbine 12,57 m2 710 1,674 15,7 26 Solar panels 3 3,9 12

660 1,556 14,7 23 Wooden floor 9 3,9 37

Length triangular solar panel 1,1 m 660 1,556 13,8 21 Concrete stairs 20 15 305

Area traingle 0,52 m2 660 1,556 12,9 20

660 1,556 11,9 19 564

cscd 1,25 660 1,556 11,0 17 0,90

cpe,10 1,2 600 1,415 10,0 14 508

600 1,415 9,1 13

Specific wooden weight 30 kg/m2 600 1,415 8,2 12

Area wooden floor 31,48 m2 600 1,415 7,2 10

500 1,179 6,3 7

Circumference concrete stairs 4,928 m 600 1,415 5,3 8

Length concrete stairs 3,4 m 500 1,179 4,4 5

Thickness 3D printer 0,05 m 500 1,179 3,5 4

Specific concrete weight 2400 kg/m3

581

1,20

697

Counter moment 189,6 kNm

Total+factor

Factor

Total+factor

Total

Factor

Total



Concrete stairs and 10 meters base width

Information Force from wind Force from self‐weight

Width base 10 m Description N/m² Force [kN] Lever [m] Moment [kNm] Description Force [kN] Lever [m] Moment [kNm]

Battery volume diameter 2,2 m Windturbine 760 14,326 20,5 294 Windturbine 9 4,3 39

Length floorpanel 3,9 m Tower 710 1,674 18,5 31 Self‐weight tower 10 4,3 43

710 1,674 17,6 29 Core module 5 4,3 22

Height windturbine 4 m 710 1,674 16,6 28 Battery 30 4,3 130

Area windturbine 12,57 m2 710 1,674 15,7 26 Solar panels 3 4,3 13

660 1,556 14,7 23 Wooden floor 12 4,3 51

Length triangular solar panel 1,1 m 660 1,556 13,8 21 Concrete stairs 23 19 432

Area traingle 0,52 m2 660 1,556 12,9 20

660 1,556 11,9 19 730

cscd 1,25 660 1,556 11,0 17 0,90

cpe,10 1,2 600 1,415 10,0 14 657

600 1,415 9,1 13

Specific wooden weight 30 kg/m2 600 1,415 8,2 12

Area wooden floor 39,15 m2 600 1,415 7,2 10

500 1,179 6,3 7

Circumference concrete stairs 4,928 m 600 1,415 5,3 8

Length concrete stairs 3,9 m 500 1,179 4,4 5

Thickness 3D printer 0,05 m 500 1,179 3,5 4

Specific concrete weight 2400 kg/m3

581

1,20

697

Counter moment 40,4 kNm

Total+factor

Factor

Total+factor

Total

Factor

Total



Water basin

Information Force from wind Force from self‐weight

Width base 8 m Description N/m² Force [kN] Lever [m] Moment [kNm] Description Force [kN] Lever [m] Moment [kNm]

Battery volume diameter 2,2 m Windturbine 760 14,326 20,5 294 Windturbine 9 3,5 31

Length floorpanel 2,9 m Tower 710 1,674 18,5 31 Self‐weight tower 10 3,5 35

710 1,674 17,6 29 Core module 5 3,5 17

Height windturbine 4 m 710 1,674 16,6 28 Battery 30 3,5 104

Area windturbine 12,57 m2 710 1,674 15,7 26 Solar panels 3 3,5 10

660 1,556 14,7 23 Wooden floor 7 3,5 26

Length triangular solar panel 1,1 m 660 1,556 13,8 21 Water basin 44 3 151

Area traingle 0,52 m2 660 1,556 12,9 20

660 1,556 11,9 19 374

cscd 1,25 660 1,556 11,0 17 0,90

cpe,10 1,2 600 1,415 10,0 14 337

600 1,415 9,1 13

Specific wooden weight 30 kg/m2 600 1,415 8,2 12

Area wooden floor 24,59 m2 600 1,415 7,2 10

500 1,179 6,3 7

Area hexagon 4,84 m2 600 1,415 5,3 8

Height of basin 0,9 m 500 1,179 4,4 5

Volume basin 4,356 m3 500 1,179 3,5 4

Specific water weight 1000 kg/m3

581

1,20

697

Counter moment 361,0 kNm

Total+factor

Factor

Total+factor

Total

Factor

Total



Water basin and base width 10 meters base width

Information Force from wind Force from self‐weight

Width base 10 m Description N/m² Force [kN] Lever [m] Moment [kNm] Description Force [kN] Lever [m] Moment [kNm]

