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Abstract 
The building sector is a big sector that is very important for the global economy, but also has a big 
contribution to the greenhouse gas emission and production of construction waste. The building 
sector is responsible for about 37% of the global greenhouse gas emissions. In order to comply with 
the Paris Agreement on climate change, it is necessary to reduce the total emission of greenhouse 
gasses and the production of waste. 
Modular construction is used for structural components, such as columns ,beams, and plates. 
However, it has not yet been implemented for shell structures. Shell structures are shape and 
material efficient, but often require unique formwork that is of one time usage, because of their 
complex geometries.  

This research searches to improve the sustainability of shell structures by looking into the application 
of modular construction in this type of structures. With the use of the Goldberg-method a hexagon 
dominant pattern has been projected on a spherical dome structure. Creating a repeatable mesh 
pattern on the structural surface. Various segment sizes (N=4 till N=10) have been evaluated at the 
hand of a structural analysis in Grasshopper and Karamba3D. An uniform load, and a wind load have 
been used to obtain the stress distribution, displacement and buckling load factors for the different 
segment sizes.  

It was found that smaller segments result in a more efficient force distribution, but larger segments 
have a lower labour intensity. From the analysis the optimal situation has been found at N=8, giving a 
balanced result between structural performance and labour intensity. With situation the difference in 
performance for different boundary conditions, and joint stiffness has been investigated. Here it was 
found that the segmentation of the shell lowers the buckling stability of a structure, but that modular 
construction is possible with different boundary conditions and even with the introduction of an 
oculus. 
From the optimal situation N=8, 20 modules can be extracted. With the use of k-means clustering on 
the edges off the different modules, these modules can be further optimised. This leads to a adjusted 
set of 16 modules, with only 6 different module edges. The optimised modules have a higher 
potential for more configurations.  

The results show that modular construction is possible within shell structures without compromising 
the structural integrity. It also results in a set of modules that can potentially be used in different con-
figurations and across different structures. With this the research contributes to a more sustainable 
and circular construction approach for shell structures. 
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1. Introduction  
1.1. Research context 
The building sector is a big sector that is very important for the global economy, but also has a big 
contribution to the greenhouse gas emission and production of construction waste. The building 
sector is responsible for about 37% of the global greenhouse gas emissions. (UNEP, 2022) And in the 
Netherlands alone, this sector produced 87 million kilograms of construction waste in 2016. (Berkel 
et al., 2019) In order to comply with the Paris Agreement on climate change, it is necessary to reduce 
the total emission of greenhouse gasses and the production of waste. 

There are multiple ways to improve the sustainability of the construction sector over its multiple 
stages, such as the design, production, and the construction stage. One of the techniques used to re-
duce the environmental impact is the use of prefabricated (prefab) elements. With prefab elements, 
the construction process as well as the material usage, and the quality of the elements can be better 
monitored. With this the efficiency of the construction process and the material usage is more opti-
mal, leading to less energy consumption and less material usage. (BouwWereld, 2025) (iBouw, 2025) 
There is also a limitation of different sizes of elements for prefab construction. The consequence is 
that in the design process, standard dimensions need to be considered for beams, columns, and 
plates. However, this also provides the opportunity to reuse and repurpose those elements after de-
construction if the design allows for that. In this case the modular prefab approach also contributes 
to a circular economy. (Fernhout, 2025) 

A field where modular construction lacs behind is in the construction of shell structures. Shell struc-
tures are shape efficient structures, curved in such a way that they allow for a very efficient use of 
material. This leads to a thin shell, with structural efficiency and esthetical value. They can be used to 
cover large spans with minimal use of material. But because of the complex shapes they form to 
achieve the material efficient shapes, they also need very specific formwork for each element to be 
constructed. The differences between shell structures as well as the different curvatures within the 
same shell structure are illustrated in Figure 1. These wide range of shapes and curvatures lead to 
challenges in the sustainability of shell structures. 

 

Figure 1: Bosjes chapel, South Afrika (left), Il Ponte sul Basento (middle) and Forest of meditation, Kakamiaahara, Japan 
(right) (Archello, 2024) (Shakeri, 2022) (Tumblr, 2009) 

The formwork used to create the shell segments can be made from various materials. The traditional 
formwork is often constructed out of wood or metal, of which wood is the most commonly used 
formwork type. (Li et al., 2022) Wood has multiple advantages over other materials, namely being rel-
atively light weight, can be cut into different shapes, and can be bend in the desired curvature. (Das 
et al., 2016) The disadvantage of wood is that it has a relatively low life span, which leads to a limited 
reusability of the formworks. (Gaddam et al., 2020) 
Another formwork system is flexible formworks, like fabric, and pneumatic formwork. These type of 
formworks are more flexible and can more easily create non-standard geometries, while they also re-
duce the amount of material used in formwork, and the labour costs. (Li et al., 2022) 

Research has been done to more sustainable formwork. A couple of examples for different ap-
proaches are reconfigurable formwork, wax formwork, and reusable knitted formwork. The research 
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of Kontovourkis yielded a reconfigurable modular formwork design, with which multiple module 
shapes can be created with a limited amount of different formwork. (Kontovourkis et al.,2019) The 
wax formwork was investigated by Oesterle. In his research the formwork is made with wax that can 
be remelted and reshaped in an easy way. This provides more possibilities for shape adaptation, while 
minimizing the material usage for the formwork. (Oesterle et al, 2012)  

The improvement of formwork efficiency is a good step towards more sustainable shell structures. 
However, the challenge of the large variety of curvatures and shapes within shell structures remain. 
To solve this it would be better if shell structures were constructed in such a way that shell modules 
can be produced and used in a variety of shell structures. For this a trade-off needs to be made 
between structural performance and material efficiency. 
This research will look into the use of modular design in the field of shell structures as well as a way 
to reduce the amount of unique shell segments. With this the environmental impact of shell 
structures can be reduced. 

1.2 Problem statement and research objectives 
The construction sector has a large climate impact and modular construction is one way to reduce 
this impact. So far this method has mainly been used for beams, columns, and plates, but not for 
shell structures. Although shell structures themselves are material efficient structures, they also 
produce a lot of construction waste because of the unique formwork that is needed for each shell 
structure.  
Modular design as is used for beams, columns, and slaps can improve the sustainability, and 
reusability of shell structures. This leads to the research question formulated below: 

- How can modular design be used in shell structures? 

There are multiple steps needed to come to a conclusion for the research question above. Therefore 
the following sub-questions will be investigated as well: 

- What module shapes can be selected for a modular construction? 

- What radius of curvature can be used for the design? 

- What would be the optimal size of the modules? 

- What is the influence on the structural behaviour when modular construction is used for shell 
structures? 

- What set of modules can be used to describe a variety of shell structures? 

1.3 Scope 
This thesis aims for a better understanding of the influence of modular constructure for shell 
structures. To achieve this, research will be done to the geometry of the module, as well as to the 
selection of a feasible curvature and size. To gain insight into the scale in which shell structures are 
created, and to select a relevant curvature for this research, a case study will be done into different 
kind of shell structures. There are different possibilities for the direction of the curvature, but in this 
research a spherical shape will be investigated. For the size of the modules, different sizes will be 
compared in a structural analysis. From this a module size will be chosen and used for further 
investigation of the structural behaviour. Other parameters that will be investigated are the stiffness 
of the joints and boundary conditions. 
Once a set of modules has been found, further optimisation of the shape will be explored leading to a 
more diverse set of modules. 

This thesis will not go into a design for the formwork of the shell modules, nor will it include 
calculations for potential reinforcement inside the modules. For the connections between the 
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modules, a strength and stiffness will be assumed, without detailed calculations. This way the focus 
remains on the structural behaviour of the entire dome and the finding of the module shapes. 

1.4 Methods 
To answer the research questions as described above, multiple methods 
will be used. In figure 2 the different steps in this report are displayed in 
the blue boxes. The orange circles display the methods used in the 
displayed steps. 
To determine which geometrical shape is suitable for the module 
design, a literature review is conducted. In this review geometrical 
shapes and tiling patterns are evaluated. 
In shell structures a lot of different shapes and curvatures are possible. 
Therefore one curvature needs to be chosen for the design. This design 
curvature is chosen with the use of a case study, looking into multiple 
shell structures and their shape. Then the literature review is continued 
with methods for dividing a structure into modules. 
After the model is assembled, a structural analysis will be conducted to 
evaluate the structural behaviour for different module sizes, and 
boundary conditions. 
Based on the structural analysis a set of modules will be extracted and 
optimized by using k-means clustering.  

1.5 Thesis structure 
The structure of this thesis will be as follows: In chapter 2 a literature 
review will be conducted. In this review different tiling patterns, 
geometrical shapes, shell curvature, dome dimensions, and module 
design will be covered. 
Then in chapter 3, the design choices for the geometrical shape, shell 
curvature, and other design specification will be explained.  
In chapter 4, the structural model is assembled based on the design 
decisions from chapter 3, and the structural analysis will be performed. 
After the structural analysis a set of modules will be created in chapter 5. These modules will then be 
further optimised using k-means clustering to improve the possibility of different configurations. 
In chapter 6 the results of chapter 5 will be discussed in more detail, and finally the conclussions and 
recommendations will be given in chapter 7. 

 

Figure 2: Thesis workflow. 
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2. Literature review 
This chapter will discuss the literature review. At first, ways to divide a surface are discussed in 2.1 
followed by the properties of different geometrical shapes in 2.2. Then in 2.3 reference structures are 
selected to get a reference for an usable radius of curvature. In 2.4 useful formulas and rules are 
given for the design of an ‘optimal’ dome. A search for the amount of different modules to be used as 
well as methods for module creation are discussed in 2.5. Lastly useful software and tools will be 
discussed in section 2.6. 