Battery volume diameter 2,2 m Windturbine 760 14,326 20,5 294 Windturbine 9 4,3 39

Length floorpanel 3,9 m Tower 710 1,674 18,5 31 Self‐weight tower 10 4,3 43

710 1,674 17,6 29 Core module 5 4,3 22

Height windturbine 4 m 710 1,674 16,6 28 Battery 30 4,3 130

Area windturbine 12,57 m2 710 1,674 15,7 26 Solar panels 3 4,3 13

660 1,556 14,7 23 Wooden floor 12 4,3 51

Length triangular solar panel 1,1 m 660 1,556 13,8 21 Water basin 44 4 189

Area traingle 0,52 m2 660 1,556 12,9 20

660 1,556 11,9 19 486

cscd 1,25 660 1,556 11,0 17 0,90

cpe,10 1,2 600 1,415 10,0 14 438

600 1,415 9,1 13

Specific wooden weight 30 kg/m2 600 1,415 8,2 12

Area wooden floor 39,15 m2 600 1,415 7,2 10

500 1,179 6,3 7

Area hexagon 4,84 m2 600 1,415 5,3 8

Height of basin 0,9 m 500 1,179 4,4 5

Volume basin 4,356 m3 500 1,179 3,5 4

Specific water weight 1000 kg/m3

581

1,20

697

Counter moment 259,8 kNm

Total+factor

Factor

Total+factor

Total

Factor

Total



Concrete stairs and water basin

Information Force from wind Force from self‐weight

Width base 8 m Description N/m² Force [kN] Lever [m] Moment [kNm] Description Force [kN] Lever [m] Moment [kNm]

Battery volume diameter 2,2 m Windturbine 760 14,326 20,5 294 Windturbine 9 3,5 31

Length floorpanel 2,9 m Tower 710 1,674 18,5 31 Self‐weight tower 10 3,5 35

710 1,674 17,6 29 Core module 5 3,5 17

Height windturbine 4 m 710 1,674 16,6 28 Battery 30 3,5 104

Area windturbine 12,57 m2 710 1,674 15,7 26 Solar panels 3 3,5 10

660 1,556 14,7 23 Wooden floor 7 3,5 26

Length triangular solar panel 1,1 m 660 1,556 13,8 21 Water basin 44 3 151

Area traingle 0,52 m2 660 1,556 12,9 20 Concrete stairs 17 12 206

660 1,556 11,9 19

cscd 1,25 660 1,556 11,0 17 580

cpe,10 1,2 600 1,415 10,0 14 0,90

600 1,415 9,1 13 522

Specific wooden weight 30 kg/m2 600 1,415 8,2 12

Area wooden floor 24,59 m2 600 1,415 7,2 10

500 1,179 6,3 7

Area hexagon 4,84 m2 600 1,415 5,3 8

Height of basin 0,9 m 500 1,179 4,4 5

Volume basin 4,356 m3 500 1,179 3,5 4

Specific water weight 1000 kg/m3

581

Circumference concrete stairs 4,928 m 1,20

Length concrete stairs 2,9 m 697

Thickness 3D printer 0,05 m

Specific concrete weight 2400 kg/m3

Counter moment 175,7 kNm

Total+factor

Factor

Total+factor

Total

Factor

Total



Concrete stairs, water basin and 9 meters base width

Information Force from wind Force from self‐weight

Width base 9 m Description N/m² Force [kN] Lever [m] Moment [kNm] Description Force [kN] Lever [m] Moment [kNm]

Battery volume diameter 2,2 m Windturbine 760 14,326 20,5 294 Windturbine 9 3,9 35

Length floorpanel 3,4 m Tower 710 1,674 18,5 31 Self‐weight tower 10 3,9 39

710 1,674 17,6 29 Core module 5 3,9 19

Height windturbine 4 m 710 1,674 16,6 28 Battery 30 3,9 117

Area windturbine 12,57 m2 710 1,674 15,7 26 Solar panels 3 3,9 12

660 1,556 14,7 23 Wooden floor 9 3,9 37

Length triangular solar panel 1,1 m 660 1,556 13,8 21 Water basin 44 4 170

Area traingle 0,52 m2 660 1,556 12,9 20 Concrete stairs 20 15,1875 305

660 1,556 11,9 19

cscd 1,25 660 1,556 11,0 17 734

cpe,10 1,2 600 1,415 10,0 14 0,90

600 1,415 9,1 13 661

Specific wooden weight 30 kg/m2 600 1,415 8,2 12

Area wooden floor 31,48 m2 600 1,415 7,2 10

500 1,179 6,3 7

Area hexagon 4,84 m2 600 1,415 5,3 8

Height of basin 0,9 m 500 1,179 4,4 5

Volume basin 4,356 m3 500 1,179 3,5 4

Specific water weight 1000 kg/m3

581

Circumference concrete stairs 4,928 m 1,20

Length concrete stairs 3,4 m 697

Thickness 3D printer 0,05 m

Specific concrete weight 2400 kg/m3

Counter moment 36,8 kNm

Total+factor

Factor

Total+factor

Total

Factor

Total



Concrete stairs, water basin and 10 meters base width

Information Force from wind Force from self‐weight

Width base 10 m Description N/m² Force [kN] Lever [m] Moment [kNm] Description Force [kN] Lever [m] Moment [kNm]

Battery volume diameter 2,2 m Windturbine 760 14,326 20,5 294 Windturbine 9 4,3 39

Length floorpanel 3,9 m Tower 710 1,674 18,5 31 Self‐weight tower 10 4,3 43

710 1,674 17,6 29 Core module 5 4,3 22

Height windturbine 4 m 710 1,674 16,6 28 Battery 30 4,3 130

Area windturbine 12,57 m2 710 1,674 15,7 26 Solar panels 3 4,3 13

660 1,556 14,7 23 Wooden floor 12 4,3 51

Length triangular solar panel 1,1 m 660 1,556 13,8 21 Water basin 44 4 189

Area traingle 0,52 m2 660 1,556 12,9 20 Concrete stairs 23 18,8 432

660 1,556 11,9 19

cscd 1,25 660 1,556 11,0 17 919

cpe,10 1,2 600 1,415 10,0 14 0,90

600 1,415 9,1 13 827

Specific wooden weight 30 kg/m2 600 1,415 8,2 12

Area wooden floor 39,15 m2 600 1,415 7,2 10

500 1,179 6,3 7

Area hexagon 4,84 m2 600 1,415 5,3 8

Height of basin 0,9 m 500 1,179 4,4 5

Volume basin 4,356 m3 500 1,179 3,5 4

Specific water weight 1000 kg/m3

581

Circumference concrete stairs 4,928 m 1,20

Length concrete stairs 3,9 m 697

Thickness 3D printer 0,05 m

Specific concrete weight 2400 kg/m3

Counter moment ‐129,4 kNm

Total+factor

Factor

Total+factor

Total

Factor

Total



Reduced solar panels and concrete stairs

Information Force from wind Force from self‐weight

Width base 8 m Description N/m² Force [kN] Lever [m] Moment [kNm] Description Force [kN] Lever [m] Moment [kNm]

Battery volume diameter 2,2 m Windturbine 760 14,326 20,5 294 Windturbine 9 3,5 31

Length floorpanel 2,9 m Tower 660 1,556 14,7 23 Self‐weight tower 10 3,5 35

660 1,556 13,8 21 Core module 5 3,5 17

Height windturbine 4 m 660 1,556 12,9 20 Battery 30 3,5 104

Area windturbine 12,57 m2 660 1,556 11,9 19 Solar panels 3 3,5 10

660 1,556 11,0 17 Wooden floor 7 3,5 26

Length triangular solar panel 1,1 m 600 1,415 10,0 14 Concrete stairs 17 12 206

Area traingle 0,52 m2 600 1,415 9,1 13

600 1,415 8,2 12 429

cscd 1,25 600 1,415 7,2 10 0,90

cpe,10 1,2 500 1,179 6,3 7 386

600 1,415 5,3 8

Specific wooden weight 30 kg/m2 500 1,179 4,4 5

Area wooden floor 24,59 m2 500 1,179 3,5 4

Circumference concrete stairs 4,928 m 467

Length concrete stairs 2,9 m 1,20

Thickness 3D printer 0,05 m 560

Specific concrete weight 2400 kg/m3

Counter moment 174,2 kNm

Factor

Total+factor

Total

Factor

Total+factor

Total



Reduced solar panels, concrete stairs and 9 meters base width

Information Force from wind Force from self‐weight

Width base 9 m Description N/m² Force [kN] Lever [m] Moment [kNm] Description Force [kN] Lever [m] Moment [kNm]