2.1 Tiling patterns 
In modular construction, modules can connect to one another to form a complete structure. This can 
be done by splitting the surface of a shell structure in any given way and connecting the created 
segments to one another. However, in this way it is very unlikely that the segments can be used in 
different structures, which would undermine the purpose of modular construction as described in 
section 1.2. So the to be designed shell modules should be designed with a more general shape, in 
order for them to be usable in more than one way. 

In theory any repeatable shape can be used to tessellate a surface. However, complicated shapes will 
also complicate the design and therefore it is easier to use basic shapes. Different ways in which basic 
shapes can be used to tessellate a surface are described with Archimedean tiling patterns. Figure 3 
showcases these patterns, where the large numbers underneath each configuration describe the 
basic shape and the smaller number describes the amount of shapes connecting in the corners.  

 

Figure 3: Archimedean tiling patterns (Kuo S., 2023) 

The first three patterns consist of only one type of polygon and are called regular Archimedean 
tiling’s. The polygons used in these patterns are the triangle, square, and hexagon and are the only 
three polygons that can tessellate a surface with one shape. Other polygons can also be used in a 
pattern, as can be seen in the remaining patterns in Figure 3Fout! Verwijzingsbron niet gevonden., 
but then they need to be combined with other polygons to completely fill a surface. These patterns 
are the irregular Archimedean tiling’s. (Kuo S., 2023) 
There are also other patterns besides the Archimedean tiling patterns, such as the Penrose tiling 
(Javan et al, 2024) and the Escher tiling’s (Howson et al, 2009). Eventhough these patterns are also 
very interesting, their unique shape will also complicate both the design and the construction. 
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It is important to notice that the patterns in the figure above are describing flat surfaces, but the 
shapes used in theses patterns can also be used in a 3D setting. Often the three basic shapes of 
triangle, square and hexagon can be seen in geodesic domes. (Rasheed et al, 2015) (Guan et al, 2018) 
However, it does not have to consist of only one size of polygon. (Dede et al, 2022)  

In the case of a geodesic dome the polygons are not all exactly equal. They need to deform a little bit, 
depending on their place on the structure, to completely fill up the surface. In order to use only one 
size for a polygon, the Archimedean tiling patterns need to be extended to a 3D application. In case 
one specific shape is repeated to form a 3D shape, it is called a platonic solid. In Figure 4 Fout! 
Verwijzingsbron niet gevonden.the different platonic solids are displayed. It can be noticed that the 
triangle and the square, which were also present in the regular Archimedean tiling patterns, return, 
but that the hexagon is not there. Instead there is the dodecahedron consisting of pentagons. It can 
also be noticed that the platonic solids start to describe a curved surface better with more polygons 
in their design. 

 

Figure 4: Platonic Solids (Datta et al, 2022) 

Configurations with multiple types of polygons are called the Archimedean solids. In Figure 5 the 
Archimedean solids are displayed. The advantage over the platonic Solids is that in general they more 
closely resemble a sphere. This is useful when the shapes are used to create a curved surface. The 
downside is that there are multiple types of polygons needed to create the solids. In the search for a 
limited set of shell modules, different types of polygons in the design will automatically lead to more 
unique modules. The Archimedean solids can nonetheless be a useful configuration.  

 

Figure 5: Archimedean solids (Datta et al, 2022) 

 

When the Archimedean tiling’s are applied on a curved surface in multiple directions, often some sort 
of mapping is used. This leads to slight deformation of the original polygons. A type of pattern that 
deliberately uses this is a Voronoi pattern and it can make for a strong and lightweight structure. 
(Dong et al, 2024) The pattern is inspired by observations in nature, where this pattern can be found 
in metals (van Nuland et al, 2021), ceramics (Coster et al, 2002), honeycombs and the wings of a 
dragonfly. (Gawell et al, 2015)  
Although the Voronoi pattern makes for a strong and efficient structure, it does not provide a clearly 
repeatable pattern, which is needed to design a limited set of modules. 



12 
 

2.2 Geometrical shape 
The tiling patterns found above show that there are multiple combinations of polygons possible. 
However, in geodesic domes often either triangles, squares, or hexagons are chosen. Different 
polygons have different properties. To decide on a governing shape for the module set, these 
properties will be investigated. 

The triangular shape is considered to make the most statically efficient structure. This is because the 
triangular shape cannot deform without extension or compression of the polygon arms. (Tonnelli et 
al, 2016) For higher order polygons the connection between the arms can be the weak point of the 
polygon and then the polygon can deform without deformation of the arms. 

Higher order polygons have a higher area/perimeter ratio. This ratio tells how much area the polygon 
encloses for every unit of perimeter length and is used as a comparison on how efficiently a shape 
encloses space. With a higher ratio it would mean that more area is encapsulated by the perimeter 
than it would be for a lower ratio. In general this minimizes material usage for enclosed area. (Birch et 
al, 2007). Another aspect is, that the higher the area/perimeter ratio is, the better the shape will be 
able to follow curved surface in a ‘natural’ way. (ArcGIS, 2024) So a high area/perimeter ratio can help 
with creating a smooth and natural appealing structure with limited material usage. And this will then 
lead to a cheaper production process. A downside of the higher order polygons is that they are less 
statically efficient than the triangular mesh and therefore often need an additional stability system, 
such as a bracing cable system. (Tonneli et al, 2016) 

Depending on the shape of the segments a certain number of segments need to align in one point. 
For a triangular shape this can be up to 6 different segments. For a rectangular pattern 4 segments 
need to connect in one node, and for a hexagonal module this number is only 3. A node with lesser 
modules to connect is easier to design and easier to assemble. (Tonneli, 2015) 
The Voronoi pattern that was described in the tiling patterns also mostly consist of hexagons. (Tellier, 
2020) 

2.3 Shell curvature 
Another consideration for the module design is which curvature the modules should have to be 
representative for a variety of structures. For this, different shell structures are evaluated based on 
their shapes. The difficulty is that there are many possible curvatures for a shell structure, since the 
dimensions of each building are different. This difference is both in size and in shape and can even 
occur within one structure. This difference can be seen in blueprints found on the internet for 
different structures. One is the Bosjes chapel, South Afrika. (Stevens, 2017) Others are: the Heydar 
Aliyev centre in Azerbaijan, and L’oceanographic in Valencia. (archdaily, 2013) (Banos, 2024) These 
blueprints will be used for measuring the curvature at different places on the structures. 

More easily measurable shell structures are dome constructions. However, usually only the diameter 
of the dome is given and not the radius of curvature. In Table 1 different domes with their found 
diameter are given. 

Table 1: Diameter of different domes. (Britannica, 2024), (architecturecourses, 2024), (VisitVaticanCity, 2024), (Britannica, 
2024), (Tajmahal.gov, 2024) 

Dome Pantheon Hagia 
Sophia 

St. Peter’s 
Bsilica 

Dome of 
the Rock 

Taj Mahal 

Diameter 
[m] 

43 30 42 20 18 
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2.4 Dome mechanics 
In the course CIEM5301 Shell structures, given at the TU Delft, an ‘optimal’ dome is described. Here 
the ‘optimal’ refers to the material usage in constructing the dome. Here it is given that a spherical 

cap of constant thickness has the optimal sagitta to span ratio of √3 over 6. This aspect can be used 
to calculate the radius of curvature of such a dome. The formula to get the radius of curvature is 
given below. (Hoogenboom, 2023)  

𝑅 =
𝑠

2
+
𝑑2

8𝑠
      [1] 

Where: 

𝑅 = 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒. [𝑚] 
𝑠 = 𝑇ℎ𝑒 𝑠𝑎𝑔𝑖𝑡𝑡𝑎/ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑜𝑚𝑒. [𝑚] 
𝑑 = 𝑇ℎ𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑜𝑚𝑒𝑠 𝑏𝑎𝑠𝑒. [𝑚] 

In general there are not many references that go into the optimal curvature of a shell. Each shell is 
formed in such a way that the form and curvatures in the structure are optimized for the boundary 
conditions of the specific structure. An exception on this is the research of A. S. Jape and A. S. Sayad. 
They investigated the displacements, stresses, and fundamental frequencies in shell segments with 
different radii of curvature. They concluded that the radii of curvature of 5 and 10m performed better 
when it comes to displacements and stresses in spherical, cylindrical, and elliptical shells than the 
radii 20, 50 and 100m. (Jape et al, 2023) 

The curvature of a shell is one property, but for a complete structure the thickness of the shell also 
needs to be determined. The required thickness is dependent on the shape of the structure and the 
load on the structure. A type of structure where the thickness can be easily determined is the optimal 
dome as mentioned before. For a fully stressed dome, a thickness can be assumed based on the 
following formula: (Hoogenboom, 2025) 

𝑡 =
𝜎∗𝑅

0.1∗𝐸
    [2] 

Where: 

𝑡 = 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑠ℎ𝑒𝑙𝑙 [𝑚𝑚]  

𝜎 = 𝑡ℎ𝑒 𝑠𝑡𝑟𝑒𝑠𝑠 [
𝑁

𝑚𝑚2
] 

𝐸 = 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝑒𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 [
𝑁

𝑚𝑚2]   

𝑅 = 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒 [𝑚𝑚] 

 

The stresses that can be expected in a dome under self-weight can be calculated with formulas 3, and 
4. Here formula 3 gives the meridional stress in the dome foot and formula 4 gives the meridional 
stress in the top of the dome. (Hoogenboom, 2025)    

        𝜎 = 2 ∗
𝑅2𝜌𝑔

𝑙2
(2𝑅 − √4𝑅2 − 𝑙2)   [3] 

     𝜎 =
1

2
𝑅𝜌𝑔    [4] 

Where: 

𝜎 = 𝑡ℎ𝑒 𝑠𝑡𝑟𝑒𝑠𝑠 [
𝑁

𝑚2
] 
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𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑜𝑚𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 [
𝑘𝑔

𝑚3]   

𝑔 = 𝑔𝑟𝑎𝑓𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 [𝑚/𝑠2]  

𝑅 = 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒 [𝑚] 

𝑙 = 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑜𝑚𝑒 𝑏𝑎𝑠𝑒 [𝑚] 

 

To calculate the deflection of the dome, formula 
5 is used. (Ventsel&Krauthammer, 2001) In 
figure 6 the geometry of the dome is displayed,   
which is used to calculate variables in formula 5.  