Battery volume diameter 2,2 m Windturbine 760 14,326 20,5 294 Windturbine 9 3,9 35

Length floorpanel 3,4 m Tower 660 1,556 14,7 23 Self‐weight tower 10 3,9 39

660 1,556 13,8 21 Core module 5 3,9 19

Height windturbine 4 m 660 1,556 12,9 20 Battery 30 3,9 117

Area windturbine 12,57 m2 660 1,556 11,9 19 Solar panels 3 3,9 12

660 1,556 11,0 17 Wooden floor 9 3,9 37

Length triangular solar panel 1,1 m 600 1,415 10,0 14 Concrete stairs 20 15 305

Area traingle 0,52 m2 600 1,415 9,1 13

600 1,415 8,2 12 564

cscd 1,25 600 1,415 7,2 10 0,90

cpe,10 1,2 500 1,179 6,3 7 508

600 1,415 5,3 8

Specific wooden weight 30 kg/m2 500 1,179 4,4 5

Area wooden floor 31,48 m2 500 1,179 3,5 4

Circumference concrete stairs 4,928 m 467

Length concrete stairs 3,4 m 1,20

Thickness 3D printer 0,05 m 560

Specific concrete weight 2400 kg/m3

Counter moment 52,3 kNm

Total+factor

Factor

Total+factor

Total

Factor

Total



Reduced solar panels, concrete stairs and 10 meters base width

Information Force from wind Force from self‐weight

Width base 10 m Description N/m² Force [kN] Lever [m] Moment [kNm] Description Force [kN] Lever [m] Moment [kNm]

Battery volume diameter 2,2 m Windturbine 760 14,326 20,5 294 Windturbine 9 4,3 39

Length floorpanel 3,9 m Tower 660 1,556 14,7 23 Self‐weight tower 10 4,3 43

660 1,556 13,8 21 Core module 5 4,3 22

Height windturbine 4 m 660 1,556 12,9 20 Battery 30 4,3 130

Area windturbine 12,57 m2 660 1,556 11,9 19 Solar panels 3 4,3 13

660 1,556 11,0 17 Wooden floor 12 4,3 51

Length triangular solar panel 1,1 m 600 1,415 10,0 14 Concrete stairs 23 19 432

Area traingle 0,52 m2 600 1,415 9,1 13

600 1,415 8,2 12 730

cscd 1,25 600 1,415 7,2 10 0,90

cpe,10 1,2 500 1,179 6,3 7 657

600 1,415 5,3 8

Specific wooden weight 30 kg/m2 500 1,179 4,4 5

Area wooden floor 39,15 m2 500 1,179 3,5 4

Circumference concrete stairs 4,928 m 467

Length concrete stairs 3,9 m 1,20

Thickness 3D printer 0,05 m 560

Specific concrete weight 2400 kg/m3

Counter moment ‐97,0 kNm

Total+factor

Factor

Total+factor

Total

Factor

Total



7.7. Appendix VII – Area calculation 

   



Area of hatched surface: 

2(4,00 1,10) 2,51
6,4

2
m





 

Area of trapezium where bench will be placed: 

2(4,00 1,10) 2,51
0,6 3,84

2
m




   

Total area of wooden surface: 

23 3,84 3 6,4 30,72m    

  

 

Figure 1: Horizontal section of the tower with dimensions 



7.8. Appendix IIX – Own frequency 

   



Effective height: 
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Figure 1: Geometrical parameters for chimneys 



7.9. Appendix IX – Planning 

   



Assembling GEM-tower 29-04-19

Time 8 9 10 11 12 13 14 15 16 17

Task # of persons Machinery Equipment 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0

1 Delivery of shipping container 1 Truck 10 min 1

2 Unloading shipping container from truck 2 Telescopic handler 10 min 2

3 Positioning foundation core 3 Telescopic handler 20 min 3 3

4 Placing steel foundation grids 2 20 min 2 2

5 Placing and leveling battery volume 5 Telescopic handler Fasteners + tools 30 min 5 5 5

6 Placing and leveling floor trusses 5 Telescopic handler Fasteners + tools 60 min 5 5 5 2 2 2

7 Placing concrete stairs as counter weight 3 Telescopic handler 40 min 3 3 3 3

8 Placing secondary floorbeams 4 Fasteners + tools 40 min 4 4 4 4

9 Unfolding main floor structure 4 50 min 4 4 2 2 2

10 Creating intermediate floor structure 4 50 min 2 2 2 4 4

11 Placing second core volume 3 Telescopic handler Fasteners + tools 20 min 3 3

12 Stacking tower elements 3 Telescopic handler Fasteners + tools 40 min 3 3 3 3

13 Placing tower elements 3 Telescopic handler, telescopic platform 60 min 3 3 3 3 3 3

14 Preparing cable mesh 2 Telescopic handler Fasteners + tools 60 min 2 2 2 2 2 2

15 Connecting cable mesh 5 Telescopic handler, telescopic platform 40 min 5 5 5 5

16 Assembling VAWT 2 Telescopic handler Fasteners + tools 60 min 2 2 2 2 2 2

17 Placing VAWT 5 Telescopic handler, telescopic platform 20 min 5 5

18 Connecting electrical elements and wiring 2 Telescopic platform 30 min 2 2 2

1 2 5 5 5 5 5 5 5 5 5 5 5 3 0 0 4 4 4 4 4 4 4 4 4 4 4 0 0 2 5 5 5 5 5 3 2 5 5 5 5 5 3 0 0 5 5 5 5 5 5 2 2 2 0
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7.10. Appendix X – Previous plannings 

 



Assembling GEM-tower 07-02-19

Time 8 9 10 11 12 13 14 15 16 17 18

Task # of persons Equipment 0 15 30 45 0 15 30 45 0 15 30 45 0 15 30 45 0 15 30 45 0 15 30 45 0 15 30 45 0 15 30 45 0 15 30 45 0 15 30 45 0

1. Delivery of shipping container 1 Truck + crane 15 min 2

2. Emptying shipping container 8 Forklift truck 30 min 8 5 2

3. Positioning and mounting steel grids 3 Fasteners + tools 40 min 3 3 3 3

4. Mounting base plates 3 Fasteners + tools 20 min 3 3

5. Positioning trusses 4 Crane ? 30 min 4 4 4

6. Securing trusses 2 Fasteners + tools 20 min 2 2

7. Placing concrete slabs 2 Crane 40 min 3 3 3 2

8. Mounting secondary floor beams 4 30 min 4 4 4

9. Mounting foor panels 4 30 min 4 4 4

10. Placing first center volume 3 Crane 20 min 3 3

11. Securing and leveling first core volume 3 10 min 3

12. Placing second center volume 3 Crane 20 min 3 3

13. Securing and leveling second core volume 3 10 min 3

14. Stacking tower elements 5 Crane 80 min 5 5 5 5 5 5 5 5

15. Connecting cable mesh 5 Crane 20 min 5 5

16. Connecting electrical elements and wiring 3 Tools 30 min 3 3 3

2 8 8 5 6 6 4 6 6 3 3 7 6 8 4 4 3 3 3 3 3 3 5 5 5 5 5 5 5 5 5 5 3 3 3 0 0 0 0 0 0

manhour40,75



Assembling GEM-tower 08-02-19

Time 8 9 10 11 12 13 14 15 16 17 18

Task # of persons Machinery Equipment 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0