 

𝑢 =
𝑝𝑅2(1+𝜈)

𝐸𝑡
sin(𝜑) [ln (

1+cos(𝜑)

1+cos(𝜑1)
) +

cos(𝜑)−cos(𝜑1)

(1+cos(𝜑))(1+cos(𝜑1))
]  [5] 

Where: 
p = (uniform) load on the structure [kN/𝑚2] 
R = Radius of curvature [m] 
𝜈 = viscosity [-] 
E = Modulus of elasticity [kN/𝑚2] 
t = Shell thickness [m] 
𝜑 = angle from the dome top to point on structure [deg] 
𝜑1 = angle from the dome base to the top [deg] 

 

2.5 Amount of modules 
For the amount of modules that are needed to tessellate a curved surface, there is no clear answer. In 
the research of Mahroo and Vafamehr four modules have been created for a roof construction. 
However, other than the mentioning of using form finding in the modelling, there is no mention of 
why the amount of 4 modules was chosen. (Mahroo et al, 2023) 
Another research is the one of De Coster et al, where they used a set of four shell modules of which 
two are triangular and two rectangular. However, this report mainly focuses on the configuration of 
the modules and does not mention the design of the modules. (De Coster et al, 2024) 
A third research that has been found is the research of Kontovourkis et al. This research is more 
focused on the formwork of modules. They were able to create a reusable formwork in which they 
could adjust the shape a bit in order to create different modules. The amount of different modules 
they designed was 308 modules with only 15 sets of formwork. (Kontovourkis et al, 2019) 

Other researches use k-means clustering to optimize the design. The research of J. Zhu used this 
method to optimize the structure on cost, quality and carbon emissions, showing that k-means 
clustering can be used as an optimization tool. (Zhu, 2024) 
The research of Y. Liu et al used clustering-optimization in a framework to reduce the number of 
different nodes in space frames. (Liu et al, 2023) Another research using K-means clustering is the 
research of Keith Lee et all. They used clustering on nodes in a spatial truss and used forces inside the 
construction members as their clustering criteria. (Lee et al, 2022) 

For a concrete amount of modules that is needed to tessellate a surface, not much information can 
be found. In general there can be different kind of curved surfaces. The first kind is a flat module and 
will be the simplest to produce. Another type is a module curved in one direction. Then for modules 

Figure 6: Geometry of a dome. 
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curved in two directions there are two different kinds. A double curved surface can be synclastic and 
anticlastic.  

The size of the modules will also influence how many modules are needed to cover a surface. The 
bigger the modules, the more area is covered with one module and the less modules are needed. 
However, big modules are also heavier and more difficult to handle during construction. With smaller 
modules, less heavy machinery is needed, but there will be more elements to put into place. Besides 
these considerations, also the transportation of the modules needs to be taken into account. In 
general prefabricated plates come in a maximum size of 200x200cm or 200x300cm. (Constar, 2024), 
(De Keij, 2024), (Jongeneel, 2024) 
These dimensions are likely based on the dimensions of an average truck. The maximum width a 
vehicle can have is determined to be 2.5m in width. (85/3/EEC, 1984) Most trucks however are 
slightly smaller than this, around 2.45-2.48m. (BTA-international, 2024) The dimensions of the 
modules should fit within this dimension. Bigger is also possible, but then special vehicles must be 
used and special permission is needed before transportation. 

2.6 Software and tools 
Although the researches from section 2.4 did not include an explanation about the amount of 
modules, they did mention the software that was used to come to the results. They all worked in 
Rhinoceros and Grasshopper using various plug-ins. Kangaroo 2 is often used for form-finding, 
Lunchbox and Weaverbird for mesh creation, and Millipede, Ameba, and Galapagos for parametric 
design and optimization. (Mahroo et al, 2023), (De Coster et al, 2024) (Kontovourkis et al, 2019) 

The Goldberg method is a method that can be used to create high symmetry in a structure. This 
method is explored by Rasheed et al and Liu et all. The method includes using platonic solids to rep-
resent a structure. The symmetric faces of this platonic solid can then be used to map a pattern onto 
it. This pattern is then transferred to the curved surface, leading to a symmetric design with a limited 
amount of modules. (Rasheed et al, 2015), (Liu et al, 2022) 
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3. Design specifications 
This chapter will dive into the design specifications of the shell modules. First the design choice for 
the dominant module shape will be discussed in section 3.1. Then the curvature the design will be 
based on will be selected in section 3.2, based on a case study on different shell structures. In section 
3.3 the material choice and corresponding shell thickness will be decided on. With the found 
dimensions and properties, two load cases will be determined in section 3.4. Lastly expected values 
for the stresses and deformation in the structure will be calculated in section 3.5. 

3.1 General module shape 
The goal of this research is to investigate the behaviour of shell structures when modular 
construction is applied. For this the surface will be split up in different segments. The amount of 
different segments needs to be limited in order to keep the amount of formwork needed for 
construction as low as possible. Therefore a general shape of the modules needs to be selected, since 
multiple shapes will automatically lead to more different formworks and increase the material usage. 

In the literature review it was found that there are three polygons that are able to tessellate a flat 
surface without needing any other type of polygon. These were the triangle, rectangle and hexagon. 
On a 3D surface there will be some deformation of the flat patterns, but the deformed polygons will 
still be more similar to one another than would be the case between different kind of polygons. 
From these three polygons the hexagon has the highest area/perimeter ratio. This means that there 
is more area within the modules that have potential for further material optimisation. With the other 
polygons this is also possible, but the impact would not be as big, because the area/perimeter ratio is 
lower. Other possibilities would be to use infill panels to increase insulation, material combinations 
for lightweight structures, or transparent infill for natural light in the structure. With these options 
both the environmental impact as well as the construction costs can be further reduced. In this 
research these options will not be implemented, but it is good to keep these aspects in mind for 
possible future optimisation. 

Another advantage of the hexagonal shape over the triangle or rectangle is that the connections 
between different modules only have to connect three modules. This makes for an easier 
construction and design of the connections in case of connections in the module nodes. The hexagon 
also has more sides than the triangle and rectangle, since it is a higher order polygon. This increases 
the possibility of reconfigurability, since it simply has more sides to connect to another module. With 
more configurations the modules will have a bigger change of describing a larger variety of 
structures. 

So for the shape design of the modules a hexagonal dominant mesh will be used. Even though the 
hexagonal shape will be the governing shape used in the tiling pattern, it will not exclude other 
polygons. The Goldberg method mentioned in section 2.5 uses a repeatable pattern on multiple 
surfaces. The way these surfaces connect depends on the surfaces itself and the way the pattern is 
oriented in this. So it is still possible that other polygons will come out alongside the dominant 
hexagonal pattern. 

3.2. Shell curvature 
Not only the general shape of the modules is important, but also the curvature needs to be decided 
on. Because of the wide range of shapes shell structures are used for, there are still many possibilities 
for the curvature of the modules. In order to make a decision on the curvature of the modules, 
multiple existing shell structures are evaluated. Structures included in this evaluation are the Bosjes 
chapel, Heydar Aliyev centre, and Oceanographic. For these structures blueprints were found as was 
mentioned in the literature review. The blueprints were used to make measurements on various 
points on the structures. The results can be found in table 2. 
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The structures mentioned above have a shape that covers a variety of different curvatures. Structures 
that are more uniform are dome structures. In table 2 a variety of different dome structures has been 
listed. In the literature review the diameter of these domes were found. If it is assumed that the 
domes can be approximated by the principle of an ‘optimal’ dome, then they have a hight/diameter 

ratio of √3/6. This in combination with formula 1 leads to a formula for the radius of curvature as a 
function of the dome span. This can be found in formula 6 below: 

𝑅 =
√3

3
∗ 𝑙      [6] 

With formula 6, table 2 can be completed by calculating the radius of curvature for each dome. 

Table 2: Curvatures of existing shell structures. 

Structure Diameter (m) Radius of curvature (m) 

Pantheon 43 24.8 

Hagia Sophia 30 17.3 

St. Peter’s Basilica 42 24.25 

Dome of the Rock 20 11.5 

Taj Mahal 17.68 10.2 

Bosjes chapel - 2.35 

Heydar Aliyev centre - 26.7 
10 
30 
5 
8 
6.667 

Oceanographic - 3.1 
6.2 
14.97 

 

In Table 2 can be seen that the radius of curvature is strongly dependent on the structure it is 
calculated for. However, the shell modules that are to be designed are meant to be able to describe a 
variety of different structures. Therefore the radius of curvature should be an average value, meaning 
that very large and very small radius of curvature should not be considered. This combined with the 
research of Jape et al, stating that smaller curvatures provide more stiffness, leads to a radius of 
curvature around 5 to 10m. Of these two 5m is in range with the smallest curvatures from table 2. 
This is rather small, so for the modules to be able to describe a larger variety of structures, while still 
providing sufficient stiffness, a radius of 10m is taken for this design. 

For a shell structure the surface can curve in different directions. In general there are flat shapes, 
synclastic shapes, and anti-clastic shapes. For this design first a synclastic shape is considered, 
because a synclastic shape only curves in one direction, making it more easy to produce over an anti-
clastic shape. And in order to put an anti-clastic shape into a structure, there needs to be a transition 
zone from one curvature to another. This leads to a variable radius of curvature, while for a synclastic 
shape the curvature never changes. The structure used to create the synclastic modules, and to 
investigate the change in structural behaviour with modular construction, is a dome structure. 

3.3 Dome properties 
In this section all properties and conditions for the dome structure used in the design are discussed. 
First the dimensions of the dome will be discussed. 



18 
 

Dome dimensions 
The dimensions of the dome used for this project are based on the dimensions of an optimal dome as 
described in the literature review. Based on this, the dome dimensions can be calculated with 

formula 1 and with the given sagitta/span ratio of √3/6. From section 3.2 a radius of curvature of 
10m was selected. With the given ratio of the dome and the radius of curvature the dimensions are 
given below: 

𝑅 =
𝑠

2
+

(

 
 
(
6

√3
𝑠)
2

8𝑠

)

 
 
= 2𝑠 → 𝑠 =

1

2
𝑅 = 5 [𝑚] 

𝑙 =
6

√3
𝑠 = 17.31 [𝑚] 

The material out of which the dome will be constructed will influence the thickness of the shell as 
well as the self-weight and material properties. For the creation of the shell modules concrete is 
selected as construction material. Concrete is a material that can be poured in any desired shape and 
that performs well under pressure. The optimal dome structure also allows for a good stress 
distribution, which makes that forces are not expected to be very high. Therefore a high strength 
material will not be necessary, and a more common material strength can be chosen. For this project 
material C20/25 will be taken. 

For a fully stressed dome the buckling criteria can be used to calculate the required thickness of a 
dome. Formula 2 from the literature review can be used with a radius of curvature of 10m, modulus 
of elasticity of 30000 𝑁/𝑚𝑚2, and stress of 20/1.5 = 13.3 𝑁/𝑚𝑚2. For this formula it is assumed 
that the stress in the dome is governing for the structure. The stress in the dome should not exceed 
the stress at which buckling occurs. Filling in formula 2 gives: 

13.3 ≤ 0.1 ∗ 30000 ∗
𝑡

10000
→ 𝑡 ≥ 44 [𝑚𝑚] 

So the thickness of the shell must be more than 44mm. The thickness that will be used is 50mm. 

Joints 
The shell segments also need a way of connecting to one another. This will be done using a grout 
between the modules. With the grout gaps can be filled and some allowance for misalignments is 
introduced. This increases the possibility of different configurations, since the segments don’t have to 
align perfectly.  
The stiffness of the connections depends on the material that is used for the connections. There are 
different types of mortar with different material properties. Two common types of mortar are cement 
based and lime based. Both have their own advantages and disadvantages, but for this project 
cement mortar will be chosen. This is because cement mortar has in general a higher load-bearing 
capacity and is more weather resistant than lime mortar. Besides this, cement mortar is also less 
expensive. (VDMConstruction, 2025)  

The material properties will also depend on the water/cement ratio. The research of Marques et al 
looked into the modulus of elasticity for different compositions of mortar. (Marques et al., 2020) For 
the application in the dome structure it is assumed that the mortar will have approximately the same 
strength as the shell segments. For this the mortar Ci_1:2 is taken as reference from the research of 
Marques et al. This brings a modulus of elasticity of around 25 Gpa. 

For the rotational stiffness of the line joints, the joints are approximated as small elastic beams. The 
rotational stiffness can be calculated with the formula’s (Skrinar et al, 2004): 



19 
 

𝐾𝑟 = 𝑀/𝜃     [7] 

Where 𝜃 can be calculated with: 

𝜃 =
𝑀

𝐸𝐼
∗ ℎ     [8] 

Leading to: 

𝐾𝑟 = 𝐸𝐼/ℎ     [9] 

The modulus of elasticity was determined to be 25000 Mpa. And I is the moment of inertia of the 
cross-section of the line joint. The height of the line joint is taken as the thickness of the shell 
segments, so 50mm. And the width of the cross-section is taken as the gap between two shell 
segments. This gap will depend on how closely the modules align to one another. It is assumed that 
there is a gap of 2cm between the different modules. This way it is taken into account that the 
modules do not have to align perfectly in different configurations, so some redundancy for 
misalignments is taken into consideration. So the value for the width of the cross-section is taken as 
2cm. This leads to: 

Kr = (25000000 * (0.02 * 0.05^3 /12))/0.05 = 104.2 kNm/m/rad 

The supports at the boundary of the dome are assumed to be free in rotation, but fixed in x, y, and z 
direction. 

Load cases 
For the load combinations two different load cases are taken into account. The first load case is a 
uniformly distributed load and the second load case introduces an asymmetrical load situation. The 
two different load cases are determined below. 

Uniform load: 
For the load cases there is the self-weight of the structure. With the given thickness of 50mm, a mass 
of 2500 kg/𝑚3, and the gravitational force of 9.81 m/𝑠2 this gives: 

t*ρ*g = 0.05*2500*9.81/1000 = 1.23 kN/𝑚2   [9] 

For the variable load a snow load is considered as well as a load for maintenance work. The snow 
load is determined using formula 10. Here it is assumed that the structure is located in the 
Netherlands and that the dome has an average roof angle of 30 degrees. 

s = 𝜇𝑖   * 𝐶𝑒 * 𝐶𝑡 * 𝑠𝑘 = 0.8 *1.0*1.0*0.7 = 0.56 kN/𝑚2   [10] 

The variable load for maintenance work on roofs is given in the Quick reference as 1.0 kN/𝑚2. [Quick 
Reference, 2014] 
With the loads found above there are three possible load combinations of which the one with the 
highest load will be taken as the governing load combination for the vertical loads. The snow load and 
the variable roof load are seen as two separate load combinations, because the snow load has a 
combination factor of 0. The load combinations are calculated below: 

1.35 * G = 1.35 * 1.23 = 1.66 kN/𝑚2 

1.2 * G + 1.5 * 𝑄𝑠𝑛𝑜𝑤 = 1.2 * 1.23 + 1.5 * 0.56 = 2.32 kN/𝑚2 

1.2 * G + 1.5 * 𝑄𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 = 1.2 * 1.23 + 1.5 * 1.0 = 2.98 kN/𝑚2 

As can be seen above the load combination of the self-weight and the variable roof load is governing 
with a load of 2.98 kN/𝑚2. 
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Wind load: 
The wind load against the dome can be calculated with the formula below.  

𝑄𝑤𝑖𝑛𝑑 = 𝐶𝑠𝑐𝑑 ∗ 𝑐𝑓 ∗ 𝑞𝑝(𝑧𝑒) ∗ 𝐴𝑟𝑒𝑓     [11] 

In order to fill in this formula, some assumptions need to be made. First it is assumed that the dome 
shape can be resembled by a duo pitched roof with an angle of approximately 30 degrees. For the 
location of the dome it is assumed that it is located in wind region 2 as defined in figure 7a, and build 
in a coastal area. And it will be assumed that the dome structure will be part of a larger structure and 
thus will be higher from the ground than the hight of the dome itself. The assumed height will be 
taken as 10m. This then leads to a value for qp(z=10)=1.32. 

 

 

 

 
 
 

 

a) b) c) 
Figure 7: Determination of wind zones. a) wind zones in the Netherlands. [QuickReference, 2014] b) Wind zones on a pitched 

roof. [QuickReference, 2014]  c) Wind zones on a dome structure. 

With the conditions as described above the factor 𝑐𝑓 can be determined for each roof zone. In code 

NEN-EN 1991-1-4 there is no specific regulation for dome constructions, the values for 𝑐𝑓 are taken 

for a shield roof. The different roof zones are determined at the hand of a double pitched roof which 
can be found in figure 7b. The middle of the dome is taken as the ridge and no corner zones are taken 
into account, since a circle does not have corners. The different roof zones are displayed in figure 7c. 
This leads to the numbers in the table below. 

Table 3: Cf values according to NEN-EN 1991-1-4 

 G H I J 

Cf [-] -0.5 
+0.7 

-0.2 
+0.4 

-0.4 
0 

-0.7 
0 

Aref [m2] 42.36 75.31 87.7 29.96 

 
The formula for the wind load calculates the total force on the structure. Therefore the resulting force 
will be divided by the total area of the structure to get a distributed load. The total area of the dome 
is a summation of the different zones and results in 235.33 m2. With the two different values for Cf, 
the two resulting wind loads are given below. 

𝑄𝑤𝑖𝑛𝑑= (1.0*1.32*(-0.5*42.36+-0.2*75.31+-0.4*87.7+-0.7*29.96))/235.33=-0.518 kN/𝑚2 

𝑄𝑤𝑖𝑛𝑑= (1.0*1.32*(0.7*42.36+0.4*75.31))/235.33=0.335 kN/𝑚2 
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From the two load situations above the load of 0.518 kN/m2 is governing. However, a safety factor 
should be applied on the load. With a safety factor for variable loads of 1.5, the design load becomes 
1.5*0.518=0.777 kN/m2 and works in horizontal direction. 
It is also assumed that when high wind loads occur, there will be no other variable loads than the 
wind load. From the uniform load only the permanent load remains, which was 1.23 kN/m2. And with 
a safety factor of 1.2 this value becomes 1.476 kN/m2 and works in vertical direction. 