1 Delivery of shipping container 2 Truck + Forklift 20 min 2 2

2 Emptying shipping container 4 Forklift 40 min 4 4 4 2

3 Positioning and mounting steel grids 3 Forklift Fasteners + tools 60 min 3 3 3 3 3 3

4 Mounting and leveling base plates 2 Fasteners + tools 40 min 2 2 2 2

5 Positioning trusses 3 Forklift 40 min 3 3 3 3

6 Securing trusses 2 Fasteners + tools 20 min 2 2

7 Placing concrete slabs 2 Forklift 40 min 2 2 2 2

8 Mounting secondary floor beams 2 30 min 2 2 2

9 Mounting foor panels 2 30 min 2 2 2

10 Placing first core volume 3 Crane 20 min 3 3

11 Securing and leveling first core volume 2 20 min 2 2

12 Placing second core volume 3 Crane 20 min 3 3

13 Securing and leveling second core volume 2 20 min 2 2

14 Stacking tower elements 3 Crane 60 min 3 3 3 3 3 3

15 Placing tower elements 3 20 min 3 3

16 Preparing cable mesh 3 Fasteners + tools 40 min 3 3 3 3

17 Connecting cable mesh 5 Crane 40 min 5 5 3 3

18 Assembling VAWT 3 Forklift 60 min 3 3 3 3 3 3

19 Placing VAWT 3 30 min 3 3 3

20 Connecting electrical elements and wiring 2 Tools 30 min 2 2 2

2 2 4 4 4 5 3 3 3 5 5 5 5 5 5 5 5 5 5 6 6 5 5 6 6 2 2 5 5 5 5 5 5 3 3 5 5 5 5 3 3 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

manhour30,83333



Assembling GEM-tower 14-02-19

Time 8 9 10 11 12 13 14 15 16 17 18

Task # of persons Machinery Equipment 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0

1 Delivery of shipping container 2 Truck + Forklift 20 min 2 2

2 Emptying shipping container 4 Forklift 40 min 4 4 4 2

3 Positioning foundation core 3 Forklift Tools 20 min 3 3

4 Placing and leveling first core volume including battery Forklift Fasteners + tools 20 min 3 3

5 Placing and leveling floor trusses 3 Forklift Fasteners + tools 40 min 3 3 3 3

6 Placing concrete stairs as counter weight 30 min 2 2 2

7 Placing second core volume 3 Forklift Fasteners + tools 40 min 3 3 3 3

8 Unfolding main floor structure 2 30 min 2 2 2

9 Creating intermediate floor structure 2 30 min 2 2 2

10 Stacking tower elements 3 Crane Fasteners + tools 30 min 3 3 3

11 Placing tower elements 3 Crane 20 min 3 3

12 Preparing cable mesh 2 Fasteners + tools 60 min 2 2 2 2 2 2

13 Connecting cable mesh 3 Crane 30 min 3 3 3

14 Assembling VAWT 3 Forklift Fasteners + tools 30 min 3 3 3

15 Placing VAWT 3 Crane Fasteners + tools 40 min 3 3 3 3

16 Connecting electrical elements and wiring 3 Telescopic platform 30 min 3 3 3

17 0 0 min

18 0 0 min

19 0 0 min

20 0 0 min

21 0 0 min

2 2 4 4 4 5 3 5 5 5 5 5 5 5 5 5 3 5 5 5 5 5 5 3 3 3 3 3 3 3 3 3 3 3 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

manhour23



Assembling GEM-tower 03-04-19

Time 8 9 10 11 12 13 14 15 16 17 18

Task # of persons Machinery Equipment 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0

1 Delivery of shipping container 2 Truck + Crane 20 min 2 2

2 Positioning foundation core 3 Telescopic handler Tools 20 min 3 3

3 Placing and leveling first core volume including battery 3 Telescopic handler Fasteners + tools 40 min 3 3 3 3

4 Placing steel foundation grids 2 20 min 2 2

5 Placing and leveling floor trusses 5 Telescopic handler Fasteners + tools 40 min 5 5 5 3

6 Placing concrete stairs as counter weight 0 0 min

7 Placing second core volume + VAWT 3 Telescopic handler Fasteners + tools 30 min 2 3 3

8 Placing secondary floorbeams 2 Fasteners + tools 20 min 2 2

9 Unfolding main floor structure 2 20 min 2 2

10 Creating intermediate floor structure 3 40 min 3 3 3 3

11 Stacking tower elements 2 Telescopic handler Fasteners + tools 40 min 2 2 2 2

12 Placing tower elements 3 Telescopic handler 40 min 2 2 3 3

13 Preparing cable mesh 4 Fasteners + tools 40 min 2 2 4 4

14 Connecting cable mesh 5 Telescopic handler, telescopic platform 40 min 5 5 5 5

15 Assembling VAWT 3 Telescopic handler Fasteners + tools 40 min 3 3 3 3

16 Connecting electrical elements and wiring 2 Telescopic platform 40 min 2 2 2 2

16

17

18

19

20

2 2 5 5 3 3 3 3 5 5 5 5 5 5 4 4 5 5 5 5 5 5 4 4 5 5 5 5 5 5 5 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

manhour23,66667
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