 

3.4 Expected outcomes 
In order to make sure that the computer model will give the right results, it is important to know 
which values to expect. In section 2.3 several formulas were found for the deflection in a dome, and 
the stress in both top and bottom of a dome. In these formulas the dome is assumed to be a 
monolithic structure instead of a modular structure. 
The formula for the deflection is dependent on the load, the radius of curvature, thickness of the 
shell, and the material properties. These were all determined in the earlier sections of this report. 
The only value still missing is the angle from top of the dome to the base of the dome. This can be 
calculated from the geometry of the dome as was displayed in figure 6. This leads to: 

𝜑1 = tan
−1(

𝑏
2

𝑅 − ℎ
) = tan−1(

17.31
2

10 − 5
) = 59.98 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 

With this value for 𝜑1 formula 4 can be given as a function of 𝜑 and is given as: 

𝑢 =
0.00298 ∗ 102(1 + 0.15)

30000 ∗ 5
∗ sin(𝜑) ∗ [ln (

1 + cos(𝜑)

1 + cos(59.98)
) +

cos(𝜑) − cos(59.98)

(1 + cos(𝜑))(1 + cos(59.98))
] 

 
Figure 8: Deflection over the latitude angle along the dome. 

In the figure 8 above, formula 12 is displayed and represents the accumulation of deflection in each 
point along the arch of the dome. To get the total deflection in the middle of the dome, the area 
under the graph should be taken and multiplied by the curvature of the dome. The area underneath 
the graph is determined with interpolation in python coding and gives a result of 0.0276 mm*rad. To 
get to the maximal deflection this result should be multiplied by the curvature, which is 1/10. So the 
deflection in the middle of the dome should be around 0.276 mm. 

To calculate the expected stresses in the dome, formulas 3 and 4 are used. These formulas are for 
structures under self-load only, but the self-weight of the structure can be adjusted a bit to match the 
designed load of 2.98 𝑘𝑁/𝑚2. To adjust the load to the right format, it is set to 2980 𝑁/𝑚2 and 
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divided by the thickness of the shell, which was 0.05m. Then the term 𝜌 ∗ 𝑔 can be replaced by this 
term. This leads to: 

𝜎 = 2 ∗
102 ∗

2980
0.05

17.312
(2 ∗ 10 − √4 ∗ 102 − 17.312) ∗ 10−6 = 0.397 𝑁/𝑚𝑚2 

𝜎 =
1

2
∗ 10 ∗

2980

0.05
= 0.298 𝑁/𝑚𝑚2 

So a stress can be expected of approximately 0.297 𝑁/𝑚𝑚2 at the base of the dome, and 
approximately 0.298 𝑁/𝑚𝑚2 at the top of the dome. These values are for a monolythic dome, while 
the model will consist of multiple shell segments. Also the boundary conditions are assumed to be a 
continuous support, but some amount of lateral translation is allowed. If in the model the supports 
are assumed to be fixed, but free in rotation, this might cause some difference in outcome. However 
even though the assumptions of the hand calculation are not entirely the same as the model, the 
results should still be close to one another.  

 



23 
 

4. Structural Analysis 
This chapter will discuss the steps and results of the structural analysis. In section 4.1 the creation of 
the different shell segments with the Goldberg method is discussed. From this a repeatable pattern 
comes forth, which will be used to create the structural model in Grasshopper. This will be covered in 
section 4.2. In section 4.3 the results of the structural analysis are given. 

4.1 Goldberg method 
For the mesh pattern and the module creation the Goldberg method is applied. This method is used 
because it leads to a high repeatability of shapes on a curved surface. This method consists of a 
couple of steps, which are listed below and visualized in figure 9. 

1) Create a 2D tiling pattern consistent of hexagons. 

2) Inside the 2D tiling pattern, draw a triangle with the dimensions n, m. Here n is the amount 
of hexagons that fit in the width of the triangle and m the amount of hexagons that fit in the 
height of the triangle.  

3) Project the 2D tiling pattern inside the triangle 

4) Create an icosahedron with the desired radius 

5) Project the obtained mesh in step 3 on the icosahedron 

6) Move every corner point of each polygon to the surface of a sphere. 

7) Project the pattern onto the sphere to get the curved segments  

   
a) b) c) 

   
d) e) f) 
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 g)  
Figure 9: Steps of the Goldberg method.  4.a) Creation of hexagonal mesh.  4.b) Drawing triangle in the mesh.   4.c) 

Projecting hexagons in triangle.  4.d) Icosahedron.  4.e) Project mesh on Icosahedron.   4.f) Transfer mesh to sphere  4.g) Full 
sphere 

The 2D hexagonal pattern in step one will consist of hexagons of one shape and size. This will ensure 
a high repeatability in the following steps. The hexagonal mesh is projected on a triangle in steps 2 
and 3. This leads to standard hexagons in the middle of the triangle, halves of the standard hexagon 
along the sides, and a sixths of the standard hexagon in the corners.  
The icosahedron in step 4 is a platonic solid and is built up from equal triangles. This will ensure an 
equal projection of the hexagonal mesh in step 5. Because the corners of the icosahedron consist of 
five triangles coming together, this will automatically lead to a pentagonal shape in these corners. 
Along the edges there will be hexagons with a bend in the middle, since two halves of the standard 
hexagons are connected under an angle. The standard hexagons will not change in size.  
To fit the pentagons and hexagons to a curved shape, the corner points of each polygon are moved to 
the closest point of the surface of a sphere. The corner points of the icosahedron are located on the 
sphere and the middle of each triangular surface is furthest away from the surface of the sphere. This 
will lead to an uneven distance for the different corner points of the polygons in the mesh and there-
fore, depending on that distance, the polygons will distort slightly differently. However, there is still a 
repeated pattern in the moved mesh, since the corner points of the most centred hexagon are all on 
equal distance from the sphere and will thus have to move the same distance. This leads to a regular 
hexagon in the middle of the triangle. Then from the centre point outwards circles can be found of 
points that are at equal distance from the surface. So although the mesh deforms a bit due to the 
projection to the sphere, there is still a high repeatability of the polygons. Then in the last step the 
edges of the polygons and the surface between the ribs of the polygons are set to match the sphere. 
This will lead to curved segments that follow the sphere perfectly. However, this does not influence 
the amount of different shapes in comparison to step 6, since the corner points of each polygon are 
already set. In figure 10 an example of the different shapes of the polygons in one triangular section 
of the icosahedron is given. The amount of different polygons is dependent on the dimensions of the 
triangle. For the example in the figure the dimensions are 2 hexagons as a radius and this leads to 4 
different segments. But if, for example, the radius of 1 hexagon was chosen, 2 different segments 
would have come out, as can be seen in figure 10b. 
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a) b) 
Figure 10: Visualisation of the different segments for diminsions N=2 (a) and N=1 (b). 

To get the results described above, multiple Grasshopper plug-ins have been used next to the 
standard Grasshopper elements. The plug-in Parakeet has been used for creation of the icosahedron, 
Anemone to loop through the data sets, and Karamba 3D for identifying duplicate points and lines. 

4.2 Structural analysis conditions 
The Goldberg method as described above, helps to create a repeatable pattern on the surface of a 
dome. The size and the amount of different segments depends on the amount of hexagons that are 
fitted inside the triangle from step 3. In the literature review the maximum size of a module was dis-
cussed. The upper boundary is determined by the transport possibility and was set to a maximum of 
2m in width. The situation that corresponds to this size limitation is the situation of N=4, following 
the principle described in figure 10. For the lower boundary there are no limits in terms of transport, 
but the smaller the segments are, the more segments need to be assembled. And thus increasing the 
workload. To compare the different sizes, situations from N=4 till N=10 are used. 

To evaluate the influence of the different segment sizes a dome structure is used. For this the seg-
mented sphere coming from the Goldberg method is used. The dome was said to have a span of 
17.31m and a sagitta of 5m. To get this dome only shell segments are selected with their centre of 
gravity above a level of 5m. This way only whole shell segments are used in the model and no differ-
ence can be introduced by half cut modules. Because of the whole shell segments that are used, the 
base line of the dome is no longer on one level. The supports will be placed at the corners of the shell 
segments that lie on the base line. This is displayed in figure 11. The supports are created with the 
support element of Karamba3D, where the degrees of freedom are fixed in x, y, and z direction, but 
are free to rotate. In figure 11, the supports are displayed in green. 

 

Figure 11: Dome structure with support locations. 

The shell segments are created by putting the shell surface elements found in the Goldberg method 
in a Mesh Brep element. This Karamba3D element puts a mesh on each shell surface. This mesh is 
defined by a mesh resolution and an Edge refinement factor. The mesh resolution determines the 
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overall size of the mesh and thus the amount of elements that each shell module surface consist of. 
In the figure above a mesh resolution of 1.0 is used and it can be seen that the amount of segments 
in each shell module is relatively low. When the mesh resolution factor is lowered, the amount of 
elements in the model increase. 
The edge refinement factor makes the mesh more concentrated around corners. This leads to smaller 
mesh elements around the corners and bigger mesh elements in the middle of the shell segment. 
This feature is mostly useful for abrupt or sharp changes in the shell surface. Since the dome 
structure is very smooth, the edge refinement factor will be kept at 1.0. (Harish, 2024) 

The size of the mesh determines the accuracy of the model. For each mesh segment the results are 
calculated for displacement, and stress distributions. When the mesh segments are large, less 
calculations have to be made, and the model will be faster. But large mesh elements often also mean 
a less accurate result compared with the real situation. Therefore a smaller mesh might lead to a 
more accurate result, while increasing the computational time. There is a limit to how much smaller 
the mesh can be made. After a certain point, the computational time increases rapidly, while the 
accuracy of the model does not change that much anymore. The search for the optimal combination 
of computational time and model accuracy is called mesh convergence. [Harish, 2024] 
For this purpose the mesh resolution factor will range from 0.1 till 1.0 for situations N=4 till N=10. To 
find the optimal resolution, the maximal deflection of the dome will be compared, as well as the 
potential energy in the structure, and the buckling factors. 

The connections between the elements are simulated using the line joint element from Karamba3D. 
The rotational stiffness was estimated to be 104 kNm/m/rad. The line joints are put between every 
two adjacent shell segments. This can be seen in figure 12. 

 

Figure 12: Dome structure with line joints between the elements. Here the line joints are displayed in yellow, and the 
supports in green. 

 
All different elements are finally put together with the assemble model component and the system is 
calculated with the analysis-II component. This component performs a second-order analysis, which 
considers the influence of deformations on the structural stiffness. The analysis-I component can be 
used for a first-order analysis, but then it would be assumed that the deformations are small and 
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have a negligible impact on the overall behaviour of the structure. (Karamba3D, 2024) In shell 
structures the stability or buckling of the structure is governing over the forces in the structure. 
Therefore the analysis-II component is chosen over analysis-I to get a more accurate result in terms of 
stability. 

When the different shell segment sizes are compared, one can be selected as the most optimal size. 
The results were based on shell segments that retained their shape in such a way that the base of the 
dome does not form a perfect circle. In reality the shell segments would need to connect an 
underlaying structure or foundation. On top of that the unregular base line acts a little bit like a 
clamp, since the shell is prevented from rotating by the supports on different heights. When the 
boundary lies on one line, the shell will have more rotational freedom and that should come closer to 
the hand calculation. 
To provide a consistent flat boundary, two solutions will be investigated. The first is by sampling 
cutting the shell segments, where they exceed the boundary line. This method will allow the use of 
the original modules, which will make it easier and faster to construct the dome. However by cutting 
the shell segments, some amount of waste is produced depending on how much of the segment is 
cut away. The supports can then be placed on the cut module corners that lie on the boundary line. 
Solution two is to produce the sections on site with the original amount of formwork. This will create 
a continuous ring to which the shell modules can then be attached. This way the support condition 
can be changed to a more continuous support instead of supporting the shell only in the corner 
points. 

In dome structures the forces accumulate in the apex of the dome. This makes it a critical point for 
the dome design. In construction the apex of the dome is also more difficult to reach. Because of 
difficult access, difficulties in compacting concrete, and uneven curing can occur. This makes it hard to 
ensure consistent material quality at the apex. Cracking or weaknesses can significantly compromise 
the entire structure. A commonly used solution is removing this area, by introducing an oculus. The 
oculus allows for redirection of the forces via a compression ring. This both simplifies construction 
and improves reliability. However, with modular construction the segments are already constructed 
using pre-fabrication. This removes the issue of the quality control, but difficulty of accessibility 
remains. 
Other reasons for introducing an oculus lie in design considerations. An oculus can provide a gateway 
for natural light in a structure as well as ventilation. It can also be added as a aesthetic feature. In any 
case the influence of modular construction should be investigated to ensure the possibility of such a 
feature. The way this will be done is by cutting the modules near the apex, such that a perfect circle is 
created. The size of the oculus can be any size, as long as the dome remains stable. (Davis et al, 2016) 
For the stability a smaller oculus provides a better re-distribution of forces inside the shell. With a 
smaller oculus the forces have to re-distribute less, since there is more material left to take up the 
forces. Some of the reference structures from table 1 also have an oculus. In table 4 below the size of 
the oculus compared to the size of the dome is displayed. 

Table 4: Dome-Oculus ratio. 

Dome Dome diameter [m] Oculus diameter [m] Ratio [%] 

Pantheon 43.3 8.3 19 

St. peter’s Basilica 42 6 14 

Taj Mahal 18 1 5 

 

For the size of the oculus the average ratio of the reference structures is taken, which is about 12%. 
With the dome diameter of 17.81m, this leads to an oculus diameter of: 

0.12 ∗ 17.81 = 2.137 ~ 2𝑚 
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A hole can also be introduced in another part of the structure, such as at the base to serve as an 
entrance. However, such a hole will disrupt the hoop forces at the base of the dome, where they are 
highest. This will significantly weaken the structure and because of this extra stiffening or different 
support conditions might be required. If this is done, those aspects might take away focus from the 
behaviour of the segmented shell, while the oculus should be able to be introduced without any 
other elements.  
So the diameter of the oculus is taken as 2m, and is visualized in figure 13. 

  

 

Figure 13: Dome with oculus. 

 

4.3 Structural analysis 
In this section the results of the mesh convergence, different boundary conditions, and of the 
structure with oculus will be displayed. The structure is modelled as described in section 4.2. 

Mesh convergence 
For the mesh convergence a structural analysis is done for the situations N=4, till N=10. For this the 
mesh resolution ranges from 1.0 till 0.1. Based on these parameters the elastic energy, maximal 
displacement, and the buckling factor are calculated for the two load cases. The results are plotted in 
figure 14 as a function of the amount of elements used in the analysis. 

 Uniform load Wind load 
Energy 
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Displacement 

 
 

 

Buckling 

  
Figure 14: Results of the mesh convergence for the elastic energy, maximum displacement, and the buckling factor under the 

two load cases. 

Starting with the figures for the elastic energy, it can be seen that the energy is slightly lower for a 
small amount of mesh elements. Then as the mesh elements increase, so does the elastic energy. 
When the amount of elements is starting to get large in number, the difference in elastic energy is 
becoming much smaller. Around 5000 elements, the graphs are almost flat for most of the situations 
for N. It can also be seen that for the lower values of situation N the elastic energy is higher than for 
higher values of N. 

The graph for the maximum displacements is relatively flat. However, for a smaller amount of mesh 
elements there is more turbulence around the standard values of approximately 0.19 mm, and 0.12 
mm for the uniform load, and the wind load respectively. For lower values of N, there is slightly more 
turbulence for smaller amount of mesh elements. In the figure a logarithmic scale has been used in 
order to better differentiate the turbulence in the results. In the figures for the elastic energy can be 
seen that the values for lower number of mesh elements lie very close together. Although this works 
to visualize the convergence of the model in the elastic energy, this becomes unclear for the 
displacement. After approximately 5000 mesh elements, the graphs for the displacement become 
stable for every value of N. 

The last two graphs depict the buckling factor for each situation. Just as with the displacement a 
logarithmic scale has been used to be able to more clearly tell different results apart for smaller 
amounts of mesh elements. A similar pattern can be seen as was found for the displacement. For a 
small amount of mesh elements there is more turbulence in the results, while a larger amount of 
mesh elements results in a more stable outcome. The stabilisation of the graphs again happens 
around 5000 mesh elements. Once the graphs are stable it can be observed that the situations with a 
higher value of N give a higher buckling factor. It can also be noted that the values for the buckling 
factor are very high. So the cross section found with formula 2 was an overestimation for the created 
dome structure. However this research focuses on structural behaviour of the segmented shell and 
for that the thickness of the cross section does not need to be reduced. 

From the above results, it can be concluded that the model converges around 5000 elements or a 
mesh resolution of 0.3. With more elements the results still change slightly, but this difference is 
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small. The amount of mesh elements increase rapidly with the decrease of the mesh resolution factor 
and therefore take more computational time. From the different situations of N can also be 
concluded that larger shell segments give on average more turbulence in the results for the 
displacement and buckling factor, while the smaller segments are more stable. The elastic energy for 
larger segments is also higher than for smaller segments. This indicates that the force distribution 
inside the structure happens more efficiently for smaller shell segments. Situation N=8 is taken as the 
situation to continue with. This situation gives a good result in terms of elastic energy in the 
structure, while the computational time is still reasonable. 

Boundary conditions 
For the influence of the boundary conditions on the structural behaviour situation N=8 is taken as de-
scribed above. Four different situations are to be considered, of which the first uses the boundary 
conditions used in the mesh convergence. The second uses the same boundary conditions, but the 
stiffness off the joints is set to infinitely stiff to simulate a continuous shell structure. For the third sit-
uation the shell segments are cut at the base line, and for the last situation a continuous ring is con-
structed replacing the segments that were cut in the third situation. The results of the deflection, and 
principle stresses are displayed in figure 16 and 17. In the results sigma 1 represents the meridional 
stress going from the base of the dome to the top. Sigma 2 corresponds to the hoop stress and acts 
perpendicular to sigma 1 in a horizontal direction. For the structure under wind load, the orientation 
of the forces changes slightly. The point where the forces are directed to shifts a bit, and sigma 1 is 
pointed to this new point. Sigma 2 still follows a circular pattern perpendicular to sigma 1. The com-
pressional forces in the structure will be denoted with a negative value, while tensional stresses will 
be denoted by positive values. The colour range can be found in the figures. 

The elastic energy, maximal displacement, and buckling factors of the structures are shown in table 4 
and 5. 
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Figure 15: Displacement field, and principle stresses in the dome for the different boundary conditions under uniform load. 
BC 1 (Boundary Condition) has whole modules, BC2 has stiff joints, BC3 has cut modules at the boundary, and BC 4 has a 

continuous boundary 

Table 5: Characteristic values for the dome in the four different situations under uniform load. 

Situation 1 2 3 4 

Displacement  0.019 cm 0.019 0.019 0.019 

Energy 0.034 kNm 0.034 0.037 0.033 

Buckling factor 241.9 266.5 250.1 248.3 

 

In figure 15 and table 5 can be seen that the displacement field and the stress distribution does not 
change much between the different situations over the entire structure. At the boundaries it can be 
seen that the uneven boundary line of situation 1 and 2 results in a more uneven stress distribution 
where there are patches of tensile stresses along the boundary. In situation 3 these patches also oc-
cur, but the difference is that the tensile stress is more uniform and slightly higher in force than it was 
for situation 1 and 2. Lastly in situation 4 the tensile ring is much more smooth and does no longer 
contain outliers. Another thing to notice in this situation is that at the boundary the stress is near 0 
while in situation 3, the tensile stresses also occurred at the boundary itself. In all situations the am-
plitude of these stresses remain well within the boundaries of the material properties of C20/25 as 
can be seen in the legends of figure 15. 
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In table 5 can be seen that all situations give the same displacement in the dome. The energy how-
ever is slightly different for the different boundary conditions. Situation 4 gives the lowest value, 
while situation 3 gives the highest value. Although the values are slightly different, they are still very 
close to each other. The buckling factor displays the biggest difference. Situations 3 and 4 give about 
the same result, while the uneven boundary of situation 1 gives a slightly lower value for the buckling 
factor. This changes again however in situation 2. Here the same boundary conditions are applied as 
in situation 1, but the joints are set to infinitely stiff. With the stiff joints the buckling factor is highest 
out of all situations. 
In figure 16 the results for the wind load are given and it can be seen that the stress is distributed 
more equally than it was for the uniform load. The patches of high stress that were observed in the 
uniform load condition are not seen in the wind load condition. However there are still some small 
fluctuations at the different boundary conditions. In all situations higher tensile stresses are reached 
for sigma 1 over a larger area. In table 6 can be seen that the value for the buckling factors is much 
higher than for the uniform load situation. With the relative low forces in the structure compared to 
the material qualities, the buckling load factor drives the design. 
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Figure 16: Displacement field, and principle stresses in the dome for the different boundary conditions under wind load.  
BC 1 (Boundary Condition) has whole modules, BC2 has stiff joints, BC3 has cut modules at the boundary, and BC 4 has a 

continuous boundary ring. Supports are shown in green. 

 

Table 6: Characteristic values for the dome in the four different situations under wind load: 

Situation 1 2 3 4 

Displacement  0.012 cm 0.012 0.012 0.012 

Energy 0.014 kNm 0.014 0.015 0.014 

Buckling factor 396.6 426.0 408.4 400.8 

 

Dome opening 
In figure 17 and 18, the influence of an oculus in the structure is investigated as was discussed in 
section 4.2. The same boundary conditions will be used as in figure 15 and 16, leading to a new force 
distribution, displacement field, and stiffness. The results can be found below. 
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Figure 17: Displacement field,  and stress distributions for the situations with an oculus under uniform load. Supports are 

shown in green. 

Table 7: Characteristic values for the dome in the four different situations with oculus under uniform load: 

Situation 1 2 3 4 

Displacement  0.034 0.033 0.033 0.031 

Energy 0.055 0.055 0.061 0.054 

Buckling 
factor 

21.9 27.2 21.6 21.8 

 

In figure 17 can be seen that the oculus takes away the critical point at the apex. And the forces are 
redirected around the oculus forming a compression ring. However, compared to the structures with-
out oculus, the stresses became slightly higher. The stresses are still well within the boundaries of the 
material. In table 7 can be seen that, even though the elastic energy of situation 3 is still a bit higher 
than the other situations, all values are now closer together than without the oculus. The stiff joints 
of situation 2 do still have influence on the stiffness of the structure. In figure 18 the behaviour of the 
structures under the wind load are given. Here the same observations can be made as for the uni-
form load.  

 

 

                                                     



36 
 

1 

 
2 

 
3 

 
4 

 
Figure 18:Displacement field,  and stress distributions for the situations with an oculus under wind load. Supports are shown 

in green. 

 

Table 8: Characteristic values for the dome in the four different situations with oculus under wind load. 

Situation 1 2 3 4 

Displacement  0.021 0.020 0.021 0.020 

Energy 0.022 0.022 0.025 0.023 

Buckling 
factor 

43.8 54.4 43.2 43.7 



37 
 

 

The now comparable buckling factor between situation 1, 3 and 4 indicate that the boundary condi-
tions no longer have influence on the buckling stiffness of the structure. Instead the oculus intro-
duces a new critical point that buckles outside the influence of the boundary conditions. To validate 
this the buckling mode of situation 4 under the uniform load, with and without oculus are shown in 
figure 19. Without the oculus the structure buckles globally in circular patterns, but with the oculus 
the buckling mode changes to local buckling around the oculus. 

  
Figure 19: Buckling mode for the structure without oculus (left) and with oculus (right). Supports are shown in green. 
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5. Clustering  
This chapter will discuss the steps that were taken to subtract a set of modules from the pattern 
created with the Goldberg method as well as the results this leads to. Then the modules are further 
optimized, using k-means clustering for the edges of the modules. 

5.1 Finding modules 
To find the different modules there will be looked at the way the shell segments in the dome were 
created. In the Goldberg method an icosahedron was used to represent a sphere and the hexagonal 
mesh on the icosahedron was then projected onto the sphere. The amount of distortion of every 
hexagon depends on the distance to the sphere. The corners of the icosahedron are located on the 
sphere and from there to the middle of each face of the icosahedron the hexagons get more and 
more distorted. So the shell segments can be clustered based on their distance to the corner points 
of the icosahedron. In figure 20a this principle is displayed, where each unique distance to one of the 
corner points gets a new colour. This leads to 18 different modules. However, the hexagons that are 
cut in half along the edges of the triangle, will have a different shape than a full hexagon on the same 
distance. If we assume that the formwork can be made in such a way that mirrored hexagons can be 
produced without problem, 2 more modules should be added to account for the half hexagons that 
share a circle with whole hexagons. In figure 20b the resulting pattern of modules on the dome 
structure can be seen. 

  
a) b) 

Figure 20: a) Visualization of different distances from the middle. b) Different shell segments in the dome structure. 

In figure 21 below all the different modules are lined up with their dimensions displayed. 
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Figure 21: Set of modules obtained from the Goldberg method. 

 

5.2 Module optimisation  
The modules from figure 21 are exactly fitting for the dome structure used in the structural analysis. 
However it would be more optimal if the modules are able to describe a variety of structures and not 
only the dome they were based on. For this purpose the modules need to be further optimised. To 
optimise the possibility of different configurations the edges of the modules can be clustered based 
on their length.  

The modules from figure 21 have 34 different edge lengths ranging from 398mm to 550mm. In NEN-
EN 13670:2009 it is stated that the dimensions of the cross-section for beams, plates, and columns 
can have a deviation of ±15 𝑚𝑚 for cross sections with a width around 400mm. (NEN-EN 13670, 
2009) These construction margins are important to ensure manufacturability, structural integrity, and 
compatibility between components. Manufacturing machines can have an error in their production, 
so if the elements are assumed to connect perfectly a problem will arise in the assembly of the 
elements. Tight margins may improve fitting of the elements, but increase the manufacturing 
difficulty and with that the manufacturing becomes more expensive. More loose margins may reduce 
the cost, but then elements connect less accurately to each other. Therefore edges are clustered 
together if they have a maximum difference of 15mm, following NEN-EN 13670. Later, the influence 
of smaller margins will also be investigated. 

In order to optimise the found modules and make them more suiting for reconfigurable patterns, the 
edges of the modules are adjusted in such a way that the amount of different edge lengths decreases. 
For this k-means clustering is used based on the edge lengths. From all different edge lengths, the 
two closest edge lengths are clustered and all edges in that cluster are replaced with the shorter 
version of the two. This will leave a small gap between the replaced edges and the adjacent edges. To 
resolve this, the adjacent edges are pulled towards the new edge corners. Now the modules have 
closed boundaries and the procedure can be repeated for these new slightly adjusted modules. This 
will go on till all edge clusters differ more than the allowed 15mm in length. This results in the 
module set in figure 22. 
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Figure 22: Set of modules after clustering. 

With the clustering method as described above, the amount of different edge lengths has been 
reduced to 6 different values. In figure 22 can be seen that some modules look very similar to one 
another. The modules 17, 18, 19, and 20 all have the same edge length for every side. When the 
modules are placed on top of each other the differences can be measured by looking at the distance 
between the corner points of the module. The distance between the corner points of the modules 
shows that they are slightly different from each other. However, all corners lie within a range of 6mm 
to less than 1mm. So although slightly different they are very similar. 
Module 11 and 12 are also very similar and comparing them leads to a corner distance between the 
modules of maximal 5mm and minimal 2mm.  
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Figure 23: Relation between the amount of clusters made and the construction tolerance. 

The modules from figure 22 are obtained with a tolerance of 15mm. In different situations the 
accuracy of the modules might be needed differently. In figure 23 the amount of clusters are plotted 
against the chosen tolerance. When the tolerance is set to 0 the original 34 different edges are found. 
With the increase of tolerance, the amount of different clusters gradually decreases until a tolerance 
of 9mm is reached. From there the amount of clusters remains on 6 different edges even exceeding 
the 15mm prescribed by NEN-EN 13670. 
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6. Discussion 
This thesis delved into the use of modular construction in shell structures. Modular construction will 
help to reduce the environmental impact of shell structures. By finding a limited set of modules, the 
energy and material usage can be reduced in the way of prefabrication methods. It can also increase 
the reusability of formwork, and shell segments. Ideally a set of modules can be found that is able to 
describe a variety of different shell structures, allowing modular construction for shell structures to 
be used to the same extend as that for beams, columns, and slabs. This is an ambitious and complex 
goal and will not be reached by this thesis alone, but a first step in this direction is made. 

6.1. Design considerations 
In order to come to a set of modules, multiple methods have been used. Firstly it is attempted to 
obtain a set that can describe the largest possible amount of different structures. A radius of 
curvature of 10 meter was chosen for the design, using existing structures as a reference. In these 
reference structures was also seen that between and even within structures a variety of different 
curvatures are possible. By selecting one specific curvature, the design of any structure using the 
found set off modules will have to use this curvature. Assuming that different configurations are 
possible, a different curvature could also be achieved using the same set, since the curvature is also 
determined by the angle the modules are connected under. However, even if that is possible, the 
curvature will likely not differ that much. Therefore, each design using the shell modules will have to 
make a trade-off between mechanical efficiency, construction rationality, and circular 
reconfigurability 
The design choice for a synclastic shape also means that the found modules can only be used for a 
shell structure that features a synclastic shape. The synclastic shape is a widely used shape in shell 
structures, since it is a shape needed to form most structures. However, this design leaves out anti-
clastic, segments curved in one direction, and flat segments. Without modules to cover these type of 
curvatures, the found set can describe only a limited amount of structures. So even though the 
synclastic shape brings a very useful shape into the set of modules, it is not the only type of shape 
that is needed to complete a fully functional module set. So therefore the found set can be extended 
with different shapes. 

To come to a module set the Goldberg method has been used to create a repeatable pattern on a 
spherical structure. For that a hexagon dominant mesh has been used and projected on an 
icosahedron. The icosahedron represents a spherical shape best out of all platonic solids, and with 
the use of only one type of polygon the same repeatable pattern can be used all over the sphere. This 
is an advantage over other shapes that represent a sphere, but on the other hand relatively few faces 
are used in the icosahedron compared to Archimedean solids. This leads to larger faces, with more 
polygons fitted into them, and more different distortions with the projection onto the sphere. With 
the Archimedean solids the faces are already smaller leading to more repetition on the surface and 
less shapes in the repeatable patterns, leading to a smaller selection of modules. However, with the 
Archimedean solids there is more than one type of polygon used in the solid. This will lead to the 
requirement of a creating a mesh in each different polygon. These meshes also need to connect to 
one another in order to create modules for the transition area. So even though the faces in an 
Archimedean solid are smaller, and thus should produce a lesser amount of modules, they also come 
in at least two different polygons. This will increase the amount of modules, and it will complicate the 
design. Because of this, the platonic solid was the more reliable option. 

Assumptions 
With the creation of the model some assumptions have been made for the supports and the line 
joints. For the supports it was assumed that each support was fixed in x, y, and z direction, and no 
resistance for rotation in any direction. In reality support connections can give some amount of 
resistance, even if it is a small amount. It is also possible that the boundary is not entirely restricted in 
horizontal direction, which allows the structure to deform a little at the boundary.  
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The line joints have been given an rotational stiffness. However this only works for rotation around 
the joint. Any deformation in other directions is made impossible, because of an infinitely stiff value. 
This might lead to a more stable and stiff structure. However the main orientation for joint rotation is 
taken into account and is expected to have the largest influence. Another assumption for the joints is 
that there is a perfect alignment between the different modules. Leading to an even joint width, and 
an evenly distributed force transition. In reality the alignment is not perfect and small deviations can 
occur during construction, possibly leading to peaks in the stress distribution. However, these types 
of deviations are covered with safety factors in the design. 

With the finite element analysis the surface is approximated with flat mesh segments. The mesh 
segments along the edge of the modules need to connect to the line joints. However, if the original 
mesh is used as the input for the line joints, the model will run normally, but will give results that are 
slightly off. This is because the edges of the finite elements do not perfectly align with the original 
curved mesh. That small deviation will either cause the model to return wrong values, or it will make 
the model crash. Either way, it will not give an error message, making it difficult to spot.  

6.2. Results 
The results of the model come close in terms of stress in the top of the dome, but are slightly 
different for the stress at the base as well as the overall deflection.  
It is because of the different assumptions for the boundary conditions. In the formulas the boundary 
condition was assumed to have some freedom to deform in horizontal direction. In the model all 
supports were fixed in place. This leads to a more strict boundary that the structure needs to conform 
to, leading to less deformation at the base and therefore also a smaller maximal deflection. The 
fixation of the points also leads to higher stresses at the base, because the structure is forced into a 
certain position. So although the model gave slightly different results from the formulas, the results 
are close enough to make believe that the model is correct. And at the top of the dome the stress 
does comply with the hand calculation. This is because the centre of  the dome is not influenced by 
the boundary conditions as could be seen in the stress distributions. 

Buckling is the governing difference between the segmented shell and the uniform shell. The buckling 
factors found with the assumed cross-section of the shell are very high for the closed domes. The 
cross-section can be a lot thinner in the given conditions, however the focus of this thesis lies in 
investigating the structural behaviour of segmented shells and finding a set of modules. For that the 
shell does not have to be optimised in terms of cross section. 
The force distribution between the segmented shell and the continuous shell did not differ at all. Only 
the different boundary conditions gave slightly different results. Although the boundary conditions 
were different from each other, this research did not include large disruptions at the base such as an 
entrance. The oculus at the top of the dome did not influence the different boundary conditions and 
was the only option to include a hole without the need to add additional stiffening elements or 
change in supports. 

Then for the clustering of the modules the circle pattern is a good way to separate them. The 
clustering of the edges worked well with the 15mm tolerance. With this tolerance it is in compliance 
with more commonly used tolerances. Larger tolerances also lead to the same amount of different 
edge lengths. And although a gap can help with covering up misalignments, it also introduces a larger 
weak point, because, as was found in the structural analysis, the segmentation of the shell leads to a 
lower stability. The bigger the gap, the larger the transition area between the shell segments and the 
more rotation is possible between the segments. This will most likely lead to a less stiff structure. 
Also with bigger gaps, the risk of cracking in the mortar will increase.  
With more mortar there is more space for realignment though. And that will help with finding 
different configurations. For the different configurations it will help that the amount of different 
edges were reduced to 6 edges. This way a lot more combinations can be made, although it must be 
kept in mind that even though the edges are fitting, the inner angles of each connecting modules 
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need to comply as well. Depending on those angles perhaps even slight variations in the overall shell 
curvature can be made. With the grout gap there is also some room for deviation from the perfect 
alignment. On its turn this may then lead to an uneven width of the grout line. Another study would 
be needed to see what the limitations of this are. 
As mentioned before as well, the found set of modules is only useful for purely synclastic shapes. For 
more complicated structures, it can still be useful, but as a part of a larger set. The larger set will need 
anticlastic modules and transfer modules to be complete. And the modules found in this study can 
also be tested in a topology study to see how useful they are in different configurations. 

So it was found that the main influence of segmentation is the stability of the structure in terms of 
buckling load factor. In terms of force distribution the segmentation is not of influence. The smaller 
the segments and the higher the number for N, the more efficient the structure becomes with a 
lower elastic energy. Keeping in mind the constructability as well as the computational time of the 
model, situation N=8 is taken as the most optimal module size. This situation gives a good elastic 
energy, which is not that much higher from N=9, and N=10. Also the size of the modules is a little 
larger in those situations, meaning that there are less modules needed in a structure. This will reduce 
the workability of the structure, since there will be less elements to connect, compared to higher 
values of N. The model gives a near converged solution around 5000 mesh elements. 

From the situation N=8 a set of 20 different modules was found. With the use of k-means clustering 
for the module edges, this amount can be reduced to 16 modules, with only 6 different edge lengths. 
This clustered solution is more suitable for different configurations. Although a topology study is 
needed to see how useful the set of modules really is. 
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7. Conclusions and recommendations 
This research investigated how modular construction can be applied on shell structures. This 
construction method will help to improve the sustainability of shell structures. Modular construction 
is already being applied for standard building elements, such as columns, beams, and plates. The 
application stays behind for shell structures, where the complex structural shape leads to complex, 
and often one time use of formwork. This leads to waste production and a limited potential for 
reusability. Leading to the research question: How can modular design be used in shell structures? 

The first aspect was to find a suitable geometry for the module design. A hexagonal dominant pattern 
was selected because of the limited amount of connecting modules in one corner, making alignment 
of the modules more easy, and because of the high amount of edges compared to other polygons 
that can be used for different configurations. A radius of curvature of 10m was selected as the most 
optimal curvature for a synclastic shaped set of modules. With the Goldberg method a modular, 
repeatable pattern has successfully been created. 

With a structural analysis it was found that smaller modules give a more efficient structure in terms 
of buckling stability and force distribution. While larger segments results in less different shell 
segments and reduce construction time. A balance between structural efficiency and constructability 
was found for situation N=8. For this situation the influence of segmentation, as well as the use of 
different boundary conditions has been investigated. Leading to the finding that modular 
construction reduces the buckling stiffness, but not in such amount that modular construction would 
not be possible. The structural analysis showed that modular shell structures can provide sufficient 
strength and stiffness under different boundary conditions, and openings in the structure in the form 
of an oculus. 

From the found optimal situation N=8, a set of 20 modules have been extracted. With the use of k-
means clustering these modules were further optimised, leading to a reduction to 16 different 
modules with only 6 different edge lengths. This increases the usability in different configurations.  

Below the main findings of this thesis are listed: 

- Modular construction is very possible within shell structures. 

- Segmentation reduces the buckling stability of a structure. 

- An optimal module size was found between 0.7mx0.7m and 1.1mx1.1m for situation N=8. 

- A set of 16 different modules can be created with 6 different edge sizes. 

7.1 Limitations 
The results are positive for the usage of modular construction of shell structures. However, the 
models used in this thesis also have some limitations. One of these is that the model assumes perfect 
alignment between the shell segments, not taking into account the small adjustments in module 
shape coming from the k-means clustering. 
Also the found modules have not been tested in a topology study and therefore it is not yet known 
how many configurations they can make.  
The usability of the module set will also be limited due to the synclastic shape of all modules. To be 
used in a wider context, anti-clastic modules, modules curved in a single direction, and potential 
transition modules should be added to the set.  
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7.2 Future work 
To address the limitations of this research and to extend the findings of this research, multiple topics 
can be investigated.  

A topology study using the found module set can be performed. By doing so, the extend of the 
usability of the module set can be investigated. Seeing how many configurations can be made and 
what variety of curvatures can be described with them, can quantify the value of the module set. 
The topology study can be followed by a structural performance test, using the modules in their 
different configurations. Both topics will have to take into account the possible misalignments that 
fall within construction margins. 

Another study can continue this thesis by looking into more complexly shaped structures including 
anti-clastic curvature. For this the structural behaviour can be investigated, as well as finding new 
modules to extend the module set. By doing so the usability of the shell modules will increase. 
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